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ABSTRACT 

Underwriters Laboratories  has conducted a s tudy t o  i d e n t i f y  and develop 
s a f e t y  re.quirements f o r  photovol ta ic  module and panel designs and 
conf igura t ions  f o r  r e s i d e n t i a l ,  in termedia te ,  and l a rge  s c a l e  
appl i c a t  ions .  

Concepts f o r  s a f e t y  systems, where each system i s  a c o l l e c t i o n  of 
subsystems which together  address t h e  t o t a l  a n t i c i p a t e d  hazard 
s i r u a t i o n ,  a r e  descr ibed.  Descript ions of hardware, and system 
usefulness  and v i a b i l i t y  are  included.  This d iscuss ion of s a f e t y  
systems recognizes Lllac t l iere is  l i t t l e  h i s t o r y  on which  t o  base. t h e  
expected s a f e t y  r e l a t e d  performance of a phocovolLaic s y s t e ~ n .  A 
comparison of t hese  systems, as  aga ins t  t h e  provis ions  of t h e  1984 
National  Electrical Code covering pl lotovoltaic systcmc is made. A 
d i scuss ion  of the  UL i n v e s t i g a t i o n  of t h e  photovol ta ic  module evaluated 
t o  t h e  provis ions  of t h e  Proposed UL Standard f o r  F l a t - P l a t e  
Photovol ta ic  Modules and Panels i s  included.  

Grounding systems, t h e i r  b a s i s  and n a t u r e ,  and t h e  advantages an.d 
disadvantages of each a r e  descr ibed.  The meaning of frame grounding, 
c i r c u i t  grounding, and t h e . t y p e  of c i r c u i t  ground a r e  covered. 

The development of t h e  Standard f o r  F l a t - P l a t e  Photovoltaic Plodules and 
Panels has continued,  and with both indus t ry  comment and a product 
submi t t a l  and L i s t i n g ,  t h e  Standard has been re f ined  t o  a  v i a b l e  
document allowing an o b j e c t i v e  s a f e t y  review of photovol ta ic  modules and 
pane l s .  How t h i s  document, and o t h e r  UL documents would cover 
i n v e s t i g a t i o n s  of c e r t a i n  o ther  p h o ~ o v o l t a ~ c  system compo~ients is 
desc r ibed .  
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Underwriters Laboratories  Inc .  (UL) has followed t h e  developments i n  
photovol ta ic  module design insofa r  as  commercially a v a i l a b l e  products 
a r e  concerned and as  f a r  as announcements of unmarketed products a r e  
concerned, and has engaged i n  dialogue with photovol ta ic  module 
manufacturers and o the r s  having an i n t e r e s t  i n  t h i s '  f i e l d .  Information 
obta ined,  a s  well  a s  ma te r i a l  desc r ib ing  photovol ta ic  module f i e l d  
performance and input from o the r s  including those on t h e  National 
E l e c t r i c a l  Code Ad-Hoc Subcommittee on Photovoltaics has been used t o  
develop suggest ions concerning i n s t a l l a t i o n  procedures. Many of these  
suggest ions appear i n  A r t i c l e  690, Photovoltaic Systems, of t h e  National 
E l e c t r i c a l  - 9  Code 198& (NEC). A copy of A r t i c l e  690 i s  appended t o  t h i s  
r e p o r t .  An explanation of c e r t a i n  of the  A r t i c l e  690 items r e l a t i n g  t o  
a r ray  disablement and a r ray  rac ings  was developed. Other suggest ions 
f o r  a r r a y  i n s t a l l a t i o n  procedures have been incorporated i n  t h e  Secrion 
on Safe ty  System Schemes which may appear i n  fucure s p e c i f i c a t i o n s  f o r  
phocovoltaic a r ray  i n s t a l l a t i o n s .  These schemes appear as  a  p a r t  of  
t h i s  r e p o r t .  

The r a t i o n a l e s  f o r  system and c i r c u i t  grounding, o r  c i r c u i t  i s o l a t i o n ,  
types of grounding and e f f i c a c y  of an i n s t a l l e d  grounding scheme were 
s tud ied .  Suggestions f o r  grounding schemes and i s o l a t i o n  schemes a r e  
provided. 

Concepts concerning acceptable  cons t ruct ion  and t e s t  performances of 
modules and panels as  concerns s a f e t y  r e l a t e d  items were developed. 
This resu l t ed  i n  t h e  evolut ion  and f u r t h e r  development of t h e  UL 
Proposed Standard f o r  Safe ty  - F l a t - P l a t e  Photovoltaic Modules and 
Panels ,  UL1703, t h a t  forms a p a r t  of t h i s  r e p o r t .  The p r i o r  ve r s ion  of 
t h i s  Proposed Standard was included i n  Report DOE/JPL 955392-1; . 
DEVELOPlYENT OF PHOTOVOLTAIC ARRAY AND MODULE SAFETY REQUIREMENTS, June, 
1982. The Proposed UL Standard conta ins  provisions desc r ib ing  items 
such as  i n s u l a t i n g  mate r i a l s ,  cu r ren t -ca r ry ing  p a r t s ,  connection means, 
corros ion p ro tec t ion ,  mechanical i n t e g r i t y ,  a c c e s s i b i l i t y ,  temperature 
l i m i t s ,  and d i e l e c t r i c  tcithstand c a p a b i l i t y .  

A complete inves t iga t ion  of t h e  ARCO Sola r ,  Inc .  M51 Photovol ta ic  Hodule 
t o  t h e  provis ions  of t h e  Proposed UL Standard f o r  Photovol ta ic  >lodules 
and Panels was undertaken. This inves t iga t ion  was sponsored by ARCO 
So la r ,  Inc.  and included t h e  op t iona l  roof f i r e  t e s t  procedure, by which 
t h e  module was assigned a Class C roof f i r e  r a t i n g .  This  inves t iga t ion  
a l s o  r e s u l t e d  i n  t h e  f u r t h e r  refinement of the  Proposed UL Standard, by 
i d e n t i f y i n g  t e s t  procedures and const ruct ion  s p e c i f i c a t i o n s  which might 
have been unreasonable o r  unnecessary t o  apply. 

UL evaluat ions  of components f o r  use i n  photovol ta ic  systems were 
considered and ihe  p a r t i c u l a r s  by which components, such as  connectors ,  
d iodes ,  diode housings, wiring systems, and mounting frames would be 
judged a r e  described.  



1. INTRODUCTION 

General 

Research i n t o  s a f e t y - r e l a t e d  proposa ls  f o r  pho tovo l t a i c  systems was 
performed f o r  t h e  J e t  Propuls ion  Labora,coryls  (JPL) F l a t - P l a ~ a  So la r  
S r r a y  (FSA) p r o j e c t .  Underwri ters  Labora tor ies  Inc .  (UL) has f u r r h e r  
i d e n t i f i e d  a r e a s  of  p h o t o v o l t a i c  module i n s t a l l a t i o n  a s p e c t s  and 
c o n s t r u c t i o n  which may compromise s a f e t y  of both human l i f e  and 
p r o p e r t y .  Th i s  work has r e s u l t e d  i n :  advanced concepts  f o r  s a f e t y  
sys tems,  module and panel  s a f e t y  r e 1 a t e d . c o n s t r u c t i o n  s p e c i f i c a t i o n s  i n  
t h e  Propused UL S tandard  f o r  S a f e t y  - F l a t - P l a t e  Pho tovo l t a i c  Hodules 

. and Pane l s ;  UL1703, E d i t i o n  of ?larch, 1984; and g u i d e l i n e s  f o r  
i n s t a l l a r i o n  of  p l lu tovo l t a i c  system components j..n r h e  form proposa ls  
f o r  r e v i s i o n s ,  s i n c e  accepted ,  f o r  the  Nacioilal E l e c t r i c a l  Code (NEC)" .  

The Proposed UL Standard  is  intended t o  provide  guidance t o  
manufacturers  concerning f e a t u r e s  of c o n s t r u c t i o n  of t h e  product  deemed 
d e s i r a b l e  t o  reduce t h e  r i s k  of f i r e  and shock t o  an accep tab le  l e v e l .  
Product  compliance t o  t h e  s t anda rd  i s  u s u a l l y  v e r i f i e d  by an independent 
t h i r d  p a r t y .  The c e r t i f i c a t i o n  a s  t o  compliance of  any p a r t i c u l a r  p i ece  
of t h e  product  may be shown by a mark of t h e  t e s t i n g  agency ( t h i r d  
p a r t y )  a f f i x e d  t o  t h e  p roduc t .  

F u r t h e r  ref inement  and r e v i s i o n  of t h e  Proposed UL Standard r e s u l t e d  
from an e v a l u a ~ i o n  and subsequent L i s t i n g  of t h e  ARCO S o l a r  Inc .  M51 
module. This  work was funded and sponsored by ARC0 S o l a r ,  I n c .  

1.2 
--.e..A..-.- Reuort .,.. ...vep Format 

Th i s  r e p o r t  i s  d iv ided  i n t o  6 s e c t i o n s  and Y appendices .  Ttle s e c t i o n s  
r e f e r e n c e  one o r  more appendices ,  which provide d e t a i l s  and a d d i t i o n a l  
m a t e r i a l .  

S e c t i o n  2 d e s c r i b e s  Sa fe ty  Systems f o r  Pho tovo l t a i c  I n s t a l l a t i o n s ,  
deta.i.1 i.ng expected hazard s i t u a t i o n s ,  proposed remedies f o r  each ,  and 
how t h e  remedies ( t h e  subsystems] are  combined t o  form c b d i d a r e  
sys tems.  Growding syscems and r a t io f i a l e s  and t h e  d i f f e r e n c e s  between 
frame and system grounding, and t h e  v i r t u e s  of i s o l a t e d  and grounded 
e l e c t r i c a l  systems a r e  covered.  The s e l e c t i o n  of t h e  "bes t"  systems is  
descr i .bed.  The Proposed UL Standard f o r  Sa fe ty  - F l a t - P l a t e  
Pho tovo l t a i c  Modules and Panels  i s  in t roduced .  

\ 

S e c t i o n  3 d e s c r i b e s  t h e  i n v e s t i g a t i o n  of t h e  ARCO So la r  I n c .  351 
p h o t o v o l t a i c  module f o r  i t s  compliance wi th  t h e  provj.sions of t h i s  
S tandard ,  incllid.ing a d i s c u s s i o n  of how t h e  i n v e s t i g a t i c n  r e s u l t e d  i n  
f u r t h e r i n g  t h e  deveiopment of t h e  S tandard .   his m a t e r i a l  i s  provided 
wi th  che permission of MCO S o l a r ,  I n c .  

* - Narional  Z l e c ~ r i c a l  Code @ and ,C - @ e r e  Ragiscered 
Trademarks f i h e  3 a i o n a l  F i r e  ?rccecziorl  Assoc ia t ion ,  I n c . ,  



Section 4 describes how photovoltaic system components would be 
evaluated with respect to the provisions of the Proposed UL Photovoltaic 
Module Standard and other standards of Underwriters Laboratories Inc. 

Section 5 provides explanation that expands on certain of  he provisions 
of Article 690 of the National Electrical Code. 

Section 6 provides a summation and recommendations. 

A companion report in preparation, DOE/JPL 955392-3; SAFETY REQUIREYENTS 
FOR WIRING SYSTEMS AND CONhTCTORS FOR PHOTOVOLTAIC SYSTENS, Underwriters 
Laboratories Inc. covers wiring systems, those now described in the 
.'National Electrical Code that would be acceptable in photovoltaic system 
installations, and new wiring systems developed specifically for 
photovoltaic installations. Details will be provided on how new wiring 
materials and termination methods would be evaluated to determine 
acceptability in photovoltaic systems. 
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2.  SAFETY SYSTEMS 

2 . 1  In t roduc t ion  

The presence of any energy source c r e a t e s  a  p o t e n t i a l  fo r  hazard. In 
contemporary e l e c t r i c a l  systems, t h e  energy source is most o f t e n  t h e  
u t i l i t y  supply,  but it can be o n - s i t e  means such as genera tors  o r  
b a t t e r i e s .  To s a t i s f y  community i n t e r e s t s  wi th  regard to. p ro tec t ing  (a)  
t h e  occupants of a  bu i ld ing ,  (b) emergency personnel t h a t  may be c a l l e d .  
t o  a  bu i ld ing ,  and (c)  occupants and owners of adjacent  bu i ld ings ,  a  
u t i l i ' t y  w i l l  gene ra l ly  not  provide e l e c t r i c  s e r v i c e  t o  any i n s t a l l a t i o n  
t h a t  does not  meet minimum requirements t h a t  have been es tab l i shed  t o  
keep t h e  p o t e n t i a l  for 1laa.aicl to a prescribed level.. These minimum 
requirements a r e  descr ibed i n  t h e  l o c a l  e l e c t r i c a l  cude, i n  many cases 
based on the  National  E l e c t r i c a l  Code (NEC). 

2 . 1 . 1  Nature of Hazards 

The p o t e n t i a l  hazards from t h e  use of electricily adc two f o l d ,   fir^ and 
shock. 

E l e c t r i c  cu r ren t  through a  body i f  of s u f f i c i e n t  magnitude and dura t ion  
may cause death  o r  s e r i o u s  i n j u r y .  The magnitude of the  cu r ren t  i s  
dependent upon t h e  body impedance and t h e  c i r c u i t  parameters.  In 

cases ~ h e  dura t ion  may be a  funct ion  of a  c i r c u i t  device.  

F a u l t - c u r r e n t s  through unwanted pa ths ,  o r  overcurrents  through normal 
pa ths  may cause a r c i n g  o r  overheating and a re su i t i r ig  f i r e  hazard 
s i rua t ioxl .  Typ iea l ly ,  i n  photovoltalr.  insca l lde io~is  , a firc hazard 
s i t u a t i o n  may bc caused by a cur ren t  through an unwanted pa th ,  which may 
1 i k e  l y  involve a r c i n g .  

2 . 1 . 2  H i s t o r i c a l  Data 

The extens ive  i n s t a l l d t i o n  and use of u t i l i ty-powered e l e c t r i c a l  systems 
have provided d a t a  desc r ib ing  t h e i r  s a f e t y  performance. This da ta  has 
shown where modif ica t ions  were necessary i n  systelll s p e c ~ f i c a t i o n s  t o  
provide t h e  d e s i r e d  l e v e l  of s a f e t y ,  and over the  years  such 
modificat ions have been made i n  the  p iovis ions  of t h e  NEC and Cts 
suppui t lng  docuiucnts. 



2.1 .3  N o  Safe ty  Performance Data Base 

In  the  case of photovol ta ic  systems, no s u b s t a n t i a l  d a t a  e x i s t s  t o  
desc r ibe  expected system s a f e t y  performance. What a r e  l i k e l y  t o  be t h e  
acceptable  l eve l s  of s a f e t y  i n  a  photovol ta ic  system i n s t a l l e d  between 
now and 1987 ( i n  o the r  than a u t i l i t y  o r  Federal Government f a c i l i t y )  
a r e  described i n  new A r t i c l e  690 of t h e  1984 National E l e c t r i c a l  Code, 
and i t s  support ing documents. Supporting documents would inc lude ,  by 
impl ica t ion  and reference ,  the  Underwriters Laboratories  Inc. Proposed 
Standard f o r  Safety - F l a t - P l a t e  Photovoltaic ?iodules and Panels ,  
UL1703, March, 1984, Appendix A of t h i s  repor t  and t h e  Draft  Standard 
f o r  Safe ty  - Power Conditioning Units f o r  Use i n  Res iden t i a l  
Photovoi ta ic  Power Systems, Apr i l ,  1982 Appendix B of t h i s  r e p o r t ,  and 
any standards of o ther  organiza t ions  involved i n  l i s t i n g  o r  l abe l ing  
devices and mate r i a l s  ( see  paragraphs 90-6 and 110-2 of t h e  m). 
Extensive da ta  on system s a f e t y  performance and i n s t a l l a t i o n s  was not 
a v a i l a b l e  during t h e  development.of t h e  NEC A r t i c l e  690 because 
r e s i d e n t i a l ,  commercial, and i n d u s t r i a l  photovol ta ic  systems had not 
seen widespread use .  Thus, t h e  framers of t h i s  NEC A r t i c l e ,  cons i s t ing  
of people from module manufacturers,  system i n s t a l l e r s ,  c o n t r a c t o r s ,  
t e s t i n g  l a b o r a t o r i e s ,  and government l abora to r i e s  had t o  use judgement 
based on t h e  bes t  ava i l ab le  information t o  def ine  what photo,voltaic  
module f a i l u r e  modes t h e r e  might be ,  what t h e  i n s t a l l e r  can reasonably 

' do i n  e r e c t i n g  t h e  i n s t a l l a t i o n ,  and what apparatus is commercially 
a v a i l a b l e  t o  be used as a  p a r t  of t h e  photovol ta ic  i n s t a l l a t i o n .  I t  was 
on t h i s  b a s i s  t h a t  t h e  proposed provis ions  fo r  the  NEC t o  cover 
photovoltaic.  i n s t a l l a t i o n s  were developed. A s  is t h e  case  with. a l l  
s a f e t y  s t andards ,  f i e l d  se rv ice  records a r e  con t inua l ly  reviewed and a r e  
considered when f u t u r e  r ev i s ions  t o  t h e  requirements a r e  developed. 



Minimum Safe ty  Levels Per 1984 - NEC 

The t e x t  of NEC A r t i c l e  690 is presented i n  Appendix C .  An examination 
of t h i s  t e x t  d i s c l o s e s  t h a t  a  photovol ta ic  system would be considered 
acceptable  i f  b a s i c a l l y  ( a )  both c i r c u i t  and conductive frame p a r t s  a r e  
s o l i d l y  grounded and (b)  primary i n s u l a t i o n  is  provided t o  prevent 
personal  contac t  with e l e c t r i c a l l y  hazardous part 's ,  and t o  prevent 
c u r r e n t s  from pass ing between c i r c u i t  p a r t s  and ground t h a t  would 
c o n s t i t u t e  a  shock hazard t o  personnel o r  c r e a t e  a  f i r e  hazard 
s i t u a t i o n .  A fundamental ].eve1 of s a f e t y  is es t ab l i shed  by t h e  
i n s u l a t i o n  system t h a t  prevents  cu r ren t -ca r ry ing  corlductors and devices 
c r e a t i n g  a p o t e n t i a l  f o r  chock ha.zarrt o r  1,eading t o  equ i~ment  darnase. 
Addi t ional ly ,  t h e  A r t i c l e  descr ibes  connectors ( locking o r  l a t ch ing  
type ,  po la r i zed)  , source c i r c u i t  f u s e s ,  poin t  of connection t o  t h e  
bui ld ing. '  supply,  d i s c u n n e ~ ~ ~ i ~ ~ g  iacans , e t a  a , but  t h e s e  do not modify f he 
b a s i c  requirement f o r  t h e  use  of a  s i n g l e  i n s u l a t i o n  system, without 
back-up p r o t e c t i v e  devices such as  ground-fault  de tec t ion  and response 
syscems o r  double i n s u l a t i o n ,  as  t h e  primary s a f e t y  system of a  
pho tovo l t a i c  i n s t a l l a t i o n .  Thus a photovol ta ic  i n s t a l l a t i o n  represented  
by t h e  e l e c t r i c a l  schematic of Figure 2 . 1 . 4  would comply with t h e  m. 
NEC A r t i c l e  690 considered t h e  i n s t a l l a t i o n  of PV systems us ing - 
m a t e r i a l ,  components, and devices now commercially a v a i l a b l e ,  and t h e  
provis ions  of t h i s  A r t i c l e ,  i n  conjunction with t h e  l i s t i n g  of modules 
t o  c e r t i f y  t h e i r  compliance with a s a f e t y  Standard such as t h e  Proposed 
UL Standard,  r ep resen t  what is  considered t o  be an acceptable l e v e l  of 
s a f e t y  wi th in  che cur ren t  s t a t e  of the  technology. F ie ld  experience 
w i l l  u l t i m a t e l y  d i c t a t e  whether o r  not  add i t iona l  requirements a r e  
needed. For example, faulr: cortditions such as frame-ground s r c i n g ,  
i n - c i r c u i t  a r c i n g ,  and d e l a m i n a t i o ~ ~  of e n c a p s u l u ~ t s  and superstr,Xtos have 
been observed i n  some i n s t a l l a z l a n s ,  but the  cxtenc of any resultant 
damage has not  been assessed.  5 5  

NEC Sect ion  690-18, Disablement of an Array, recognizes t h a t  t h e  
pho tovo l t a i c  system is  a source t h a t  is energized by rad ian t  energy and 
not  r e a d i l y  " turned-off" ,  but does 11ut i d e n t l f y  a particular method of 
accomplishing disablement.  (See a l s o  Sect ion  3 ,  National E l e c t r i c a l  Code 
S t a t u s ,  f o r  commentary on If8rray ~ i s a b l e m e n t "  . ) 

§$  - Reference - Mater ia l s ,  Processes and Tes t ing  Laboratory 'l'echnical 
Progress and F i n a l  Keports : ?lassachuset ts  Insticure of T u ~ l ~ n u l o g y ,  
Lincoln Laboratory; S .  E .  Forman, M .  P .  Themelis, (1) November, 
December 1980; January,  February 1981; (2)  J u l y ,  August, 
September, October, 1981; ( 3 )  F i n a l ,  1977-1982. 



Any permanent ground path such as A in Figure 2.1.4 in conjunction with 
single insulation failures and line-ground faults B or C may result in 
arcs or body currents which can constitute fire or shock hazard 
situations. Supplementary circuit elements which can he used to arrest 
such arcing or terminate body ground currents may therefore be desirable 
for incorporation in a photovoltaic sysrem. Such devices and 
components, which are now technically feasible and thus readily 
commercialized if the demand exists, constitute a more'advanced syscem, 
and is the subject of much of this section. 



If - G r o u n d  Fault C u r r e n t  
( A r c i n g  o r  Body C u r r e n t  

F igu re  2 . 1 . 4  

Phozovol ta ic  System Per  NEC A r t i c l e  690 



2.2 Grounding and Ground-Fault Detection/Response Systems 

2.2.1 Background 

As a backup to the insulation system, additional means can be provided 
to prevent shock hazard or equipment damage situations from occurring. 
A key consideratjon in selecting these means is the ground scheme 
utilized. This ground scheme constitutes an important parc of any 
"Safety system". 

Two aspects of grounding relate to almost all electrical safety systems: 
(1) grounding of enclosures; and (2) grounding of circuits. In the 
following, grounding of ac equipment enclosures and ac system grounding 
is covered in terms of the National Electrical Code requirements, 
followed by an overview of grounding considerations for photovoltaic 
systems. 

The fine print note under National Electrical Code Section 250-1 states: 
1 I Systems and circuit conductors are grounded to limit voltages due 
to lightning, line surges, or unintentional contact with higher 
voltage lines, and to stabilize the voltage to-ground during normal 
operation. Systems and circuit conductors are solidly grounded to 
facilitate overcurrent device operation in case of ground faults. 

"conductive materials enclosing electrical conductors or equipment, 
or forming part of such equipment, are grounded to limit the 
voltage to'ground on these materials andto facilitate overcurrent 
device operation in case of gro'und faults." 

2.2.2 Enclosure Grounding, AC Systems 

In contemporary'electrical service systems, the interconnection beeween 
the grounding and grounded conductors on the premises is made only st 
the service, see Fig. 2.2.2. From this po.int, a groundiag conductor 
(that conductor which in service is provided with a green or 
green/yellow colored or sometimes no insulation) travels to the 
utilization equipment'(appliances and the like) and is connected to the 
frame of such equipment to effect grounding of conductive materials 
enclosing electrical conductors. This grounding uf the conductive 
enclosure limits the voltage between the enclosure and ground in the 
event of a line-to-enclosure fai.11~ in the utilization equipmenr. 



Grounding and grounded conductors connected t cqe the r  only at service. 
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F i g u r e  2 . 2 . 2  

Grounding - AC Services 

A line-to-enclosure fault might cause the full available branch-circuit 
current to flow through the ungrounded and grounding conductors until 
the overcurrent.protective device (e.g. - the fuse) operates to clear 
(open) che circuit. Because of this, the conductors (and especially the 
grounding conductor) must be of adequate ampacity to handle this current 
without rupturing, excessive temperatures, or expulsion of sparks or 
arcs, for the duration of the cilrrent flow. In addition to its 
ampacity, the grounding conductor must Lt: installed in proper physical 
relationship to the current-carrying co~iductors with which it is 
associated, so as to invite the ground-fault current to return through 
it rather than being diverted to other, possibly inadequate paths. In 
ac syscems, the available currents on  he source side of the fuses may 
range f r o n ~  several chousand emperes to tens of thousands of amperes, to 
and th.rmlgh the one hundred thousand ampere level. Typically, when 
available current levels on the source side of t he  ~vercurrenr'd~vices 
a p p ~ u a c h  thc onQ 'nl~ndrr.cl thousand ampere mark, the overcurrent devices 
are curren~-limiting (note that only cercain circuli i ~ ~ e r r u p L i ~ i g  
devices are classed as current-limiting) so that the full peak of the 
available source current is not available on the load side of the 
overcurrent protective device. Thus, this high aveti1abi.a fault c1.irren.t 
is never seen by either the circuit conductors to the load or by the 
grounding conductor. 



GLOSSARY : 

CURRENT-LIMITING FUSE - A fuse that properly interrupts all 
available currents within its interrupting rating and, xithin its 
current-limiting range, limits the clearing time at rated voltage 
to an interval equal to or less than the first major or symmetrical 
current loop duration and limits peak let-through current to a 
value less than the peak current that would be possible with the 
fuse replaced by a solid conductor of the same impedance. 

CURRENT-LIMITING RANGE (As Applied to Fuses) - That range of rms 
symmetrical available currents which is equal to and less than the 
interrupting rating in which the total clearing time at rated 
voltage and frequency is less than 1 /2  cycle. 

CURRENT-LIMITING CIRCUIT BREAKER - A circuit breaker that does not 
employ a fusible element and that when operating within its 
current-limiting range, limits the let-through. IZt to a value less 
than the 1*t of a 112 cycle wave of the symmetrical prospective 
current. 

CURRENT-LIPIITING RANGE (As Applied to Circuit Breakers) - The rms 
symmetrical prospective currents between the threshold current and 
the maximum interrupting rating current. 

For a high available current, low power factor, ac circuit closed for 
full current asymmetry (near zero on the voltage wave), a 
current-limiting fuse or circuit breaker may operate to'interrupt the 
current as shown in Figure 2 . 2 . 2 8 .  The grounding conductors must not 
rupture before the current-carrying conductors, for such rupturing would 
leave the enclosure at line voltage, resu1ting.i.n a shock hazard 
situation. Typically, if the grounding conductor is at least as large 
as the current-carrying conductors, the overcurrent device will operate 
on the occurrence of a low impedance line-to-enclosure fault to protect 
both current-carrying and grounding conductors, and will leave'the 
enclosure with no voltage. 
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Cperation of Current -Limi t ing  Cirwit 
I n t e r r u p t  i on  Device 

I f  t h e  l i n e - t o - e n c l o s u r e  f a u l t  i s  of h igh  enough impedance s o  t h a t  t h e  
c u r r e n t  i n  t h e  f a u l t  i s  i n s u f f i c i e n t  t o  cause t h e  ove rcu r ren t  'device t o  
o p e r a t e ,  then  t h e  impedance i n  t h e  grounding conductor must be low 
enough, so  t h a t  under t h e  maximum continuous c u r r e n t  t h a t  can flow, t h e  
vo l t age  between t h e  enc losu re  and e a r t h  does not  reach t h e  va lue  
considered t o  be t h e  t h r e s h o l d  of shock hazard .  Continuous c u r r e n t s  a r e  
de f ined  as  c u r r e n t s  ~ i r h  durat ivr ls  ul: out: second or more. 

Thus, t h e  enc losu re  ground, i f  p rope r ly  s i z e d ,  ope ra t e s  t o ,  under a l l  
c i rcumstances ,  l i m i t  t h e  vo l t age  on a c c e s s i b l e  p a r t s ,  and thereby  
prevent  a  shock hazard s i t u a t i o n  from persona? con tac t  w i t h  such p a r t s .  
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2 . 2 . 2  C i r c u i t  Grounding, AC' Systems . 

I n  contemporary e l e c t r i c a l  s e r v i c e  systems,  t h e  use  volt.ages appearing 
on c i r c u i r s  i n  r e s idences ,  o f f i c e s ,  e t c . ,  a r e  de r ived  from t h e  secondary 
of d i s t r i b u t i o n  t r ans fo rmers ,  t h e  primary of which may be i n  t h e  range 
4-13  kV, s e e  F igure  2 . 2 . 3 .  Both t h e  primary and secondary windings of 
t h e  d i s t r i b u t i o n  t ransformer  a r e  grounded by t h e  u t i l i t y .  Should a 
pr imary-to-secondary f a u l t  occur  a t  t h e  h igh  end of t h e  d i s t r i b u t i o n  
transformer, t h e  primary v o l t a g e ,  which might orherwise  be impressed on 
t h e  secondary, w i l l  be g r e a t l y  reduced by t h e  secondary c i r c u i t  ground, 
and t h e  c u r r e n t  through t h i s  ground w i l l  c l e a r  t h e  c i r c u i t  by causing 
ope ra t ion  of t h e  r ransformer  primary ove rcu r ren t  p r o t e c t i v e  device .  See 
F igure  2 . 2 . 3 A .  This  r e q u i r e s  t h a t  t h e  ground f a u l t s  be of adequace 
ampacity and low enough impedance s o  t h a t  t h e  c u r r e n t  w i l l  be adequate  
t o  cause t h e  ove rcu r ren t  device  t o  o p e r a t e .  

fl u t i i i t y  Transformer  
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AC ~ i s t r i b u t i o n  System 
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ac F a u l t  
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Figure  2 . 2 . 3 B  

AC D i s t r i b u t i o n  System - F a u l t  i n  U t i l i t y  Transformer 



If the transformer secondary ground is not present, see Figure 2.2.3B, 
the fault in the distribution transformer would result in the supplied 
buildings electricity system being brought up to the transformer primary 
voltage. As neither the spacings or insulation in this system is likely 
to be adequate for high voltage, a hazard would then exist (1) in any 
user contact with this system, or (2) .from arcs and resulting fires. 

A 

U t i l i t y  Distribution Transformer - ) 
- 

4-13kV 
.-.- \ . _ 

Fault in Transformer - Ungrounded Use Network 

The system ground also prevents the transformer secondary voltage ~ P U U I  

rising in voltage, relative to earth, due to induced charges or line 
surges. Systems are center-grounded so that the voltage berween any 
portion of the circuit and earth is limited to 0 . 5  (single phase) ur 
0.57 (three phase) of the total circuit voltage. Also see Section 
2.2.6.2, Circuit Grounding and an Alternative. 

A n  importanx basis for system grounding is that accidental system 
grounds are generally inevitable, and if the system ground is not 
deliberately provided, the accidental ground can appear anywhere in the 
circuit. Accidental grounds would not provide the limited 
voltage-to-earth protection afforded by a center-grounded system. 



2 . 2 . 4  I n t e r a c t  ion  

The u t i l i t y - p r o v i d e d  ground and t h e  bu i ld ings  s e r v i c e  ground a r e  
s epa ra t ed  by t h e  "neut ra l1 '  conductor of t h e  s e r v i c e  drop o r  s e r v i c e  
l a t e r a l  (conductors  between t h e  b u i l d i n g ' s  s e r v i c e  en t r ance  and t h e  - 
u t i l i t y  low v o l t a g e  [120-600 v o l t ]  d i s t r i b u t i o n  network) .  Unlike t h e  
grounding conductor w i th in  t h e  b u i l d i n g ,  t h i s  n e u t r a l  conductor w i l l  
c a r r y  c u r r e n t  any cime t h e  b u i l d i n g ' s  load is  not  balanced between s i d e s  
o r  phases,  and i n  c a r r y i n g  c u r r e n t  w i l l  produce vo l t age  drop a long  i t s  
l eng th .  In  t h i s  c ircumstance,  i f  t h e  b u i l d i n g ' s  ground has s i g n i f i c a n t  
impedance, while  t h e  u t i l i t y ' s  does n o t ,  t h e r e  w i l l  be a  vo l t age  
d i f f e r e n c e  c r e a t e d  between (1)  t h e  b u i l d i n g ' s  grounding conductors  
t oge the r  wi th  a l l  enc losures  connected t o  t h i s  conductor ,  and (2)  e a r t h  
ground a t  o r  nea r  t h e  enc losu res .  I f  t h e  vo l t age  d i f f e r e n c e  i s  l a r g e  
enough, cons ide r ing  t h e  environment ( e . g .  - wet o r  submerged c o n t a c t ) ,  a  
shock hazard may be p r e s e n t .  See F igure  2 . 2 . 4 .  So lu t ions  t o  t h i s  a r e  
t o  a s s u r e  t h a t  t h e  b u i l d i n g ' s  s e r v i c e  connect ion t o  ground i s  of low 
enough impedance, o r  c r e a t i n g  an a r t i f i c i a l  grounding p l ane  a t  a  
p o t e n t i a l  equal  t o  t h a t  of t h e  grounding conductors  a t  t h e  enc losu res .  
Genera l ly ,  t h e  f i r s t  o p t i o n ,  t h e  low enough impedance i s  t h e  d e s i r e d  
r o u t e ,  because i t  avoids  t h e  need t o  c o n s t r u c t  t h e  a r t i f i c i a l  ground 
p lane  and l o c a t e  t h e  enc losures  so  t h a t  t h e y ,  and a c t u a l  e a r t h  
( d i f f e r i n g  from t h e  a r t i f i c i a l  ground p lane  such a s  a  bu r l ed  g r i d )  
cannot be con tac t ed  s imul taneous ly .  

A r t i c l e  250, Sec t ion  H ,  paragraph 250-84 of t h e  NEC desc r ibes  t h e  
maximum accep tab le  r e s i s t a n c e  of a  s i n g l e  grounding e l e c t r o d e  (25 ohms). 
Grounding r e s i s t a n c e s  a r e  r e l a t i v e l y  easy t o  measure, an example of such 
measurements i s  p re sen ted  i n  Appendix D, GROUNDING SYSTEM RESISTANCE AND 
ASSOCIATED MEASUREMEXTS. D e t a i l  on methods of measuring grounding . 
r e s i s t a n c e  is provided i n  t h e  Standard Handbook f o r  E l e c t r i c a l  
Engineers ,  D .  G .  Fink and J .  M .  C a r r o l l ,  ?lcGraw-Hill, 1968.  

The work desc r ibed  i n  Appendix D r e p o r t s  measurements on a  known 
grounding network, bu t  a s  d e t a i l s  of t h e  system grounding were never 
r ece ived .by  UL, u se  of t h e s e  measurements f o r  any purpose was not  
p o s s i b l e .  

Net c u r r e n t  due t o  imbalanced load 
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2 . 2 . 5  Connect ion  t o  Ea r th  

Grounding, in t h e  broad sense  need not  mean an a c t u a l  connect ion t o  
ear th ' .  For example, an e l e c t r i c a l  system on an a i r c r a f t  i s  grounded by 
be ing  connected t o  t h e  frame of t h e  c r a f t  and vo l t ages  a r e  re ferenced  t o  
t h e  frame. When an e l e c t r i c a l  system e x i s t s  near  a c t u a l  e a r t h ,  and is 
connected t o  e a r t h ,  t h e  means of making t h e  ear th.  connect ion i s  
impor tan t  t o  ensure  t h a t  system vo l t ages  t o  ground a r e  low. D e t a i l s  on 
methods of c i r c u i t  connec t ion  t o  e a r t h  a r e  provided i n  Sec t ion  4 of IEEE 
S t d .  1i.2-1972 "IEZE Recommended P r a c r i s e  For Groilnding I n d u s ~ r i a l  and' 
Commorci~i Pnwer ~ y s c e m s "  and thus  it i s  unnecessary t o  provide  a l l  o f  
the same informati011 11ore. A synops is  of a1tarnar.a grounding schemes 
does ' i n d i c a t e  t h a t  where conc re t e  foilndacions ul: a bu i ld ing  o r  o t h e r  
s t r u c t u r e  a re  provided,  t h e  r e i n f o r c i n g  rods of  such conc re t e  provide a  
good and ready made groilading e l e c t r o d e ,  and a r c  bsttet t han  grmmding 
e l e c t r o d e s  d i r e c t l y  b u r i e d  i n  e a r t h .  This  i s  because,  f o r  conc re t e  
encased rods ,  t h e  r e s i s t i v i t y  of t h e  m a t e r i a l  c l o s e s t  t o  t h e  e l e c t r o d e  
( t h e  c o n c r e t e ) ,  i s  lower than  t h e  r e s i s t i v i t y  of t h e  s o i l  which would 
o the rwi se  occupy t h a t  volume. The r e s i s t i v i t y  of t h e  m a t e r i a l  i n  t h i s  
volume i s  t h e  most c r i t i c a l  r e s i s t i v i t y  i n  e s t a b l i s h i n g  grounding 
r e s i s t a n c e .  T rea t ed  s o i l s  can p r o v i d e - t h e  same low r e s i s t i v i t y  i n  t h e  
a r e a  of  t he  grounding e l e c t r o d e s ,  but  maintenance is  then  needed because 
t h e  t r ea tmen t  is not  permanent. 

Where a  s i n g l e  e l e c t r o d e  does not  provide t h e  d e s i r e d  low va lue  of 
grounding r e s i s t a n c e ,  m u l t i p l e  d r i v e n  e l e c t r o d e s  a r e  used .  However, 
m u i t i p l e  e l e c t r o d e s  would not  n e c e s s a r i l y  reduce t h e  grounding 
r e s i s t a n c e  as though they  were s imple  p a r a l l e l  c u r r e n t  p a t h s ,  because 
t h e  vo l t age  g r a d i e n t  p a t t e r n s  c r e a t e d  by t h e  e l e c t r o d e s  would u v e ~ l a p  
each o t h e r .  The g r e a t e r  t h e  d i s t a n c e  between t h e  m u l t i p l e  e l e c t r o d e s ,  
t h e  l e s s  t h e  ove r l ap  and t h e  more e f f e c t i v e  a r e  t h e  p a r a l l e l  p a t h s .  

2 . 2 . 6  Qiounding A 3  .Applied t o  Pho tnvn l t a i c  Systems 

2 . 2 . 6 . 1  Frame Grounding 

A s  w i t h  o t h e r  e l e c t r i c a l  syscems, t h e  n o n c i r c u i t  conduct ive p a r t s  of a  
p h o t o v o l t a i c  system ( e .  g .  - frames,  s t r u c t u r e s )  should be grounded t o  
cnsure t h a t  t h e r e  w i l l  be no vo l t age  between t h e s e  p a r t s  and ( e a r r h )  
ground i n  t h e  event  of i n s u l a t i o n  f a i l u r e .  And r h i s  gruulldilig should 
t a k e  i n t o  account  p o s s i b l e  v o l t a g e  drops along a  n e u t r a l  conductor a s  
desc r ibed  under S e c t i o n  2 . 2 . 4 ,  I n t e r a c t i o n .  

The framc greunding means should be such t h a t  removal of a  module does 
n o t  i n t e r r u p t  t h e  frame grounding f o r  a n y  o t h e r  p a r t  o f  t h e  pho tovo l t a i c  
i n s t a l  l a t i o n .  This p rov i s ion  is  b e s t  included i n  an i n s t a l l a t i o n  code 
( e .  g .  - t h e  - X E C )  . 



I n  circumstances where t h e  spac ing  between c i r c u i t  p a r t s  and conduct ive 
frame p a r t s  is g r e a t  and t h e  in t e rven ing  i n s u l a t i o n  r igo rous ,  s o  t h a t  
ene rg i za t ion  of t h e  conduct ive s t r u c t u r e  such a s  roof g u t t e r s  o r  
f l a s h i n g  on a  pho tovo l t a i c  equipped roof is  u n l i k e l y ,  then  t h e s e  p a r t s  
can be i s o l a t e d .  No at tempt  has been made t o  d e f i n e  what c o n s t i t u t e s  
l a r g e  enough spacings o r  r i go rous  enough i n s u l a t i o n ,  except  t h a t  some 
guidance is  a v a i l a b l e  from t h e  r u l e s  concerning D.ouble I n s u l a t i o n ,  s e e  
Sa fe ty  Systems, Sec t ion  5 and Appendix E, PROVISIONS OF THE STANDARD FOR 
DOUBLE INSGLATION SYSTEMS FOR USE IN ELECTRICAL EQUIPMENT, UL 1097-1978, 
X 4 T  >lily BE CONSIDEXED APPLICABLE TO ?,YOTOVOLTAIC ?IODUUS AND SYSTEMS. 

2 . 2 . 6 . 2  C i r c u i t  Grounding and an A l t e r n a t i v e  

Some of t h e  r a t i o n a l e s  f o r  a  system ground f o r  a  u t i l i t y  supply may not  
e x i s t  f o r  a  pho tovo l t a i c  a r r a y .  For example, i n  a  r e s i d e n t i a l  a r r a y  
i n t e r a c t i v e  wi th  t h e  120/240 v o l t  b u i l d i n g  wi r ing  by way of a  
t r ans fo rmer - i so l a t ed  power cond i t i on ing  u n i t ,  con tac t  of t h e  a r r a y  
c i r c u i t  wi th  h igher  v o l t a g e  systems i s  u n l i k e l y .  However, o t h e r  
bases  do e x i s t ,  such a s ,  a  need t o  s t a b i l i z e  t h e  system vo l t age  and 
d e f i n e  it wi th  r e spec t  t o  ground s o  t h a t  i n s u l a t i o n  systems w i l l  not  be 
o v e r s t r e s s e d ,  and t h e  d e s i r e  t o  know which c i r c u i t  po in t  i s  a t  ground s o  
t h a t  c o n t r o l  can b e  placed over  succes s ive  grounds t o  prevent  a r c i n g  o r  
shock hazard ground-fau l t  c u r r e n t s .  I f  t h e  o b j e c t i v e s  which a r e  
o r d i n a r i l y  met wi th  s o l i d  grounding ( s o l i d l y  grounded i s  de f ined  a s  
grounded through an adequate  ground connect ion i n  which no impedance has 
been i n s e r t e d  i n t e n t i o n a l l y , )  can be met wi th  o t h e r  types of ground 
connect ions then  such o t h e r  ground connect ions would be accep tab le ,  f o r  
a s  s t a t e d  i n  NEC A r t i c l e  690: 

"Other methods which accomplish equ iva l en t  system p r o t e c t i o n  and 
which u t i l i z e  equipment l i s t e d  and i d e n t i f i e d  f o r  t h e  use  s h a l l  be 
permit ted" (Exception t o  Sec t ion  690-41).  

An a l t e r n a t i v e  t o  grounding is  c i r c u i t  i s o l a t i o n  from ground. An 
i s o l a t e d  c i r c u i t  can be a  v i a b l e  o p t i o n  i f  t h e  c i r c u i t  is equipped wi th  
a  ground sensor  t o  monitor t h e  va lue  of r e s i s t a n c e  between t h e  c i r c u i t  
and ground. When t h a t  r e s i s t a n c e  has dropped below t h e  va lue  which 
would al low shack-hazard l e v e l  o r  a r c i n g  hazard l e v e i  c u r r e n t s  i n  'ground 
f a u l t s  ( a  second uncon t ro l l ed  ground between t h e  c i r c u i t  and ground),  a  
r e a c t i o n  t o  t h e  o r i g i n a l  f a u l t  t akes  p l a c e .  See d e t a i l s  i n  
Sec t ion  2 . 4 . 4 .  In  an i s o l a t e d  system, system vo l t age  wi th  r e spec t  t o  
ground can be s t a b i l i z e d  wi th  h igh  r e s i s t a n c e  ( t y p i c a l l y  100 kilohm) 
connect ions between t h e  a r r a y  c i r c u i t  and ground, which f o r  purposes of  
t h i s  document i s  no t  considered grounding.  A s  wi th  o t h e r  c i r c u i t s ,  i n  
t h e  s i t u a t i o n  of an cngrounded c i r c u i t ,  t h e  c i r c u i t  should be adequately 
guarded so  cha t  c i r c u i t  p a r t s  a r e  n o t  exposed con tac t  by persons .  



Thus, an ungrounded a r r a y  c i r c u i t ,  p rope r ly  equipped, can be provided 
wi th  an adequate  l e v e l  of s a f e t y  f o r  use  i n  pho tovo l t a i c  systems. 

The cond i t i on  of a  " v i r t u a l  ground" may be p re sen t  i n  a  pho tovo l t a i c  
a r r a y  i n t e r a c t i v e  by way of a  t r ans fo rmer l e s s  power cond i t i on ing  u n i t  
w i th  a  center-grounded u t i l i t y  supply .  A v i r t u a l  ground is  t h a t  po in t  
i n  t h e  c i r c u i t  which is  a t  ground p o t e n t i a l ,  bu t  which has no d i r e c t  
connect ion t o  ground. See F igure  2 . 2 . 6 . 2  and Subsect ions 2 . 4 . 1 . 3  and 
2 . 4 . 1 . 4 .  Again, t h e  v i r t u a l  ground, i n  conjunct ion  wi th  a  h igh  
r e s i s t a n c e  connect ion  t o  ground t o  provide a  vo l t age  r e fe rence  when t h e  
array is d isconnected  from t h e  u t i l i t y ,  appears  t o  s a t i s f y   he reasons 
f o r  ground of a p h o t o v o l t a i c  a r r a y .  
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I f ,  i n  grounding an e l e c t r i c a l  c i r c u i t ,  t h e  vol tage  between any and a l l  
p a r t s  of the  c i r c u i t  and ground can be r e s t r i c t e d  t o  l e s s  than t h e  
c i r c u i t  vo l t age ,  such should be done. This w i l l  l e s sen  t h e  l ike l ihood 
o r  s e v e r i t y  of e l e c t r i c  shock. This is r e a d i l y  achievable by cen te r  
grounding.   ow ever, c e n t e r  grounding of an a r ray  c i r c u i t  does add 
complexit ies  i n  applying d i f f e r e n t i a l  ground f a u l t  sensors ,  blocking 
d iodes ,  and source c i r c u i t  fuses .  With cen te r  grounding each hal f  of 
t h e  source c i r c u i t  must be f i t t e d  with individual  devices .  See 
Figure  2 .2 .6 .28 .  

2 . 2 . 6 . 3  Bonding Path Ampacity and l n t e g r i r y  

In  t h e  c i r c u i t  of F igure  2 .2 .6 .3 ,  a r ray  source c i r c u i t s  ( s r r l n g s )  a r e  
connected i n  p a r a l l e l .  I n  t h i s  circumstance, should a c i rcui t - to-ground 
fa l i l t  occu~: at. A ,  t h e  cu r ren t  f a u l t e d  t o  ground would be equal E n  t h a t  
from a l l  t h e  p a r a l l e l  connected modules, o r  15 amperes i n  t h e  case 
shown. This 15 ampere f a u l t  current  exceeds t h e  6 ampere value used f o r  
t h e  eva lua t ion  of t h e  module bonding path (two times module s e r i e s  fuse  

l r r a t i n g , )  per  Sect ion  25 Bonding Path ~ e s i s t a n c e "  of clie P~upused UL 
Standard f o r  F l a t - P l a t e  Photovoltaic Nodules and Panels .  Thus, t h e  
adequacy of t h i s  module's bonding path t o  withstand t h e  e f f e c t s  of t h e  
ground-faul t  condi t ion  a r e  unknown, and the  ground path may be destroyed 
by t h e  excessive c u r r e n t  'at any point  wi th in  t h e  a r e a  indica ted  by t h e  
dashed l i n e s  i n  t h e  f i g u r e .  Destruct ion of t h e  grounding path while t h e  
c i r cu i t - to - f rame  f a u l t  i s  maintained, r e s u l t s  i n  t h e  frames being a t  
a r r a y  vo l t age ,  a  hazardous condi t ion .  

To a l l e v i a t e  t h i s  problem, the  Bonding Path Resistance T e s t ,  car1 be 
modified KO represent  ground-fault  cu r ren t s  due t n  t h e  maximwu number of 
modules which can be co1.111ected i n  p a r a l l e l  (with a marking on t h e  
modules ind ica t ing  t h i s  maximum number); o r  each fuse  designated F , 

1 
normally appl ied  only t o  p r o t e c t  t h e  modules from hazards due t o  reverse  
c u r r e n t ,  can be s i z e d  t o  p r o t e c t  t h e  module bonding path and located 
o u t s i d e  o f  t h e  module a s  it i s  i n  t h e  t h r e e  r ight-hand source c i r c u i t s .  
I n  t h i s ,  t h e  more l i k e l y  s i t u a t i o n ,  where the fuses  are  ou t s ide  of t h e  
rnvdules and i n  t h e  ungrounded sad of  the source c i r c u i t  they w i l l  
provide t h e  needed p r o t e c t i o n ,  regardless  of t h e  number of source 
c i r c u i t s  connected i n  p a r a l l e l .  Modifications f o r  Sect ion 25 of the  
Proposed Standard a r e  being considered t o  address t h i s .  I f  diodes were 
considered an acceptable  means of p ro tec t ing  aga ins t  f a u l t s ,  the 
blocking diode might a l s o  serve  t o  p r o t e c t  t h e  module bonding path i f  
placed ou t s ide  t h e  module on t h e  ungrounded end of t h e  source c i r c u i t .  
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Advanced Safe ty  Systems 

2 .3 .1  Examples 

An example of an a r r a y  incorpora t ing  present  tec'nnology devices t h a t  
o f f e r s  a  considerably higher degree of s a f e t y  i n  terms of p ro tec t ion  
aga ins t  both f i r e  and shock hazard s i t u a t i o n s  i s  presented i n  Figure 
2 .3 .1 .  This a r r a y  maintains a  concept of a  s o l i d  ground (paragraph 
690-41 of the  s), but the  s o l i d  ground may now be in te r rup ted  where 
necessary ,  both a u ~ o m a r i c a l l y  o r  manua1,ly ( leaving oniy a  high 
r e s i s t a n c e  path  t o  e a r t h ) ,  t o  te rminate  ground-fault  c u r r e n t s .  (This i s  
considered t o  comply with the  $J by v i r t u e  of the  e x ~ e p t l o n  t o  the  
paragraph.)  A bas ic  i n s u l a r i o n  ~ y s ~ e u l  is maintained around a l l  rl.irr.nit 
conductors t o  c o n s t i t u t e  a  primary s a f e t y  system. Should t h i s  
insula t ior i  f a i l ,  s a f e t y  subsystorn co~nponents (s A g, - ground-fal,ll.t 
sens ing and reac t ion  dev ices ) ,  t h e  i n s t a l l a t i o n  of which would not be 
not  i n  c o n f l i c t  with the provis ions  f o r  t h e  E, would provide fo r  the  
s a f e t y  of t h e  i n s t a l l a t i o n .  . I t  i s  un l ike ly  t h a t  a l l  of t h e  s a f e t y  
subsystems shown i n  Figure 2 . 3 . 1  would be found i n  a  s i n g l e  a r r a y .  A 
r e s t r i c t e d  number could cover t h e  f i r e  and shock hazards otherwise 
associa ted  wi th :  

a )  in -cur ren t  a rc ing  ( f i r e )  
b)  ground f a u l t  a rc ing  ( f i r e )  
c )  ground f a u l c  body cur ren t s  (shock) 
d )  overheated components (immediate f i r e ,  long term through 

degradation o f  ma te r i a l s  - f i r e  and shock) 
e )  s h o r t - c i r c u i t s  on u t i l i t y  power l i n e  ( f i ~ e )  
f )  module replacement 
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For t h e  c i r c u i t  descr ibed by Figure 2 .3 .1 ,  i n - c i r c u i t  a rc ing  i s  
prevented by redundant ( p a r a l l e l - p a t h )  c i r c u i t  paths (as  i n  source 
c i r c u i t  A ) ,  a hierarchy. of  bypass diodes (as i n  source c i r c u i t  C) o r  
made harmless by flame-containing s u p e r s t r a t e s  and s u b s t r a t e s  (as  in 
source  c i r c u i t  C ) .  Ground-fault a r c i n g  is prevented o r  made l e s s  l i k e l y  
by 'double i n s u l a t i o n '  ( a s  i n  source c i r c u i t  A )  o r  a ground-fault  
d e t e c t i o n  and r e a c t i o n  syscem of e i t h e r  shock o r  f i r e  hazard s e n s i t i v i t y  
l e v e l  ( f o r  e n t i r e  a r r a y  c i r c u i t ) .  Ground-fault body cur ren t s  a r e  
prevented o r  made l e s s  l i k e l y  by double i n s u l a t i o n ,  complete grounded 
conduscive shrouds,  o r  minimum physical  spacings between c i r c u i t  
elements ( a s  i n  source c i r c u i t  A). Overheated c e l l s  under c o n d i t i o ~ i s  of 
reduced c e l l  output  (second quadrant opera t ion)  a r e  preven,ced by bypass 
diodes (D5, D6, D 7 )  around groups of c e l l s  (maximum number of c e l l s  
allowed per  diode a s  e l e c t e d  by manufacturer and confirmed by t e s t ,  s e e  
Sec t ion  37 of Proposed UL Module Standard),  ( a s  i n  sourcc c i r c u i t  C) or 
numerous c e l l  s t r i n g s  i n  p a z a l l e l  (as  i n  source c i r c u i t  A ) .  $Overheaced 
c e l l s  urider condi t ions  of r eve r se  cu r ren t  ( four th  quadrant opera t  ion) 
a r e  prevented by blocking diodes and/or fuses (as  i n  source c i r c u i t s  A ,  
B y  and C). S h o r t - c i r c u i t s  on u t i l i t y  power l i n e  a r e  removed by opening 
of over-current  devices F6 and F7 (as  i n  the  power condi t ioning u n i t  
output  c i r c u i t )  p r e s e n t l y  c a l l e d  f o r  by' NEC A r t i c l e  690 (paragraph 
690-9). Module replacement with minimal hazard is f a c i l i t a t e d  by 
modules wi th  plug connectors with recessed contac ts  (see  Section 15 of 
t h e  UL Proposed Standard f o r  Photovol ts ic  Modules and Panels f o r  t h e  
degree of recess ing considered necessary)  (as  i n  source c i r c u i t  B) or  
external-to-module bypass diodes ( e . g .  - Df) i n  conjunction with ground 
i n t e r r u p t  switch S and/or load break switch S a r r a y  s h o r t i n g  3 1 ' 
swi tch  S and Inw ( l e s s  than 30 v o l t )  vol tage  mod11:l.e~ [as i n  source 2 ' 
c i r c u i t  C). 

While most of t h e  items descr ibed i n  the  precedlfig paragraph w i l l  n o t  be 
requi red  under t h e  provis ions  of Q A r t i c l e  690, some, such as  blocking 
and bypass diodes appear i n  most ar rays  f o r  performance purposes. 
However, f o r  performance purposes it i s  poss ib le  t h a r  no account may be 
raken of t h e  mounting loca t ion  o f ,  f o r  example, t h e  bypass diodes.  
Thus, i f  t h e  diodes were an i n t e g r a l  p a r t  of the  modules, dud were 
removed from t h e  c i r c u i t  with t h e  module they would be ineffective i n  
r e s t r a i n i n g  vol tage  l e v e l s  during module replacement. 



2.4 Subsystem D e t a i l s  

S p e c i f i c s  on each of t h e  subsystems proposed is presented  i n  t h e  
fol lowing.  Table 2 .5  d i s c l o s e s  which hazards each of t h e s e  systems is  
intended t o  p r o t e c t  a g a i n s t .  

2 . 4 . 1  Ground-Fault Detec t ion  and Response Syscems 

Ground-fault  c u r r e n t  occurs  i n  a  grounded e l e c t r i c a l  c i r c u i t  when 
d e t e r i o r a t e d  i n s u l a t i o n  and/or t h e  exposure of l i v e  p a r t s ,  t oge the r  wi th  
t h e  i n t r o d u c t i o n  of a  conduct ive p a t h ,  causes a  c u r r e n t  between a  
c i r c u i t  p a r t  and ground. A ground-fau l t  system c o n s i s t s  of t h e  s e n s i n g .  
device  t o  d e t e c t  t h i s  cond i t i on ,  and r e a c t i o n  c i r c u i t r y  t o  m i t i g a t e  any 
adverse consequences.  The ground-fau l t  s ens ing  device  may be e i t h e r  of 
two types .  One, t h e  d i f f e r e n t i a l  t ype ,  responds t o  d i f f e r e n c e s  i n  
c u r r e n t s  between t h e  two l egs  of t h e  c i r c u i t .  This  type  is commonly 
used i n  bathroom and garage r e c e p t a c l e s  of dwel l ing  u n i t s ,  per  Sec t ion  
210-8.of t h e  - NEC. The a c  ve r s ion  used i n  t h e s e  a p p l i c a t i o n s  
incorporates a  d i f f e r e n t i a l  t r ans fo rmer ,  c o n s i s t i n g  of t h e  two c i r c u i t  
l eads  pas s ing  through a  t o r o i d a l  co re .  

The o t h e r  type  of ground-fau l t  sens ing  dev ice ,  t h e  d i r e c t  ground-current  
responding cype,  d i r e c t l y  senses  a  c u r r e n t  i n  t h e  pa th  between t h e  
ground and t h e  c i r c u i t .  I t  may c o n s i s t  of a  s impler  d e t e c t i n g  element ,  
such a s  a  r e s i s t o r ,  ac ros s  which a  vo l t age  i s  measured. When provid ing  
p r o t e c t i o n  i n  use  c i r c u i t s ,  t h e  ground-fau l t  system k i l l  o r d i n a r i l y  
d isconnect  t h e  c i r c u i t  from t h e  source .  When provid ing  p r o t e c t i o n  i n  
pho tovo l t a i c  source  c i r c u i t s ,  t h e  source  must be r a p i d l y  ex t inguished  a s  
f o r  example b y  a r r a y - s h o r t - c i r c u i t i n g ,  o r  t h e  ground pa th  opened. In  
t h e  fo l lowing  examples t h e  ground pa th  is  i n t e r r u p t e d  t o  te rmina te  t h e .  
g round-fau l t  c u r r e n t s .  

2 . 4 . 1 . 1  Shock Hazard 

Where t h e  v o l t a g e  and a v a i l a b l e  c i r c u i t  c u r r e n t  a r e  above t h e  va lues  
which c o n s t i t u t e  a  shock hazard s i t u a t i o n ,  .one parameter ,  t h e  d u r a t i o n  
of t h e  c u r r e n t  through t h e  g round- fau l t ,  can be c o n t r o l l e d  t o  a l l e v i a t e  
t h e  hazards from e l e c t r i c  shock. Typ ica l ly ,  g round-fau l t  systems %or a c  
c i r c u i t s  w i l l  l i m i t  t h e  du ra t ion  of t h e  c u r r e n t  t o  a s  low as  25-26 
mi l l i s econds ,  whicn is  expected t o  g r e a t l y  reduce r h e  r i s k  of 
e l e c t r o c u t i o n .  

Acceptable exposure d u r a t i o n s  a s  a  func t ion  of c u r r e n t  f o r  dc and 
combinations of ac  and dc have not  y e t  been formulated.  Because of t h e  
lower r i s k s  from dc ( a s  a g a i c s t  a c ) ,  t h e s e  d u r a t i o n s  may be longer t han  
those  permi t ted  f o r  a c .  



2.4.1.2 Fire Hazards 

Ground-fault arcing (current in an unwanted path), can be arrested by a 
ground-fault detection and interruption or disabling system. 

2.4.1.3 Device Particulars and Application 

A differential type ground-fault.detector is shown in the photovoltaic 
system circuit of Figure 2.4.1, a direct-ground-current detection type 
is shown in the circuit of Figure 2.6.1A. 

2 
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Figure 2.4.1 
Differential Ground-Fault Detector 
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Figure 2.4.18 
girect-Ground-Cur~efic Fault Detector 



In  u t i l i z i n g  ground-fau l t  systems,  t h e  s p e c i f i c  a r e a s  a f fo rded  
p r o t e c t i o n  a r e  determined by t h e  l o c a t i o n  of t h e  c i r c u i t  grounds and 
d e t e c t o r s .  For t h e  c i r c u i t  of F igu re  2 . 4 . 1 ,  g round-fau l t  p r o t e c t i o n  i s  
provided only  i n  t h e  c i r c u i t  p a r t  t o  t h e  l e f t  of t h e  d e t e c t o r s  ( t h e  
a r r a y  s i d e ) ,  and only  i f  t h e r e  a r e  no low-impedance grounds i n  t h e  . . 

grounded conductor t o  t h e  l e f t  of t h e  d e t e c t o r .  

For t h e  c i r c u i t  of F igure  2.4.1B,  ( a  redrawing of t h e  c i r c u i t  of 
F igu re  2 .4 .1  wi th  an added ground) w i th  a  ground t o  t h e  l e f t  of t h e  , 

d e t e c t o r  ( t h e  a c c i d e n t a l  ground A), a  f a u l t  c u r r e n t ,  i f  it develops ,  may 
r e e n t e r  t h e  normal cu r r en t  pa th  on r h e  source  ( a r r a y )  s i d e  of t h e  ground 
f a u l t  s e n s o r ,  r e s u l t i n g  i n  i n s u f f i c i e n t  imbalance f o r  f a u l t - c u r r e n t  
d e t e c t i o n .  F u r t h e r ,  even i f  ground f a u l t s  were d e t e c t a b l e ,  t h e  presence 
of ground pa th  A would make it impossible  t o  terminate ground c u r r e n t s  
w i th  t h e  swi tch ing  used.  

I t  is  assumed t h a t  d e t e r i o r a t i o n  of i n s u l a t i o n  o r  misconnection may 
al low ground connect ions such a s  A i n  F igu re  2 .4 .18  t o  develop.  With 
t h i s  s i t u a t i o n ,  a  ground-fau l t  system might f a i l  t o - o p e r a t e  upon t h e  
occurrence of a  ground f a u l t .  

rz 
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Figure  2 . 4 . 1 9  
Differenzial-Ground-Fault Dececcor - Accidental  Ground 



Because of this, UL requirements for ac ground fault-circuit 
interrupters state that ground-fault protection shall be provided when 
the circuit conductor that is normally grounded at the service only, is 
also grounded at a point in the load circuit of the ground-fault circuit 
interrupter. 

Contemporary differential type ac ground-fault circuit interrupters may 
achieve this protection capability by including an oscillator circuit 
which is triggered by the closing of a ground path similar to that of A 
in Figure 2.4.1B. This oscillator can create a sufficiently imbalanced 
current through the differential detectors to activate the device. It 
will do so upon the occurrence of.the improper ground (a connection 
between the grounding and grounded conductois at the protected area) 
whether or not there is an actual arcing or body path ground-fault, and 
whether or not there is a load. 

DC ground-fault devices built for photovoltaic system use with a 
directly grounded array, as shown in Figures 2.4.1 6r 2.4.1B, may ased 
to include this capability. . - 

For the circuit of Figure 2.4.1A, ground-fault protection is provided 
throughout the circuit, but only if there is no other ground in the 
circuit. For the circuit of Figure 2.4. .1C (a redrawing of the circuit 
of Figure 2.4.1A with an added ground),.an added ground anywhere will 
defeat the direct-ground-current decection type ground-fault sensor. 
Again, the accidental ground also makes it impossible to terminate 
ground-fault currents with the switching system used. It is necessary 
to include an oscillator circuit with this type of ground-fault detector 
to detect the unwanted gromd. 
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Figure 2 . 4 . 1 C  
Direct-Ground-C~irrrent Fault Dececcor - Accidental Ground 



A u t i l i t y  i n t e r a c t i v e  pho tovo l t a i c  a r r a y  having a  " v i r t u a l "  r a t h e r  than  
s o l i d  ground wi th  a  t r ans fo rmer l e s s  power cond i t i on ing  u n i t  is shown i n  
segment X of t h e  c i r c u i t  o f  F igure  2.4.1D. " ~ i r t u a l "  ground is  t h a t  
p o i n t  i n  t h e  a r r a y  which is e l e c t r i c a l l y  a t  ground, bu t  has no d i r e c t -  
e l e c t r i c a l  connect ion t o  ground. With t h i s  system, ground-fau l t  , 

c u r r e n t s  a t  t h e  a r r a y  may be caused by c u r r e n t s  from e i t h e r  t h e  a r r a y  o r  
l i n e  sou rce ,  o r  bo th .  D i f f a r e n t i a l  d e t e c t o r s  B1 and B2 i n  

conjunct ion  wi th  i n t e r r u p t i o n  swi tch  S 2 provide  ground-fau l t  

p r o t e c t i o n  a t  any p o i n t  i n  t h e  a r r a y  except  a t  t h e  " v i r t u a l "  ground. 

V i r t u a l  . - - D i f f e r e n t i a l  F a u l t  
' 4  : f ,,.t/' Detectors 
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Figure  2.4.1D 
Array With Transformerless  I n t e r a c t i v e  Power Condit ioning Unit - 

D i f f e r e n t i a l  Ground-Fault Detec tor  



No p r o t e c t i o n  i s  needed a t  t h e  " v i r t u a l "  ground, because no c u r r e n t  
e x i s t s  i n  a  f a u l t  between p o i n t s  a t  t h e  same p o t e n t i a l ,  t h e  v i r t u a l  and 
r e a l  grounds. However, f o r  an e f f e c t i v e  system, no ground can be 
pe rmi t t ed  t o  remain a t  t h e  v i r t u a l  ground on t h e  a r r a y  s i d e  of 
d i f f e r e n t i a l  d e t e c t o r s  B and B 2 .  The adverse  consequence of a  

1 
ground on t h e  a r r a y  s i d e  of d e t e c t o r s  is  shown i n  segment Y of t h e  
c i r c u i t  o f  F i g u r e  2.4.1DJ where ground-fau l t  c u r r e n t s  may bypass t h e  
d i f f e r e n t i a l  d e t e c t o r s  and thus  be undetec ted ,  thereby  d e f e a t i n g  t h e  
system. F u r t h e r ,  i n t e r r u p t i o n  of t h e  f a u l t - c u r r e n t  pa th  i s  aga in  
imposs ib le .  I n  t h i s  scheme, it does not  appear f e a s l b l e  r o  provide  an 
o s c i l l a t o r  c i r c u i t  co cause ope ra t ion  of t h e  ground-fau l t  system i n  t h e  
event  of grounding of t h e  v i r t u a l  ground p o i n t .  This  i s  because t h e  
o s c i l l a t o r  would need t o  fo rce  c u r r e n t  through t h e  modules and power 
cond i t i on ing  u n i t .  Th i s  appears t o  be beyond t h e  c a p a b i l i t y  of t h e  
o s c i l l a t o r .  However, it i s  be l ieved  t h a t  t h i s  i tem can be handled i n  
o t h e r  ways. 

2 . 4 . 1 . 4  Prospec t  f o r  Grounding of Virtual Ground 

I n  house wi r ing  sys tems,  s t a p l e s  through conductors ,  p lus  uninsulared  
t e r m i n a l s  w i t h i n  grounded metal  boxes,  and t h e  misuse of ground a s  a  
n e u t r a l ,  a r e  t h e  pr imary causes of "grounding" of a  n e u t r a l  conductor a t  
o t h e r  than  t h e  s e r v i c e .  With t h e  a r r a y  and t r ans fo rmer l e s s  Fewer 
cond i t i on ing  u n i t  of F igu re  2.4.1D, only  l i m i t e d  lengths  of w i re  and a 
r e s t r i c t e d  number of t e rmina l s  a r e  l i k e l y  t o  be a t  t h e  v i r t u a l  ground 
p o i n t  . 

I n  any s e r i e s  connec t ion  of modules, rearrangemenrs of a r r a y  source 
c i r c u i t  ( s t r i n g )  shadowing t h a t  might occur  du r ing  a d i u r n a l  c y c l e ,  
t o g e t h e r  wi th  t h e  bypassirig of t h e  shadowed module by i t s  bypass d iodes ;  
would cause a  rearrangement of v d l t a g e  w i t h i n  clle suuLce circuit. Thus, 
t h e  vo l t age  z e r o  po in t  ( v i r t u a l  ground) i n  t h e  source  c i r c u i t  would 
s h i f t  s o  c h a t  no one p o i n t  remained a t  t h e  e l e c t r i c a l  c e n t e r .  
The re fo re ,  any l i k e l y  phys i ca l  grounding of a  p o i n t  t h a t  i s  nominally 
t h e  v i r r u a l  ground of t h e  source  c i r c u i t  would be d e t e c t e d  a t  some t ime 
du r ing  t h e  d a i l y  c y c l e ,  when t h a t  p o i n t  is  of s u f f i c i e n t  vo l t age  away 
from ground. 

However, wherher t h i s  p rog res s ion  of shadowing w i l l  be  incorpora ted  i n  
an a r r a y  e i t h e r  a c c i d e n t a l l y ,  i n h e r e n t l y ,  o r  d e l i b e r a t e l y ,  and thus  be 
r e l i e d  upon t o  e f f e c t  t h e  t r i g g e r i n g  of t h e  ground-fau l t  system upon 
occurrence of  t h e  grounding of t h e  v i r t u a l  ground i s  i n  ques t ion .  In  
f a c t ,  because it is  d e s i r e d  t h a t  an a r r a y  not  be shadowed dur ing  any 
p a r t  o f  i t s  power-producing c y c l e ,  it is  assumed t h a t  eny s t e p s  t h a t  can 
be  caken t o  e l i m i n a t e  any type  of shadowing w i l l  be  t aken .  



Thus, o t h e r  means a r e  d e s i r a b l e  t o  e l i m i n a t e  t h e  problem of grounding 
of t h e  v i r t u a l  ground p o i n t .  F i r s t ,  it i s  considered t h a t  a  s l i g h t  
imbalance i n  vo l t age  output  of t h e  modules without  any module shadowing, 
may remove t h e  v i r t u a l  ground from the  module t e rmina l s ,  but  whether 
t h e r e  wouid be s u f f i c i e n t  c u r r e n t  t o  a c t i v a t e  t h e  ground-fau l t  system by 
con tac t  between a  t e rmina l  near  v i r t u a l  ground, and ground, is 
ques t ionab le .  However, t h e  most reasonable  candida te  system i s  t h a t  
wi th  an odd number of modules i n  a  source  c i r c u i t  ( s e r i e s  s t r i n g )  where 
t h e  v i r x u a l  ground is conf ined  T O  t h e  c e n t e r  of a module ( o r  modules).  
I f  che module vo l t age  i s  h igh ,  con tac t  between any module t e rmina l s  o r  
wi re  and ground i s  l i k e l y  t o  a c t i v a t e  t h e  ground f a u l t  system. 

2 .4 .1 .5  Response 

When a  ground-fau l t  i s  sensed ,  t h e  response must t e rmina te  any f a u l t  
c u r r e n t s ,  whether they  a r e  from t h e  a r r a y  o r  from any i n t e r a c t i v e  source  
p r e s e n t .  In  t h e  c i r c u i t  shown i n  F igure  2.4.1D, a l l  c u r r e n t  through a  
ground-fau l t  would be a t  a  minimum value  by t h e  opening of double po le  
swi tch  S2.  I n  t h e  c i r c u i t s  shown i n  F igures  2 . 4 . 1  and 2.4.1A, a l l  

c u r r e n t s  would be a t  a  minimum value  by t h e  opening of swi tch  S  I n  
1 ' 

both of t h e s e  c a s e s ,  g round- fau l t  c u r r e n t s  a r e  of a  low va lue  due t o  
i n t e r r u p t i n g  t h e  ground pa th .  No at tempt  i s  made t o  remove t h e  output  

' o f  (open c i r c u i t )  t h e  a r r a y  s o u r c e .  Since s h o r t  c i r c u i t i n g  an a r r a y  i s  
considered tantamount t o  o p e r a t i n g  an engine a t  " r ed - l i ne" ,  t h i s  method 
of r e s o l v i n g  hazard s i t u a t i o n s  is  reserved  f o r  t hose  cases  where it is 
t h e  only  f e . a s ib l e  method, t o  r e s o l v e  a  hazard s i t u a t i o n .  

0 p e n i n g . t h e  low r e s i s t a n c e  ground pa th  t o  t e rmina te  a  f a u l t  c u r r e n t ,  i f  
such were t h e  only  ground, would leave t h e  a r r a y  c i r c u i t  a t  an undefined 
vo l t age  from e a r t h .  In  t h i s  c o n d i t i o n ,  t h e  a r r a y  c i r c u i t  could " f l o a t "  
t o  a  subs t . an t i a1  vo l t age  from e a r t h ,  and o v e r s t r e s s  i n s u l a t i o n , .  . 

resulting jn  t h e  breakdown of such i n s u l a t i o n .  To prevent  t h i s ,  high 
r e s i s t a n c e  r e s i s t o r s  a r e  used ' t o  s t a b i l i z e  system vo l t age  w i t h  r e spec t  
t o  e a r t h  whi le  keeping any f a u l t  c u r r e n t s  co low va lues  ( e . g . - . -  i n  t h e  
o r d e r  of 5 milli'amperes maximum). 



2.4.1.6 Component Leakage Currents 
1 

The response of any ground-fault system is dependent upon a current 
imbalance. While the purpose of the system is the detection and 
response to transient currents as occurring through arcs, bodies, etc. 
the system will also react to standing leakage currents. The larger the 
standing leakage current, the .less sensitive the.ground-fault system can 
be to prevent the standing leakage current from causing the ground-fault 
system to react. To allow a reasonably sensitive ground-fault system, 
module leakage (ci~cuit-ground) currenr: levels milst be limited. Table 
21.1 of ;-he Prnposed UL Standard for Flat-Plate Photovoltaic >lodules and 
Panels couefs chis by ~~equiring no more than a iO microampere currenr 
(based on leakage current from the module opera'tixlg at system voltago to 
ground) for parts o f  a module liable to be connected together 
(conductive frames, pans). For clrl end-grounded array this would a. l low 
6000 modules in an array (or portions of an array protected by a single 
ground-fault device) using a dc ground-fault'sensor with a 30 
milliampere sensitivity, because in such an application the average. 
module voltage to ground is one-half of the system voltage. 

At least 24,000, and probably more modules would be tolerated in a 
center-grounded system. With a center-grounded system, if modules with 
equal leakage currents are placed on opposite sides of the ground there 
will be no standing current through the ground-fault detector, no matter 
what the number of modules, see Figure ?.4.1.6(a). As leakage current 
becomes more pronounced on one side of the array ground as against the 
other side, the net standing current through the ground detector 
increases, with the limit in detector currenr belng one-eighth (118) uf 
the total of the leakage of the assembled modules. See Figure 
2.4.1.6(b). The factors combining to generate Chis 1/8 figure a r e ;  1/2,  
only one-half of the modules are then involved, and 1/4, the average of 
the module voltage to ground is one-quarter of the system voltage. 

2.,4.1.7 Comparison-Differential a'nd Direct  round Current 
Type Devices 

A differential type ground-fault detector: (a) has the ability to 
function in circuits whose basic ground is not directly under the 
installer's r.nntro1, as for example with a transformerless power 
conditioning unit and a utility-controlled ground; a d  (b) pe~liiits 
portions of the array (e.g. - source circuits) to be protected 
independently of each other. However, the differencial type device (a) 
is more expensive because its circuitry must have the capability of 
sensing differential currents in the low milliampere range ouc of total 
currents in :ens or hundreds of amperes, and (b) has the need to keep 
losses in the detector to a minimum as the cormai load current passes 
through the detectors. 
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A d i r e c t  ground c u r r e n t  measuring type :  ( a )  has  a  low c o s t ,  b a s i c a l l y  
because of s i m p l i c i t y  of measurement; and (b)  does not  need t o  keep 
l o s s e s  i n  t h e  de t ecco r  low as  c u r r e n t  i s  normally no t  pass ing  through 
t h e  d e t e c t o r .  However, t h e  d i r e c t  ground type :  ( a )  does not  allow as  
much freedom i n  t h e  methods of c i r c u i t  grounding ( i t  i s  noc compatible  
w i t h  a  u t i l i t y  i n t e r a c t i v e  system wi th  a  t r ans fo rmer l e s s  power 
cond i t i on ing  u n i t ) ;  and (b)  cannot be used were . the  a r r a y  c i r c u i t  is t o  
be d iv ided  i n t o  s e p a r a t e l y  p r o t e c t e d  s e c t i o n s .  

D i r e c t  g r o u n d - c u r r e n ~  sellsors are a l r cady  i n  p l a c e  i n  s e v e r a l  
i n s t a l l a t i o n s ,  and t h e i r  c o n s t r u c t l d n  and irnpleluelltation ha3  bccn 
r e p o r t e d  on. However, no known i n s t a l l a t i o n  of a  d i f f e r e n t i a l  type  dc  
g round- fau l t  d e t e c t o r  i n  a pho tovo l t a i c  a r r a y  e x i s t s ,  y e t  t h i s  type  may 
become t h e  more widespread of t h e  two i n  r e s i d e n t i a l  i n s t a l l a t i o n s  
because it is  compatible  wi th  t r a n s f o r m e r l e s s  power cond i t i on ing  u n i t s .  
Because of t h i s ,  Lnderwr i te rs  Labora to r i e s  has i n v e s t i g a t e d ,  b u i l t  and 
t e s t e d  an exper imenta l  d i f f e r e n t i a l  dc  ground-fau l t  d e t e c t o r .  D e t a i l s  
a r e  p re sen ted  i n  Appendix F ,  DEVELOPMENT OF DIFFERENTIAL DC GROUND-FAULT 
DETECTOR. 

2 . 4 . 1 . 9  Conclusion 

Based 011 UL's exper imenta l  work and on the r epor t ed  experience of 
o t h e r s ,  g round- fau l t  d e t e c t i o n  and response systems appear t o  be a 
p r a c f i c a b i e  dev ice  f o r  pho tovo l t a i c  systems.  

2 . 4 . 2  I n - C i r c u i t  Arcing-Arc Detec t ion  Systems 

The breaking  of an e l e c t r i c a l  conductor ,  a long  wi th  a maintenance of t h e  
e l e c t r i c a l  sou rce  t o  t h e  conductor ,  may r e s u l t  i n  an a r c  a t  t h e  p o i n t  of 
t h e  break .  Because t h e  a r c  might noc cause c u r r e n t  i n  any pa th  o u t s i d e  
of t h e  norm;+, n o r  cause excess ive  c u r r e n t ,  devices  such a s  ground-fau l t  
s enso r s  o r  o v e r c u r r e n t  devices  Ctuses,  c i r c u i t  b r e a k e i s )  a r e  incapablc  
U S    en sing t h c  a r c .  

* The high frequency components of t h e  a r c  may induce c u r r e n t  i n  metal  
adjacenc t o  t h e  c i r c u i t  meta l .  Any such cur rencs  a r e  no t  included i n  
t h i s  cons i d e r a r  i on .  



2 . 4 . 2 . 1  Hazard Problem and Basic  S o l u t i o n  

Because s u b s t a n t i a l  a r c i n g  can be a  f i r e  hazard s i t u a t i o n ,  uncon t ro l l ed  
a r c i n g  s i t u a t i o n s  i n  a  pho tovo l t a i c  i n s t a l l a t i o n  must be e l imina ted ,  o r  
t h e i r  e f f e c t s  c o n t r o l l e d .  Four b a s i c  methods a r e  envis ioned  t o  reduce 
t h e  r i s k  of f i r e  hazards from e l e c t r i c  a r c s :  

a )  keep a r c  energy l i m i t e d ,  below i g n i t i o n  l e v e l  of ad jacent  
m a t e r i a l s ,  

b) te rmina te  a r c  a f t e r  i t s  incep t ion ,  t o  reduce 
l i ke l ihood  of i g n i t i o n  of ad j acen t  m a t e r i a l s ,  

C )  keep flammable m a t e r i a l s  from a r c ,  o r ,  
d )  prevent  t h e  occurrence of t h e  a r c .  

2 . 4 . 2 . 2  So lu t ion  S p e c i f i c s  

2 . 4 . 2 . 2 . 1  Arc Energy Limited 

The f i r e  hazard p o t e n t i a l  of an e l e c t r i c  a r c ,  t h a t  i s ,  i t s  p ropens i ty  t o  
i g n i t e  m a t e r i a l s ,  i s  a  func t ion  of t h e  energy i n  t h e  a r c ,  t h e  m a t e r i a l  
p r e s e n t ,  and t h e  m a t e r i a l  o f  t h e  e l e c t r o d e s .  With a  pho tovo l t a i c  a r r a y ,  
t h e  m a t e r i a l s  w i l l  be t h e  encapsu lan t s ,  s u p e r s t r a t e s ,  s u b s t r a t e s ,  wi r ing  
compartment enc losu res ,  and t h e  l i k e ,  but can a d d i t i o n a l l y ' b e  d e b r i s  
accumulaced about t h e  a r r a y .  While t h e  m a t e r i a l s  of t h e  modules can be 
de f ined ,  t h e  m a t e r i a l  of t h e  d e b r i s  i s  no t  as  e a s i l y  ca t egor i zed .  
The d e b r i s  could be m a t e r i a l  t h a t  i s  r e l a t i v e l y  easy t o  i g n i t e ,  such a s  
dry  l eaves .  UL has used s u r g i c a l  c o t t o n  t o  r ep re sen t  t h i s  r e a d i l y  
i g n i t a b l e  d e b r i s  f o r  t e s t  purposes .  In  t h e  c a s e  of t h e  a c t u a l  
i n s t a l l a t i o n ,  t h e  e l e c t r o d e s  can be wi r ing ,  c e l l . m a t e r i a 1 ,  o r  
i n t e r connec t  m a t e r i a l .  UL sugges t s  t h a t  a  coppe r - s t ee l  combination is  
an appropr i a t e  r e p r e s e n t a t i o n  of t h e s e  m a t e r i a l s .  

To determine what might be cons idered  t o  be a  "safef '  a r c ,  t h a t  is an a r c  
wi th  energy t o o  low t o  i g n i t e  t h e  s e l e c t e d  i n d i c a t o r  m a t e r i a l ,  a  s e r i e s  
of t e s t s  was performed t o  determine t h e  minimum o p e n - c i r c u i t  vo l t age  
( V  ) and corresponding s h o r t  c i r c u i t  c u r r e n t  ( I  ) of a  c i r c u i t  

OC S C 
t h a t  i s  j u s t  capable of producing an a r c  t h a t  w i l l  i g n i t e  s u r g i c a l  
c o t t o n .  D e t a i l s  a r e  presented  i n  Appendix G, CURRENT AND VOLTAGE LEVELS 
ASSOCIATED WITH IN-CIRCUIT -ARCING . The outcome of  t h i s  work produced 
t h e  curve which appears a s  F igure  3 8 . 1  of t h e  Proposed UL Standard f o r  
F l a t - P l a . ~ e  P k o t u v o l ~ a i c  bludules arid Panels ,  UL1703. 

Bypass diodes can be u t i l i z e d  t o  l i m i t  vo l t ages  ac ros s  c i r c u i t  breaks 
and a long  wi th  t h i s  l i m i t e d  v o l t a g e ,  t h e  l i k e l i h o o d  of a r c i n g .  See 
Appendix H ,  SUPPRESSIOK OF IH-CIRCUIT ARCING WITH BYPASS DIODES. Bypass 
diodes thus  appear t o  be a  p r a c t i c a l  method by which zhe hazards 
o therwise  a s soc i a t ed  wi th  i n - c i r c u i t  a r c i n g  can be handled.  The bypass 
diodes would be i n s e r t e d  i n  t h e  c i r c u i t  i n  such 3 manner s o  a s  EO l i m i t  
t h e  a r c  energy t o  less than  chose va lues  which a r e  i i k e l p  t o  causc 
i g n i t i o n  of materials. 



Thus, it is proposed t h a t  where o p e n - c i r c u i t  vo l t ages  and corresponding 
s h o r t - c i r c u i t  c u r r e n t s  a r e  below t h e  l e v e l s  desc r ibed  (Figure 38.1 of 
t h e  Proposed UL S tanda rd ) ,  t h e  c i r c u i t s  be cons idered  incapable  of 
caus ing  i g n i t i o n  of m a t e r i a l s  i n  pho tovo l t a i c  c i r c u i t s ,  and t h e r e f o r e ,  
t h e  r i s k  of f i r e  hazard from a r c i n g  i n  such c i r c u i t s  i s  cons idered  
e l imina ted .  

2 . 4 . 2 . 2 . 2  Terminat ing Arc 

I f  an unwanted a r c  can be d e t e c t e d ,  it may be p o s s i b l e  t o  t e rmina te  it.  
In the case of i n - c i r c u i t  arcing, a l l  t h e  c u r r e n t  of t h e  a r c  i s  
gsf le ra l ly  if1 t h e  normal c u r r c n t  pa th  (see fon tno te  t o  2 . 4 . 2 5 ,  arld I I U C  

above any normal c u r r e n t  l e v e l .  Thus, dele~cion of ehe a r c  is 
d i f f i c u l t .  However. i f  t h e  a r c  is d e t e c t e d ,  it appears  p o s s i b l e  t o  
t e r m i n a t e  it by r e m o v i ~ ~ g  the load.  

Because e l e c t r i c  a r c s  involve  r a p i d  changes i n  c i r c u i t  c u r r e n t ,  t hey  
c r e a t e  high frequency c u r r e n t  components. These h igh  frequency c u r r e n t s  
i f  d e t e c t a b l e ,  could be used t o  e f f e c t  c i r c u i t  shut-down, thereby  
e x t i n g u i s h i n g  t h e  a r c .  A s imple  c i r c u i t  t o  do such d e t e c t i o n  might be 
a s  shown i n  F igu re  2 . 4 . 2 . 2 . 2 ,  w i th  c o i l  L1 and c a p a c i t o r  C 1 
c r e a t i n g  a  p o l e  p a i r  a t  a  prominent frequency i n  t h e  spectrum of t h e  a r c  
c u r r e n t .  A d e t e c t o r ,  and an i n t e g r a t i n g  c i r c u i t  would complete t h e  "a rc  
d e t e c t o r " ,  t h e  i n c e g r a t i n g  c i r c u i t  g iv ing  a  b r i e f  t ime de l ay  be fo re  
r e a c t i o n .  The response would be an opening o f  t h e  a f f e c t e d  c i r c u i t s ;  
and wi thout  a  load on t h e  c i r c u i t ,  t h e  i n - c i r c u i t  a r c  would be 
ex t ingu i shed  . 
I n  an e f f o r r  t o  advance such an i dea  an a r c  d e t e c t i o n  dev ice  was b u i l t  
and f i e l d  t e s t e d .  The p recu r so r  t o  t h i s  work involved sea rch ing  for t h e  
f r equenc ie s  a t  which t h e  a r c  energy i s  most p r e v a l e n t .  For t h i s ,  a r c i n g  
was d e l i b e r a t e l y  in t roduced  i n  t h e  c i r c u i t  of a  pho tovo l t a i c  a r r a y  a t  
MIT/Lincoln Laboratory.  An a r r a y  of approximately 220 v o l t s  o p e n - c i r c u i t  
was used.  

Using one sou rce  c i r c u i t  of t h e  a r r a y ,  an in t e rconnec t  wi rh in  one module 
was severed .  This  was accomplished by c u t t i n g  through t h e  module 
s u p e r s t r a t e  t o  g a i n  access  t o  t h e  incercur~l iec t .  The a r c  was then  
created ( l j  bg br i r ig i r~g  the s e ~ r r r e d  i . n~c rconnec r  segments rnge the r  and 
t h e n  s e p a r a t i n g  them, and (2)  by connect ing a  conductor t o  one s i d e  of 
t h e  break i n  t h e  c i r c u i t  and b r ing ing  it i n t o  c o n t a c t  w i t h  t h e  f ace  of  a  
c e l l  of t h e  module on t h e  o t h e r  s i d e  of t h e  break .  

The loads on t h e  a r r a y  were both ~ luminal  s h o r t - c i r c u i t  znd 'maximum 
power' inzo  c o n i c a l  lampshel l  bnsc h e a t i n g  e lements .  A spectrum 
ana lyze r  was used t o  observe energy l e v e l s  a s  a func t ion  c f  frequency i n  
t h e  c u r r e n t  vave .  See F igu re  2 .G .2 .2 .28 .  



Arc due  t o  broken c o n d u c t o r  

Figure 2 . 4 . 2 . 2 . 2  
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Figure  2 . 4 . 2 . 2 . 2 8  
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I n - C i r c u i t  Arcing 

Proken I n t e r c o n n e c t  
A 

Attempt a t  I d e n t i f y i n g  Frequencies  

The r e s u l t s  of  t h i s  work showed no d i s t i n c t  energy d i s t r i b u t i o n  a s  a 
f i inct ion of frequency;  r a t h e r ,  t h e  a r c  energy was d i s t r i b u t e d  widely 
over  t h e  frequency spectrum. Thus, t h e  d e t e c t o r ,  b u i l t  t o  sense  a r c i n g ,  
would not  be tuned t o  any p a r t i c u l a r  f requency.  

a c i n g  across break I::lL sul-f  ace 

S i n g l e  Source c i r c u i t ,  Modules 

0 

Const ruc t ion  of t h e  a r c  d e t e c t o r  i s  desc r ibed  i n  Appendix I ,  DEVELOPNENT 
OF A.N ARC DETECTOR. The work r e s u l ~ e d  i n  a device  t h a t  met with l i m i t e d  
succes s .  Because of (1) t h e  problems encountered i n  e s t a b l i s h i n g  
s e n s i t i v i t y  l e v e l s ,  ( 2 )  t h e  a t t e n u a t i o n  of t h e  h igh  frequency components 
by t h e  p h o t o v o l t a i c  power system wi r ing ,  and ( 3 )  expected f a l s e  
responses t o  o t h e r  sources of r a d i o  f r equenc ie s ,  a r c  d e t e c t i o n  sens ing  
h igh  frequency c u r r e n t  may no t  be a workable s a f e t y  system f o r  
p h o t o v o l t a i c  a r r a y s  because t h e  Droblems a?pear t o  r e q u i r e  cons iderable  
r e sea rch  toward s o l u t i o n ,  and because an equiva len t  l e v e l  of p r o t e c t i o n  
is  be l ieved  achievable  u s ing  bypass d iodes .  Thus, no f u r t h e r  vork i n  
t h i s  a r e a  was ccnducted.  

Arcing wj.t.11 protie. to 



2 . 4 . 2 . 2 . 3  Flammable Mate r i a l s  I s o l a t e d  From Arcs 

If  a r c s  can be contained wi th in  t h e  module sandwich, and can be confined 
by a r c  r e s i s t a n t  s u p e r s t r a t e s  and s u b s t r a t e s ,  t h i s  approach appears  t o  
be v i a b l e .  

2 . 4 . 2 . 2 . 4  Prevent Arc 

Redundant c u r r e n t  pa ths  appear t o  provide  a  method by which t h e  
. p o s s i b i l i t y  f o r  i n - c i r c u i t  a r c s  can be e l imina ted .  

2 . 4 . 3  Double I n s u l a t i o n  Systems 

A double i n s u l a t i o n  system i s  an i n s u l a t i o n  system comprised of b a s i c  
i n s u l a t i o n  and supplementary i n s u l a t i o n ,  wi th  t h e  two i n s u l a t i o n s  
p h y s i c a l l y  separa ted  and s o  arranged s o  t h a t  t hey  a r e  not  s imultaneously 
sub jec t ed  t o  t h e  same d e t e r i o r a t i n g  in f luences  t o  t h e  same degree .  See 
F igu re  2 . 4 . 3  f o r  examples a s  app l i ed  t o  motors.  
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Double i n s u l a t i o n  systems, l i k e  any o ther  enhanced i n s u l a t i o n  may be 
employed i n . a n y  e l e c t r i c a l  product .  In some ins tances ,  c r e d i t  i s  given 
i n  t h e  NEC f o r  t h e  e x t r a  degree of s a f e t y  these  systems impart t o  the  
product,he c r e d i t  being i n  the  form of relaxed grounding requirements. 
Reinforced i n s u l a t i o n ,  a  v a r i a n t  of double i n s u l a t i o n ,  i s , a n  improved 
b a s i c  i n s u l a t i o n  with such mechanical and e l e c t r i c a l  q u a l i t i e s ,  chat i t ,  
i n  i t s e l f ,  provides t h e  same degree of p ro tec t ion  aga ins t  e l e c t r i c  shock 
as  does double i n s u l a t i o n .  S p e c i f i c  ru les  descr ib ing acceptable  
cons t ruc t ions  of r e in fo rced  i n s u l a t i o n  systems have been developed, 
genera l ly  f o r  cord-connected, motor-operated products ,  and now appear i n  
the Standard f o r  Double ~nsi.l'l..ation Sysfems f o r  C'se i n  E l e c t r i c a l  
Equipment, 5L109i-1978. 

The m, i n  Sect lon  2 5 0 - 4 3 ,  i d e u c i l i e s  s p e c i f i c  ins tances  f o r  w h i c h  
rlnuble i n s u l a t i o n  i s  accepted i n  l i e u  of equipment grounding. This 
s e c t i o n  covers only p l u g  a i d  cu ic l -<nnnse tcd ,  fac ts ry*trui l r  prnAi~[:Ls 
( e .  g . ,  e l e c t r i c  d r i l l s ,  t ypewr i t e r s ,  vacuum c l e a n e r s ) ,  and not i n  any 
ins tances  systems assembled i n  t h e  f i e l d .  Tnus, accepting double 
i n s u l a t i o n  i n  l i e u  of grounding a s  a f ea tu re  i n  a  f i e l d  assembly of 
pho tovo l t a i c  modules o r  f o r  permanently wired products would seem t o  
r e q u i r e  r e v i s i o n  o f ,  o r  an exception t o ,  t h e  equipment-grounding 
requirements of NEC Sect ion  2 5 0 - 4 2 .  

While the  p resen t  acceptances of double i n s u l a t i o n  a r e  f o r  
cord-connected, powered apparatus,  Underwriters Laboratories  does not 
fo resee  any hindrance'toward t h e  acceptance of double i n s u l a t i o n  i n  
photovol ta ic  systems i f  t h e  NEC were revised accordingly.  I t  appears 
t h a t  the  p resen t  r e s t r i c t i o n  is appl ied  only because t h a t  is  where 
double i n s u l a t i o n  i s  used. I f  acceptance by UL u f  double or re inforced 
i n s u l a t i o n  i s  sought f o r  photovol ta ic  modules and systalns,  s p e c i f i c  
ri.11.e~ fo r  t h e s e  re inforced i n s u l a r i o n  systems would have co be 
developed. These r u l e s  would normally be formulated based upon a  
product s u b m i t t a l ,  and not on conjec ture  as t o  what would be most 
appropr ia t e .  I f  submitted t o  Underwriters Laboratories  I n c . ,  Proposals 
f o r 8 L i s t i n g s  of Double-Insulated Systems and Eiodules would l i k e l y  be 
s u b j e c t  t o  review by t h e  E l e c r r i c a l  C v u ~ c i l  o f . U n d e s r i t e r s  Labvrdtorias 
Inc .  (by a Counci l .Repor t ) .  Any photovol ta ic  system L i s t i n g  involving 
c r e d i t  t o  double i n s u l a t i o n  would necessa r i ly  be by ' ~ i s t i n g  by ~ e p o r t ' v  
un less  t h e  National E l e c t r i c a l  Code would provide guidance as t o  how a  
double- insula ted  photovol ta ic  system should be i n s t a l l e d .  

ll - L i s t i n g  by Report - A procedure i n  which t h e  CL L i s t i n g  Report 
descr ibes  . the information e s s e n t i a l  fo r  the  proper i n s t a i l a t i o n  and 
use of t h e  system. This  assumes rhac t h i s  information cannct be 
adequately described o therwise ,  f o r  example, by a marking cn  the  
product .  A  isti tin^ by .ReportTt is  no< pe r in i r~ed  t o  be used <o 
circumvent on es t ab l i shed  i n s t a l i a t i c n  code. 



The r e s t r i c t i o n  of t h e  acceptance of double i n s u l a t i o n  t o  cord and 
plug-in connected equipment seems t o  be based on t h e  presumption t h a t  
permanently-connected equipment w i l l  be r e l i a b l y  grounded, and t h a t  t h i s  
grounding w i l l  obvia te  the  need f o r  any double i n s u l a t i o n .  In keeping ' 

with t h i s  log ic ,  plug-connected (as  aga ins t  permanently-wired) modules 
o r  e n t i r e  photovol ta ic  a r rays  could be accepted with double i n s u l a t i o n .  
However, t h e r e  appears t o  be l i t t l e  log ic  i n  such a d i s t i n c t i o n  when the  
prime problem may be grounding versus double i n s a l a t i o n  of sepa ra te ly  
appl ied  hold-down p ieces ,  the  grounding of which might not be e f f e c t e d  
through a plug, i n  any case.  

Provisions i n  t h e  present  UL Standard f o r  Double Insu la t ion  t h a t  might 
11 be considered appl icable  t o  double insula ted"  phocovoltaic modules and 

systems a r e  presented i n  Appendix E ,  PROVISIONS OF THE STANDARD FOR 
DOUBLE INSULATION SYSTEMS FOR USE IN ELECTRICAL EQUIPMENT, UL1097-1978, 
THAT MAY BE CONSIDERED APPLICABLE TO PHOTOVOLTAIC MODULES AND SYSTEMS. 

Some p a r t i c u l a r  items of i n t e r e s t ,  and t h e i r  references  i n  Appendix E ,  
r e l a t e  t o  t h e  exclusion of grounding conductors from b y  mul t ip le  
conductor cords a l s o  conta in ing current -carry ing conductors ,  paragraph 
6 . 1 ,  d i e l e c t r i c  vol tage  withstand t e s t s  between a c c e s s i b l e  and shock 
hazard p a r t s  a t  vol tage  l eve l s  above those used f o r  . ' s ingle  i n s u l a t  io'n 
products ,  Sect ion 14, and t y i n g  of leads so  t h a t  breakage of a lead a t  
i ts  termination ;ill not allow t h e  bared lead end t o  become f r e e  t o  
contac t  random p a r t s ,  paragraph 12.1 .  Each of these  provis ions  and t h e  
o the r s  described i n  Appendix E . a r e  designed t o  provide t h e  double l eve l  
of p ro tec t ion .  

2 .4 .4  Ground Sensor 

An e l e c t r i c a l  system can 'be  e l e c t r i c a l l y  i s o l a t e d  from ground, and when 
s o  i s o l a t e d  w i l l  not cause ground-fault  cu r ren t s  upon the  occurrence of 
any s i n g l e  f a u l t  (conductive path)  between the  system and ground. In  
t h i s  context ,  i s o l a t e d  systems .includes systems where del iberate  
connection t o  ground is  by way of only high impedance paths t h a t  would 
l i m i t  cur rent  t o  values not c o n s t i t u t i n g  a shock hazard condi t ion .  
Thus, i n  i s o l a t e d  systems, t h e  l ike l ihood of f i r e s  from ci rcui t -ground 
a r c s  and shock from ci rcni t -ground body cur ren t s  i s  lessened.  

However, any acc iden ta l ,  genera l ly  unknown low .impedance connection 
between t h e  system and ground may be the  s t a r t  of a hazard s i t u a t i o n .  
Thus, maintenance o f ' t h e  i s o l a t e d  condi t ion  i s  important ,  f o r  should 
i n i t i a l  grounding occur,  followed by a second ground, e i t h e r  involving 
an a r c ,  o r  by way of a body, a f i r e  hazard o r  a shock hazard s i t u a t i o n  
i s  poss ib le .  To prevent t h i s ,  i s o l a t e d  systems can be provided with 
d e t e c t o r s  t o  sense t h e  presence of t h e  i n i t i a i  ground and lead t o  
co r rec t ive  ac t ion .  The device described below can determine whether 
t h i s  i s o l a t e d  condit ion has been breached. 



2 . 4 . 4 . 1  Device S p e c i f i c s  

The b a s i c  v e r s i o n  of t h e  ground sens ing  device  is a  t h r e e  t e rmina l  
dev ice  connected t o  ( a )  e a r t h  ground, and (b)  each s i d e  of t h e  
ph ,o tovol ta ic  sou rce  c i r c u i t ,  The dev ice  c o n s i s t s  of two h i g h - r e s i s t a n c e  
r e s i s t o r s ,  and a  s e n s i t i v e  ( r e spons ive  t o  low c u r r e n t s )  d e t e c t o r  such as 
a  neon lamp. See F igures  2 . 4 . 4 . 1  and 2 . 4 . 4 . 1 8  f o r  device  and 
connecrion s p e c i f i c s .  R e s i s t o r s  R and R a r e  of high enough 

1  2  
r e s i s t a n c e  t o  keep t h e  c i r c u i t  e f f e c t i v e l y  " i s o l a t e d "  from ground, and 
a r e  no t  cons idered  grounds i n  any of t h e  fo l lowing .  

With t h e  dev ice  connected i n  t h e  c i r c u i t ,  a ground such as A w i l l  r e s u l t  
i n  f a u l t  c u r r e n t ,  I f  through t h e  neon lamp NE1. I l l umina t ion  of 

t h e  lamp o r  e n e r g i z a t i o n  of any o t h e r  d e t e c t o r  i n  i t s  p l ace  is t h e  
response  eo t he  c u r r e n t  I which can be used t n  s i g n a l  an a l a r ~ u  o r  f '  
t a k e  o t h e r  c o r r e c t i v e  a c t i o n .  

The d i r e c t i o n  of c u r r e n t  through the  sensor is i n d i c n t i v a  of the  s i d e  nf 
t h e  a r r a y  grounded, and can be' u t i l i z e d  i n  a r r a y  d i agnos i s .  

Should t h e  a r r a y  c i r c u i t  become grounded near  o r  i n  i t s  e l e c t r i c a l  
c e n t e r ,  t h e  d e t e c t o r  of F igure  2 . 4 . 4 . 1  w i l l  not  be a c t i v a t e d .  Thus, 
when us ing  t h i s  d e t e c t o r  i n  i s o l a t e d  c i r c u i t s  t h e  e l e c t r i c a l  c e n t e r  of 
t h e  a r r a y  should  be r i g o r o u s l y  i s o l a t e d  from ground by being i n  t h e  
e l e c t r i c a l  c e n t e r  of a  minimum vol rage  module. An a l t e r n a t i v e  s o l u t i o n  
i s  t o  provide  t h e  d e t e c t o r  w i th  an o s c i l l a t o r  r a p i d l y  swi tch ing  t h e  lamp 
from r e s i s t o r  t o  r e s i s t o r ,  a s  shown i n  F igu re  2 . 4 . 4 . 1 A .  

2 . 4 . 4 . 2  Response 

Because t h e  presence  of the f i r s L  g ~ u u ~ ~ d  does aoc cons t i t u t e .  an 
immediate haza rd ,  t h e  c i r c u i t  might be permi t ted  t o  o p e r a t e  f o r  a  s h o r t  
t ime u n t i l  shutdown o r  a  corrective flx i s  underlaken.  Thus, an 
accep tab le  d e t e c t i o n  and response s c e n a r i o  mighr be oxlly t h e  sounding of 
an alarm upon t h e  occurrence of t h e  f a u l t ,  w i th  t h e  assumption t h a t  t h e  
a r r a y  ope ra to r  would t a k e  a p p r o p r i a t e  a c r i o n  tu c o r r e c t  t ho  s i t u a t i o n .  

If t h e  a r r a y  o p e r a t o r  cannot be ~ e l i e d  upon, automatic  response t o  
termlnatc o p e r a t i o n  of the. c l r c u i t ,  such as by s h o r t - c i r c u i t i n g  of t h e  
a r r a y  o r  segmenting i t ,  would be neces sa ry .  I t  i s  recognized t h a t  
segmenting may be economically unworkable and a s h o r t - c i r c u i t  placed 
a c r o s s  t h e  a r r a y  may be de t r imen ta l  t o  i t .  However, no o t h e r  means of  
c o r r e c t i n g  t h e  problem appears v i a b l e .  
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2 .4 .5  Bypass Diodes 
2 . 4 . 5 . 1  Background 

While bypass diodes may be included i n  a  photovol ta ic  a r ray  f o r  
performance purposes, a  s a f e t y  function is a l s o  served by l imi t ing  the  
voltage across t h e  bypassed c e l l s .  Thus, the  vol tage  across a  break i n  
between-cell in t e rconnec t s .wi l1  be l imi ted  t o  t h e . v o l t a g e  of t h e  c e l l s  
bypassed by the  s i n g l e  bypass diode.  The l imi ted  vol tage  reduces (1) 
fire hazard p o s s i b i l i t i e s  from a rc ing ,  see  Appendix G CURRENT AND 
VOLTAGE LEVELS ASSOCIATED KITH IN-CIRCUIT A R C I N G ,  and Appendix H ,  
SUPPRESSION OF IN-CIRCUIT ARCING WITH BYPASS DIODES, and (2)  c e l l  
reverse  voltage heat ing  l eve l s  t h a t  accompany reverse-biased c e l l s .  
Bypass diodes a l s o  allow removal of modules from an a r ray  ( e .  g .  - for 
s e r v i c i n g ) ,  with t h e  vol tage  across t h e  gap of t h e  removed module 
l imi ted  t o  the  forward vol tage  drop across t h e  bypass diode.  Thus, 
assuming t h a t  t h e  a r r a y  c i r c u i t  is not  grounded-.through a  low impedance 
path which would not  cons t ra in  a r ray  c i r c u i t  t o  ground shock hazard 
c u r r e n t s ,  t h a t  o t h e r  a r ray  e l e c t r i c a l  p a r t s  a r e  not  access ib le  t o  
con tac t ,  and t h a t  t h e  open-c i rcui t  vol tage  of t h e  module being removed 
i s  30 v o l t s  o r  l e s s ,  exposure of only t h e  two terminals  of a  module 
dur ing  i t s  replacement would not c r e a t e  a  shock hazard s i t u a t i o n .  
S imi la r ly ,  bypass diodes allow assembty of an a r ray  of modules where the  
terminals  of t h e  modules a r e  access ib le  'during t h e  assembly process ,  
without t h e  exposure of any voltage g r e a t e r  t h m  the ,  module vol tage .  

The Proposed- UL Standard f o r  F l a t - P l a t e  Photovol ta ic  Xodules and Panels 
(Appendix A )  gives c r e d i t  t o  the  reduced (from, f u l l  source c i r c u i t )  
vol tages  t h a t  occur ac ross  modules when used i n  conjunction ~ i t h  bypass 
diodes a s  concerns t h e  Hot-Spot Endurance Test  (Section 3 7 )  and t h e  
Arcing Tes t  (Section 3 8 ) .  

2 .4 .5 .2  Location 

For module removal t o  not compromise the  p ro tec t ion  afforded by the  
d iodes ,  t h e  diodes must be ex te rna l  t o  t h e  modules and remain with t h e  
a r r a y .  Their connection must be independent of t h e  module's comec t ion .  
For a  sec t ion  of t h e  a r r a y ,  a  t y p i c a l  scheme might look l i k e  t h a t  of 
p i c t o r i a l  Figure 2 . 4 . 5 . 2 .  
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Unless in te rmedia te  c i r c u i t  po in t s  w i th in  a  module .a re  a c c e s s i b l e ,  
external- to-module bypass diodes cannot be app l i ed  i n  any g r e a t e r  
concen t r a t ion  than  one per  module, and thus  may not  be capable of 
a f fo rd ing  t h e  degree of p r o t e c t i o n  aga ins t  c e l l  r eve r se  vo l t age  
condi t ions  t h a t  i s  d e s i r e d .  ~ h u s ,  under cond i t i ons  of reduced output  
from a  s i n g l e  c e l l  of a  s e r i e s  s t r i n g  ( e .  g .  - by c e l l  shadowing), and 
wi th  t h e  source  c i r c u i t  c u r r e n t  kept  above t h a t  of t h e  s h o r t - c i r c u i t  
c u r r e n t  of t h a t  c e l l ,  t h e  reduced output  c e l l  w i l l  be  dr iven  i n t o  
r eve r se  v o l t a g e ,  and t h e  r eve r se  vo l t age  p re sen t  ac ros s  t h e  c e l l  w i l l  be 
almost equal  t o  t h e  module vol tage ,  even wi th  t h e  b e s t  case  cond i t i on  of 
one bypass diode f o r  each module. To a f f o r d  any a d d i t i o n a l  degree of 
p r o t e c t i o n  a g a i n s t  ( a )  r eve r se  vo l t age  hea t ing  and (b)  a r c i n g ,  but  not 
t o  cover condi t ions  r e l a t e d  t o  module replacement and a r r a y  assembly, 
t h e  module may inc lude  i n t e r n a l  bypass d iodes ,  bypassing segments of t h e  
module. (Redundant diodes bypassing t h e  e n t i r e  module may a l s o  be i n  
p l ace  i n t e r n a l  t o  t h e  module.) See F igure  2 . 4 . 5 . 2 8  f o r  t h e  h i e ra rchy  
of bypass diodes thus  c r e a t e d .  

C e l l  A Diode B 
\ / 

I Diode C I 
Figure  2 . 4 . 3 . 2 8  

Hierarchy of Bypass Diodes 



Shading of c e l l  A should  p r e f e r a b l y  cause conduction of diode B r a t h e r  
t han  d iode  C t o  keep t h e  r e v e r s e  v o l t a g e  ac ros s  c e l l  A t o  t h e  lower 
va lue  of on1.y t h e  c e l l s  bypassed by d iode  B .  The re fo re ,  diode C should 
be chosen t o  go i n t o  conduct ion a f t e r  d iode  B ,  o r ,  i n  o t h e r  words, diode 
C should  have a h ighe r  forward vo l t age  drop than  t h a t  of diode B .  

2 . 4 . 3 . 3  Rat ings  

T y p i c a l l y ,  d iodes  i n  p a r a l l e l  cannot be r e l i e d  upon t o  "equal ly  share"  
c u r r e n t s ,  and each must be capable  of c a r r y i n g  t h c  t o t a l  current . ,  T h u s ,  
i n  s i t u a r i o n s  invo lv ing  p a r a l l e l  combinations of modules, g e n e r a l l y  t h e  
bypass diode  must have a forward current  r a t i n g  equal  t o  t h e  sum of t h e  
c u r r e n t s  of t h e  bypassed modules. A s  an a l t e r n a t i v e ,  t h e  diodes u~usC 
have an a d d i t i o n a l  s e r i e s  r e s i s t a n c e  t h a t  fo rces  equal  c u r r e n t  s h a r i n g .  

The peak r e v e r s e  v o l t a g e  r a t i n g s  of t h e  bypass diode need be equal  t o  
only  t h e  bypassed v o l t a g e  V m ,  s e e  F igure  2 . 4 . 5 . 3 .  Where a module i s  

removed, such a s  module A i n  F igu re  2 . 4 . 5 . 3 ,  diodes A and B, and any 
o t h e r  d iode  i n  t h e  sou rce  c i r c u i t  around which t h e  module is  removed, 
f u n c t i o n  a s  a b locking  d iode  i n  s e r i e s  wi th  t h e  ded ica t ed  sou rce  c i r c u i t  
b locking  d iode .  Blocking d iodes  must o r d i n a r i l y  be r a t e d  f o r  t h e  peak 
v o l t a g e  of ' the  sou rce  c i r c u i t ,  bu t  i n  t h i s  c a s e ,  where diode A func t ions  
a s  an e r s a r z  b locking  d iode  i n  s e r i e s  w i t h  a t r u e  b locking  d iode ,  it 
need n o t  be r a t e d  a s  a b locking  d iode ,  because i t s  f a i l u r e  i n  a r e v e r s e  
breakdown mode would n o t  r e s u l t  i n  any "cur ren t  back feed ,  t h e  b a s i c  
d iode  ded ica t ed  a s  a b locking  d iode  would s t i l l  be p re sen t  func t ion ing  
a s  such (3  i n  F igu re  2 . 4 . 5 . 3 )  and breakdown of diode A would l i k e l y  be  a 
s h o r t - c i r c u i t  corsditlon, i n  which case  t h e  only  consequence wbuld he a 
reduced output  from rlle array.  

, ," 
/' 

Removed Yodule  A 

Figure  2 . 4 . 5 . 3  

Appi ica t ion  of Bypass Diodes 



2 . 4 . 6  Blocking Diodes and Source C i r c u i t  Fuses 

Where pho tovo l t a i c  source  c i r c u i t s  a r e  connected i n  p a r a l l e l ,  o r  where 
t h e  pho tovo l t a i c  system is i n t e r a c t i v e  wi th  a  u t i l i t y  supply ,  back feed 
from one source i n t o  a  source  c i r c u i t  may occur  i f  t h a t  source  c i r c u i t  
i s  of lower than  normal v o l t a g e .  Back f eed ,  i f  of s u f f i c i e n t  magnitude, 
may overload t h e  p a r t i c u l a r  source  c i r c u i t  w i th  r e s u l t a n t  f i r e  hazard 
p o s s i b i l i t i e s .  To guard a g a i n s t  such ,  e i t h e r  b locking  diodes and/or  
source  c i r c u i t  fuses  a r e  incorpora ted  i n  each source  c i r c u i t ,  s e e  
F igure  2 . 4 . 6 .  Blocking d iodes ,  i f  u t i l i z e d ,  a r e  t o  have forward c u r r e n t  
r a t i n g s  equal  t o  t h e  source  c i r c u i t  forward c u r r e n t  and peak inve r se  
vo l t age  r a t i n g s  equal  t o  t h e  g r e a t e r  of t h e  source  c i r c u i t  v o l t a g e  o r  
t h e  vo l t age  which can be impressed on t h e  a r r a y  a s  backfed through any 
power cond i t i on ing  u n i t ;  Fuses ,  i f  u t i l i z e d ,  a r e  t o  have a  cont inuous 
c u r r e n t  r a t i n g  equal  t o  o r  l e s s  than  t h e  s e r i e s  f u s e  marking a s  
i n d i c a t e d  on t h e  module. Each module complying wi th  t h e  UL Proposed 
Standard f o r  Photovol ta ic  Modules and Panels  w i l l  be s o  marked, and t h e  
marking w i l l  correspond t o  a  r e v e r s e  c u r r e n t  l e v e l  which t h e  module can 
t o l e r a t e  without  a  f i r e  hazard problem. 

(Note : The 1984 National  E l e c t r i c a l  Code, A r t i c l e  690 s t i p u l a t e s  t h a t  
source  c i r c u i t  ove rcu r ren t  p r o t e c t i v e  devices  a r e  t o  be used.  
The fuses  r e f e r r e d  t o  above a r e  one such ove rcu r ren t  
p r o t e c t i v e  d e v i c e . )  

2 . 4 . 7  Redundant Connections 

,Arcing which can o therwise  occur  i n  t h e  pho tovo l t a i c  c i r c u i t  pa th  due t o  
broken connect ions can be made l e s s  l i k e l y  by t h e  inco rpora t ion  of 
redundant cu r r en t  pachs.  Where s o  inco rpora t ed ,  t h e  redundant pa ths  
should p re fe rab ly  be loca ted  wi th  r e spec t  t o  each o t h e r  s o  t h a t  they  
w i l l  no t  be a f f e c t e d  t o  t h e  same degree by t h e  same occurrence ,  and each 
should have t h e  c a p a b i l i t y  of c a r r y i n g  t h e  f u l l  c i r c u i t  c u r r e n t .  

F igure  2 . 4 . 6  

Applicscion cf Slacking  Diodes and Source C i r c x i r  " i 12s es 



2 .4 .8  Mul t ip le  P a r a l l e l  S t r i n g s  With Cross-Ties and 
Maximum Power Tracking Loads 

When modules a r e  connected i n  s e r i e s - p a r a l l e l  combination, wi'tilout 
bypass d iodes ,  a s  i n . t h e  c i r c u i t  shown i n  Figure 2 . k . 8 ,  and used i n  
conjunction with a  miximum-power-tracking load,  loss  o r  reduction o'f 
output  from any one module, e .  g .  - A, w i l l  redef ine  the  a r ray  opera t ing  
c h a r a c t e r i s t i c ,  s e e  Figure 2 .4 .88 ,  and r e l o c a t e  t h e  opera t ing  po in t .  
With c h i s  r e l o c a t i o n ,  hot -spot  heat ing  i s  avoided even though bypass 
diodes are not  incorpora ted .  The c r o s s - t i e s  are prcrvid.ed t o  ef fec t i .va ly  
render each' p a r a l l e l  combination of modules a  " s ing le  module", and these  
" s ing le  modulest' a re  connected i n  s e r i e s .  For t h i s  system t o  funcrian 
proper ly ,  t h e  a r r a y  load i s  t o  B e  maintained a r  rhe higher  vultage local ,  
maximum power po in t  o r  a t  a  point  of higher vol tage  than the  vol tage  of 
t h i s  maximum power po in t  Cthac i s  t h e  load curreni: i s  tu Le res . t r iz . ted) .  
Thus, t h e  maximtun-power-tracking must s t a r t  a t  maximum (open-c i rcu i t )  
vo l t age  and t r a c k  down toward increased cur ren t  l e v e l s ,  t o  f ind  the  
l o c a l  maximum'at t h e  h igher  vol tage .  This avoids opera t ion  a t  loca l  
maximum power p o i n t s ,  e .  g .  B i n  Figure 2.4..8A, where t h e  current  may be 
excess ive .  The u l t imace  opera t ing  point  would be a t  no cur ren t ,  o here 
t h e r e  i s  then power t r a n s f e r  between c e l l s .  

The con t ro l  c i r c u i t  u t i l i z e d  f o r  maximum load power t r ack ing  must not 
involve a  r e fe rence  c e l l  e l e c t r i c a l l y  i s o l a t e d  from t h e  a r ray  c e l l s ,  
otherhrise t h e  maximum load power t r ack ing  c i r c u i t  ( t y p i c a l l y  i n  a  power 
condi t ioning u n i t )  w i l l  a d j u s t  t h e  load b a s i c a l l y  according t o  ' the 
i n s o l a t i o n  l e v e l  and a  predetermined algori thm r e l a t i n g  f u l l y  opera t ive  
a r r a y  output  as a  funct ion  of i n s o l a t i o n , .  and not as a  function o t  a r r a y  
condi t ion  ( inc luding l o c a l  shadowing). In  t h i s  reference  c e l l  s cenar io ,  
c e l l f a i l u r e s  o r  shadowing, which might a l t e r  t h e  a r ray  cha racce r f s r l c s ,  
a r e  not  de tec ted  by t h e  reference  c e l l ,  and do not modify the  impedance 
of t h e  load seen by t h e  a r r a y .  Thus, i n  t h e  reference  c e l l  s cenar io ,  
c e l l  shadowing, cracking,  o r  t h e  l i k e  a r e  l i k e l y  t o  cause opera t ion  of 
che a r r a y  a t  a  point  of lower vol tage  than a  maximum power vo l t age ,  and, 
depending upon ind iv idua l  c e l l  c h a r a c t e r i s t i c s  and c r o s s - r i e  
arrangements, r e s u l t  i n  reverse  vol tage  hea t ing  o r  damage t o  t h e  
modu 1 es  . 
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The opera t ing  po in t  of a  load, t y p i c a l l y  a  maximum-power-tracking power 
condi t ioning u n i t ,  can be adjus ted  t o  a  vol tage  and cur ren t  point  t h a t  
on the  a r ray  output  c h a r a c t e r i s t i c s  has a  high enough vol tage  and low 
enough cur ren t  t o  prevent  damaging module reverse  vol tage  heat ing .  The 
power condi t ioning u n i t  must be proper ly  mated t o  t h e  a r r a y  f o r  t h i s  
s a f e t y  f ea tu re  t o  be o p e r a t i v e ,  and how a  l o c a l  e l e c t r i c a l  inspector  
could s a t i s f y  himself a s  t o  the  mating i s  i n  ques t ion .  One s o l u t i o n  
t h a t  might s a t i s f y  l o c a l  e l e c t r i c a l  inspectors  (who a r e  concerned over 
che s a f e t y  of t h e  i n s t a l l a t i o n )  involves evaluat ion  of t h e  complete 
photovol ta ic  system by an independent t e s t i n g  l abora to ry ,  recognizing 
t h a t  the  maxinum-power-tracking f e a t u r e  of t h e  power condit ioning u n i t  
is a s a f e t y  f e a t u r e .  In such a. case ,  it wou1.d he  necessary t o  assure  
proper and r e l i a b l e  funct ioning of t h e  maximum power t r ack ing  c i r c u i t .  
This  would r e q u i r e  evaluat ion  of the  power condi t ioning u n i t  beyond t h e  
procedure dcgcribcd i n  t h o  Draft  Standaxd f o r  Power Conditioning i i n i t s  
f o r  Use i n  Res iden t i a l  Photovol ta ic  Power Systems, Appendix B (prepared 
f o r  MIT/Lincoln Laboratory under Contract DE-AC02-76ET20279). 

For t h e  p resen t ,  t h e  parameters t o  be used f o r  the  Hot-Spot Endurance 
T e s t ,  Sect ion  37 of t h e  Proposed UL Standard f o r  F l a t - P l a t e  Photovoltaic 
Modules and Panels ,  would be as  s t a t e d  t h e r e i n  and appl ied  t o  the  case 
of modules shown i n  Figure 2 . 4 . 8 .  Thus, t h e  r eve r se  vol tage  fo r  the  
Hot-Spot Endurance T e s t ,  V L ,  would be equal t o  t h e  system d i r e c t  

vo l t age  r a t i n g .  A s  descr ibed i n  t h e  Proposed UL Standard,  t h i s  t e s t  
s imulates condl t lons  a s soc ia ted  wirh d e l i b e r a t e  o r  uncullLrulled Ldults 
such as  a r r a y  s h o r t - c i r c u i t .  While d e l i b e r a t e  f a u l t s  might be precluded 
i n  a  p a r t i c u l a r  i n s t a l l a t i o n ,  uncontro l led  ones c a n ' t  be. .An 
uncontro l led  f a u l t  might creace che s h o r t - c i r c u i t  c u ~ ~ d i t i o n  which the  
a r r a y  without bypass diodes might not be capable of t o l e r a t i n g ,  unless  
c e l l s ,  encapsulant ,  s u p e r s t r a t e ,  and s u b s t r a t e  of t h e  module could 
su rv ive  cond i t i ans  involving reverse  vol tages  equal t o  t h e  a r ray  
vo l t age .  

A system vo l t age  r a t i n g  may t y p i c a l l y  be 200-400 v o l t s ,  but i t  is  
doubtful  whether t h e  p resen t  moduies could comply wi th  the  Hot'-Spot 
Elldurance 'Lest wi th  V s e t  equal t o  a  value i n  c h i s  range. Thus, L 
a r rays  configured as  shown i n  Figure 2 . 4 . 8 ,  without bypass d iodes ,  a r e  
l i k e l y  t o  be unaccepcable under the  provis ions  of t h e  Proposed UL 
Standard. 



2 .4 .9  Connectors 

Separable  connectors  may be used t o  allow f o r  a r r a y  assembly and module 
replacement,  without  exposing t h e  assembler.  o r  main ta iner  t o  a  snock 
hazard s i t u a t i o n .  Connectors should comply wi th  t h e  s p e c i f i c a t i o n s  
desc r ibed  i n  Sec t ion  4 ,  INVESTIGATIONS OF COMPONESTS FOR PHOTOVOLTAIC 
SYSTEMS, and companion r e p o r t  DOE/JPL 955392-3; S.AFETY REQUIilE?ENTS FOR 
WIRING SYSTEfIS AND CONNECTORS FOR PHOTOVOLTAIC SYSTEMS. S p e c i f i c s  on 
accep tab le  c o n s t r u c t i o n s ,  i nc lud ing  requirements  r e l a t i n g  t o  
a c c e s s i b i l i t y  of shock hazard p a r t s  a r e  desc r ibed  i n  t h a t  m a t e r i a l .  

2.4110 R e s t r i c t i o n s  on Voltages and Cur ren t s ,  
Guarding of Live P a r t s  

An a r r a y  may be cons idered  i n h e r e n t l y  f r e e  from a r i s k  of e l e c t r i c  shock 
i f  it complies w i th  t h e  p rov i s ions  a p p l i c a b l e  t o  Class  2 c i r c u i t s ,  
A r t i c l e  725 of t h e  1984 National  E l e c t r i c a l  Code. Because u s e f u l  a r r a y  
c u r r e n t s  a r e  t y p i c a l l y  i n  excess  of 5  mA (0.005 A) ,  system vo l t age  
l i m i t s  would be t h e  major i tem of concern.  

A shock hazard s i t u a t i o n  is  p re sen t  when c u r r e n t s  through a  body exceed 
va lues  r e l a t e d  t o  l e t - g o ,  v e n t r i c u l a r  f i b r i l l a t i o n ,  c a r d i a c  a r r e s t ,  o r  
burn. In  t h e  case  of  Underwri ters  Labora to r i e s  Inc .  requirements ,  t h e  
c u r r e n t  r e l a t e d  t o  t h e  lowest of any of t h e s e  fou r  i tems i s  used,  and 
g e n e r a l l y  t h e  va lue  i s  r e l a t e d  t o  t h e  l e t - g o  c u r r e n t  when cons ider ing  
c u r r e n t s  a t  and about power l i n e  f r equenc ie s  ( i nc lud ing  d c ) .  A d e t a i l e d  
d i scuss ion  of t h e  e f f e c t s  of c u r r e n t  through body p a r t s ,  cons ider ing  
s k i n  r e s i s t a n c e ,  f requency,  waveshape, body weights ,  and d u r a t i o n  of 
c u r r e n t  i s  contained i n  Underwriters Labora to r i e s  Inc .  Report 
"Development of Tes t  Equipment and Methods For Measuring P o t e n t i a l l y  
Letha l  and Otherwise Damaging Current  Levels ,  May 1981 (Revised October 
1982)" .  + 

One conclus ion  i s  t h a t ,  except  f o r  burns ,  t h e  body can t o l e r a t e  g r e a t e r  
dc c u r r e n t s  than  60 Hz a c  c u r r e n t s  be fo re  t h e  same phys io log ica l  
d i s tu rbance  is  encountered.  I n  p a r t i c u l a r ,  a  5 mA a c  l e v e l  ( t h e  maximum 
permi t ted  i n  t h e  NEC and i n  some UL s t anda rds )  t r a n s l a t e s  t o  30 inA dc .  
However, t h i s  does not  t r a n s l a t e  i n t o  g r e a t l y  i nc reased  allowed vo l t age  
l e v e l s ,  because body impedance i s  n o n l i n e a r ,  wi th  decreas ing  impedance 
a s  t h e  app l i ed  vo l t age  and c u r r e n t  i n c r e a s e s .  Thus, t h e  maximum allowed 
a c c e s s i b l e  vo l t age ,  whi le  h ighe r  f o r  dc  than  f o r  a c ,  i s  only  two t imes 
t h e  a c  va lue ,  o r  30 V f o r  t h e  presumed wet l o c a t i o n  of t h e  dc 
pho tovo l t a i c  a r r a y .  This  is  t h e  va lue  desc r ibed  i n  A r t i c l e  725 of  t h e  
National  E l e c t r i c a l  - Code. C i r c u i t  p a r t s  energ ized  wi th  vo l t ages  o r  
c u r r e n t s  exceeding t h e  above (30 v o l t s ,  5 mill iamperes)  a r e  thus  t o  be 
guarded so  t h a t  chey a r e  not  a c c e s s i b l e  t o  c o n t a c t  by persons .  See 
Sec t ion  15 of t h e  Proposed UL Standard f o r  F l a t - P l a t e  Photovol ta ic  
Modules and Panels .  

+ - Avai lab le  f o r  purchase from Underwri ters  Lebora to r i e s  I n c . ,  $25.00.  



2 .4 .11  Standard f o r  Safe ty  

Compliance of system components, p a r t i c u l a r l y  the  module, with t h e  
provis ions  of a na t ional ly- recognized s a f e t y  s tandard ,  such as t h e  
Proposed UL Standard f o r  F l a t - P l a t e  Photovol ta ic  ?lodules and Panels a l s o  
c o n s t i t u t e s  an e s s e n t i a l  s a f e t y  subsystem. The f i r s t  d r a f t  of t h e  
Proposed UL Standard f o r  Safe ty  - F l a t - P l a t e  Phot.ovoltaic Modules and 
Panels was disseminated as p a r t  of t h e  June, 1982 F ina l  Report@; This 
d r a f t  of t h e  s tandard  was used. as t h e  bas i s  of d iscuss ions  a t  the  June 
29th and 3Oth, 1982 Vnderwriters Laboratories .  Inc .  Photovoltaic Module 
and Panel Indust ry  ' ~ d v i s o r ~  Group bleeting. A r epor t  of t h i s  meeting, 
inc luding a p a r t i a l l y  rovised  d r a f t  of the Standard incorpora t ing  
c e r t a i n  of t h e  ideas  presented and accepted a t  t h e  meeting, was issued 
on August 9 ,  1982, under Underwriters Laboratories  Inc.  F i l e  Subject  
1703. 

2 .4 .11 .2  Indust ry  Advisory Group Meeting Report Dis t r ibu t ion  

The August 9 ,  1982 repor t  was d i s t r i b u t e d  t o  t h e  E l e c t r i c a l  Council of 
Underwriters Labora tor ies  Inc .  and t o  o the r s  known t o  have an i n t e r e s t  
i n  t h e  t o p i c ;  Others known t o  have an , i n t e r e s t  included most organiza-  
cions on t h e  J e t  Propulsion Laboratory D i s t r i b u t i o n  L i s t  No. 649 - 
Engineering,Task;  F l a t - P l a t e  Solar  Array P r o j e c t .  Addit ional  copies of 
t h e  meeting repor t  a r e  maintained ar; underwriters  Laborat'ories Inc .  f o r  
a l imi ted  t ime and a r e  a v a i l a b l e  from: 

Underwriters Laboratories  Inc .  
Pub l i ca t  ion Stock 
333 Pfings ten  Road 
Northbrook, I l l i n o i s  60062 

2 .4 .11 .2  Fur ther  Revisions t o  Proposed Standard 

Although t h e  August, 1982 d r a f t  included c e r t a i n  changes, much remained 
t o  be completed. 4 new vers ion  of t h e  ?roposed.Standard,  incorpora t ing  
a l l  of the  changes agreed t o  a t  t h e  June 29th and 30th,  1982 Industry 
Advisory Group Meeting i s  included as  Appendix A of t h i s  r e p o r t .  

@ - "Development of Photovol ta ic  Array and Plodule Safe ty  ~ e ~ u i r e m e n t s " ,  
DOE/JPL 955392-1, Underwriters Laboratories  Inc .  (June 1982). 



Some of the most significant content changes beyond the August, 1982 
draft relate to (a) Polymeric Materials Section 6, a completely new 
text referencing Underwriters Laboratories Inc. Standard UL746C, 
Polymeric Materials - Use in Electrical Equipment Evaluations; (b) 
Accessibility, Section 15, a new probe is introduced; (c) module 
maximum output power measured, new paragraph 20.3; (d) .Roof Fire Rating 
for stand-off or direct modules " .  . . shall be coincident with or at a 
lower level than the basic roof'covering rating.", paragraph 16.1; and 
(e) a Mechanical Loading Test is added, Section 39. 

Some basic points in any UL product standard include primary insulation 
systems and enclosures. In this regard, two additional points, not yet 
addressed in the Proposed UL Standard, are noteworthy. 

2.4.11.3 Accessibility 

For assessing shock hazard possibilities, whether a part is accessible 
or inaccessible is judged with the module in the fully assembled state, 
except that (1) covers that may be removed without the use of a tool 
are removed, and (2) covers that may be removed (with or without tools) 
for routine maintenance such as cleaning, or to gain access to tools, 
are also removed. There is no stipulation that the means that secures 
the cover and for which a tool is required for removal be an essential 
part of the cover securing means. Thus the cover could be properly heid 
in place yet be removable without the use of a tool after the cover has 
been once removed and replaced, should the securing means which requires 
a tool for removal not have been replaced along with the cover. This 
may be an undesirable condition; and UL is considering a revision to the 
Proposed Standard to address it. 

2.4.11.4 Grounding 

In certain use configurations, the grounding member of a module or panel 
may be called upon to carry ground-fault currents as determined by the 
number of parallel connected modules. Thus,, if sufficient modules are 
connected in paralle.1, the module grounding member would be overloaded 
and possibly fail to perform its function. See Section 2.2.6.3. 

To alleviate this problem, UL is considering adding a provision to the 
standard calling for a marking on the module or panel indicating the 
maximum number of modules that are to be connected in parallel. 



2 . 4 . 1 1 . 5  Flame Containment 

From the  s tandpoint  of s a f e t y ,  a r c i n g  wi th in  a module ( e i t h e r  i n - c i r c u i t  
o r  t o  ground) could be t o l e r a t e d  i n  a phocovoltaic system i f  t h e  a rc ing  
were contained wi th in  enclosures ,  e .  g.  - between t h e  s u p e r s t r a t e  and 
s u b s t r a t e ,  which were not  penet rable  by the  flame, and which would not 
t r a c k  o r  otherwise deteriorate under t h e  inf luence  of the  continuing 
a r c .  Besides those ma te r i a l s  considered inheren t ly  capable of containing 
a r c i n g  ( e .  g .  - ceramics,  s t e e l ) ,  polymeric ma te r i a l s  might be 
considered acceptable  i n  t h i s  regard i f  t h e i r  performances under 
e l e c t r i c a l  d is turbances  exceeded c e r t a i n  va lues .  

2 . 5  Detai led  Candidate Safe ty  System Concepts 

" ~ a f  e t y  ~ y s t e m "  des ign involves addressing che var ious  hazard s i L u a L i u r ~ s  
which may be expected t o  occur i n  a photovol ta ic  i n s t a l l a t i o n .  The 
p o s s i b l e  occurrences and t h e i r  s a f e t y  consequences a r e  itemized and 
d e t a i l e d ,  and a s a f e t y  subsystem t h a t  can remove o r  lessen  t h e  hazard i s  
recommended. This  ma te r i a l  i s  summarized i n  Table 2 . 5 .  

Subsystems f o r  responses t o  each of t h e  hazard s i t u a r i o n s  are then 
combined t o  devise  s a f e t y  systems t h a t  address a l l  reasonably 
foreseeable  hazards,  Table 2 .5A.  The mate r i a l  of Table 2 . 5 A  i s  not 
intended t o  represent  every s a f e t y  system. but  r a t h e r  some t h a t  may be 
i n  a t y p i c a l  pho tovo l t a i c  i n s t a l l a t i o n .  This would include 
i n s t a l l a t i o n s  employing combinations of s a f e t y  subsystem components such 
a s  bypass diodes and ground-fault  sens ing and reac t ion  devices .  The 
system designer is  expected t o  s e l e c t  those  combinations of subsystems 
most appropr ia te  f o r  t h e  i n s r a l l a t i o n .  
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T'able 2 .  5 

I RESOLVING 
SAFETY SYSTEM 

(1)  Bypass Diudcs 
I ( a )  6 fb) 

I 1  ( a )  

(21 Arc De tec t ion  and 
Reaction Device 

I ( a )  
I1 ( a )  

(3)  P a r a l l e l e d  Hodulcs 
w i th  Cross-Ties  and 
Con t ro l l ed  Load 

I ( a )  .5 (b )  
I 1  ( a )  

( 4 )  Encapsulants ,  
S u p e r s t r a t e s ,  Sub- 
s t r a t e s  R e s i s t a n t  
t o  Arcing and Heat- 
i ng  Levels  Involved 

I ( a )  6 Ib) 
11 ( a )  

( 5 )  Reduntant I n t e r -  
connec t s  
11 ( a )  

(1) Supplementary o r  
ReinEorced Insu la -  
t i o n  (Double Insu- 
l a t i o n  System) 

(2)  G r o u n d - ~ a u l t  
De tec t ion  and Reac- 
t i o n  C i r c u i t  
(Pecsonnel Qrocec-  
t ion' Type) 

OCCURRENCE 

1 Frac tu red  C e l l s  

...................... 
I1 Sroken In t e rcon-  

n e c t s  

I D e t e r i o r a t e d  
'Primary'  
I n s u l a t i o n  - Cir -  
c u i t  P a r t s  Shor ted 
t o  Dead Metal 
( a )  " ~ o l t e d  Fau l t "  
(b)  "Arcing Fau l t "  

[Also s e e  "System 
I n s u l a t i o n  F a i l u r e " ]  

REACTION aND lfOW 
HAZARD SITUATION IS ALWIATED 

(1)  Voltage a c r o s s  gap is i n h e r e n t l y  
l i m i t e d  t o  v o l t a g e  a c r o s s  s m a l l e s t  
bypassed scgment. No a c t i v e  reac-  

t i o n  involved. Low o u t p u t  c e l l  
c i r c u i t r v  bvpassed. 

(2)  Load i s  removed, t e rmina t ing  a r c i n q  
c u r r e n t  

(3)  Vol tage a c r o s s  gap i s  l i m i t e d  by c r o s s -  
t i e d  modules and r e v e r s e  vo l t age  is 
?revented by l i m i t e d  load .  

( 4 )  Hcat inq and a r c i n q  is con ta ined  w i t h i n  
and does  not  i q n i t e  module or m a t e r i a l  
around module 

( 5 )  P a r a l l e l  Path  - t hus  no a r c  o c c u r s  
In t h e  one broken p a t h  

(1) Add i t iona l  i n s u l a t i o n  l e v e l  t o  ~ r o v i d e  
s e p a r a t i o n  between dead metal (and t h u s  
pe r son )  and hazardous p a r t  i n  t h e  even t  
o f  p r i m r y  insulation f a i l u r e  

(2 )  Cur ren t  and e n e r q i z a t i o n  o f  
hazardous  p a r t s  t e rmina ted  by any s n e  
o f  s e v e r a l  swi t ch ing  r e a c t i o n s  s h o r t l y  
a f t e r  any ground-faul t  c u r r e n t s  above 
a p rede te rmined  c u r r e n t / t i m e  t h r e s h o l d  

SAFETY CONSEQUENCE 

( a )  Arcing Across C e l l  
Break 

( b )  Reverse Voltage Heat- 
ing from Reduced Out- 

.---- e ~ r  - c _ e i ~  ,------------- 
( a )  Arcing Across Inter- 

connect  Break 
.==PD-==ilmPaD=a*=S==aa-a=aa-il 

I 6 I 1  - In -C i rcu i t  Arcing - 
P o s s i b i l i t y  of I g n i t i o n  oC 
Mate r i a l  by Xrcinq; 
P o s s i b i l i t y  o f  Des t ruc t ion  
o f  I n s u l a t i o n  by Arcs o r  
Flames 

I - Local ized Heating 
Leading t o  Des t ruc t ion  o f  
I n s u l a t i o n  

To ungrounded dead metal  
# ( c i r c u i t  grounded) 
( a )  6 (b )  -Shock hazard from 
pe r sona l  c o n t a c t  wi th  ex- 
posed 'dead metal '  p a r t s .  

To Grounded Dead Metal 
( c i r c u i t  grounded) RcinCorced Insu la -  s e p a r a t i o n  between grounded dead metal  
l a )  No Hazard t i o n  (Double Insu- . and hazardous  p a r t  i n  t h e  even t  o f  p r l -  
(b) Arcing from C e l l  S t r i n g  l a t i o n  System) ' mary i n s u l a t i o n  f a i l u r e  

t o  Ground - 
of  Mate r i a l  by Arcing; t i o n  and React ion 

P o s s i b i l i t y  of Dest ruc-  switching r e a c t i o n s  s h o r t l y  a f t e r  i n i -  

t i o n  OF I n s u l a t i o n  by 
t i a t e d  i f  &ve a predct,snnined 

Arcs o r  Flames 

I D e t e r i o r a t e d  
'Primary4 Insu- Contact  w i th  Exposed C i r -  t i o n  and React ion 

a f t e r  any g round- fau l t  c u r r e n t s  above 
a predetermined cu r ren t / t ime  th re sh -  

(Example: Broken hold  occu r  
Super  o r  S u b s t r a t e )  

[Also see ~SysLrm 
I n s u l a t i o n  F a i l u r e " ]  t i o n  (Double Insu- upon f a i l u r e  o f  primary i n s u l a t i o n .  

l a t i o n  System) 

Arcing Between Exposed 
C i r c u i t  P a r t s  and Grounded t i o n  and React ion t e rmina ted  by any one of s e v e r a l  swi t ch -  
F e t a l ,  P o s s i b i l i t y  oE C i r c u i t  (Equipnent i ng  r e a c t i o n s  
I g n i t i o n  o f  H a t e r i a l s  Protection Type) 
( C i r c u i t  Grounded) 

t i o n  I M ~ : b l e  Insu- 
l a t i o n  :ys:err.l 

( 3 )  L o w - r o l t a g ~ .  Lwd ( 3 )  Low v o l t a g e ,  low c u r r a n t  combinat icns  
Cxr rcn t  Array (defined e lsewhere)  i n h e r e n t l y  reduce 

arci'nq poss iSi1i : ies .  
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T a ~ l e  2 . 5  i con t  'a 

OCCURRENCE 

Short-circuited 
Blockinq Diode 

PEACTION AND/OR. HOW 
HAZARD SITIIATION IS ALLEVIATED 

(1) If excessive reverse current is 
encountered, fuse will clear 

SAFETY CONSEQCIEFICE 

Possible Excessive Reverse 
Current Throuah Nodule, 

I Module, Connector and I ( 2 )  Redundant Sorics (2) Redundant diodo will prevent reveree 
Conductor Overheating Diode I current 

RESOLVING 
SAFETY SYSTEM 

(11 Fuse in Photovolt- 
arc Source Circuit 

Utility Off Voltaqe 
or Frequency 

other circuit break 

I21 E~~virrrnmr~~tal 1 y 
sealed terminals 
and other circuit 

1 -- 
System Insulation 
Failure 

Necosoitating Modulo 
Replacement 

Utility Outage 

H a m n i c  or disturbed "Drop-out"systom in 
currents, overheating of power conditioning 
connected appliances, unit (PCUI 
overheating of power 
conditioning unit 

Energization of Accessible 
Parts, Circuit-Ground 
Arc11ly to scaoll1ze syscem 

(2) Surqe-Devices 
(c .q .  Vari~tors) 

nals or leads exposed in 
and during the mdule 
replacement process 

Energization of Presuwd 
'dead" utility line 

I 
4 ilnqrounded dead netal jroscribed by the provisions 

of the Naci?nal Zlectrical C- - 1984, 
Artizle 690 I 

I Terminate parallel PCU operation - 
NO harmonic or distrubed currents 

inaccesviblc con- 
tacts, both parts 
of connector 

(2) Bypass diodes and 
array shorting 
switch tn restrict 
voltage across qap 
created by removal 
of module to the 
module voltaqe, to- 
yether with low 
voltage ( < S O  volts) 
mdules 

"Drop-Out' system in 
Power conditioning 
unit (PCUI 

- - - - -  
Potentla1 for overstressinq of lnsulatlon is 
dlminishe4 or removed. thua insulation 
fyStems are less likely to fail 

inaccessible 

(31 With diodes foruardbiased on short 
circuiting of array, no more than the 
nnrllrla vnl tagn wi 1 1  be encn~~nt.srf?d 
upon the removal of any imdule. 

Terminate parallel PCU operation - 
Yo anergizacion of power line 

Effectively tyina the frame t~ the sur- 
rounding earth keeps the voltaqe between 
the t.4 to zero (nominal) thus no shock 
hazard voltaqe can exist between frame 
anA earth upon t k r  cccurronco o f  incu- 
lation failures 

(2) Absorb impulses of energy, thus pre- 
venting breakdovn. 



TABLE 2.5A SAFETY SYSTEMS 

Sys tern 

1 
I. I 
1x1. 
1. V 
v 
v I 
V I I  
VTTT. 

Mu1 t i p l e  
S t r i n g s  
wi th  

Cross- 
t i e s ,  
and 
Max 
PWR 

Track- Block- 
Gnding Gnd Fau l t*  Gnd Bypass ing  ing  

Ckt Frame Shock F i r e  Sensor ~ i o d e @  Load Diode# - -  -- --- 

Low Limited Module 
: Volt- Volt- Plug 

Arc age age Redundant Double Con- 
De tec to r  Array Modulesp Connections I n s u l a t i o n  n e c t o r s +  

A - " Ground f a u l t  d e t e c t i o n  and r e a c t i o n  subsystem (Sec t ion  5 .2 .1 ) .  

Slroclc hazard ground f a u l t  s y s t e m . a l s o  p r o t e c t s  ' a g a i n s t  f i r e  from ground f a u l t  a r c s .  
@ - E x t e r n a l  t o  module. 
f - Opt iona l  a l t e r n a t ' i v e  - module s e r l e s  f u s e ,  module is  eva lua ted  t o  determine t h a t  i t  can wi ths tand  r e v e r s e  

c u r r e n t  all.owed by f u s e .  
fl - A p r e s c r i b e d  v o l t a g e  module deno tes  a  module ( o r    an el), t h e  ou tpu t  v o l t a g e  of which i s  l e s s  than t h e  t h r e s h o l d  f o r  

shock hazard  purpose%;' t h a t  i s ,  30 v o l t s .  Th i s  v o l t a g e  l i m i t  a l s o  s e r v e s  t o  reduce o r  e l i m i n a t e  i n - c i r c u i t  a r c i n g  
condi.ti .ons. ' 

+ - The e l e c t r i c a l  c o n t a c t s  of both p a r t s  of t h e  connector  a r e  i n a c c e s s i b l e  t o  c o n t a c t .  



Commentary f o r  Table 2 . 5 A  

Grounding of conductive frames is  recommended i n  a l l  ins tances  and 
s t i p u l a t e d  i n  NEC A r t i c l e  690.  Unlike circumstances of some product use 
loca t ions  w h e r e r o u n d  p o i n t i  may be minimal, photovol ta ic  a r rays  a r e  
l i k e l y  t o  be i n s t a l l e d  where o the r  e a r t h  ground po in t s  a r e  a v a i l a b l e ,  
e i t h e r  d i r e c t l y  ( con tac t  with e a r t h )  o r  by way of o the r  grounded p a r t s  
(vent p ipes ,  g u t t e r s ,  e l e c t r i c a l  condu i t ) .  Grounding of t h e  frame, and 
a l l  o t h e r  a c c e s s i b l e  dead-metal a s s i s t s  i n  preventing a  shock hazard 
s i t u a t i o n  upon t h e  occurrence of a  f a u l t  between a c i r c u i t  p a r t  and the  
dead-metal,  and i n  preventing i n s u l a t i o n  f a i l u r e  due t o  accumulated 
charges. 

I I Low Voltage ~ r r a ~ "  and "Limited Voltage ~ o d u l e s "  a r e  not  synonymous. A 
[,ow Voltage Array i s  one i n  which tlie t o t a l  a r ray  vol tage  i s  undcr t h e  
l i m i t  f o r  shock hazard,  30 v o l t s  dc f o r  wet loca t ions .  Limited Voltage 
Modules r e f e r  t o  t h e  individual  module vo l t ages ,  without any p a r t i c u l a r  
c o n s t r a i n t  (o the r  than what may be expressed elsewhere) on t h e  t o t a l  
a r r a y  vol tage .  

A l l  systems incorpora te  blocking diodes and/or fuses ( t h e  use of 
overcurrent  p r o t e c t i v e  devices is  s t i p u l a t e d  i r i  NEC A r t i c l e  690)  t o  
prevent  o r  l i m i t  r eve r se  c u r r e n t s .  

Systems I-VII 

C i r c u i t  grounding i s  provided, thus t h e  p o s s i b i l i t y  e x i s t s  f o r  
c i r cu i t -g round  a r c s  and c i r c u i t  ground shock hazard s i t u a t i o n s .  The 
c i rcui t -grounding means should include an i n t e r r u p t  device t o  allow fo r  
te rminat ion  of ground-fault  c u r r e n t s ,  and t.o a l l o w  f o r  a r ray  s e r v i c i n g ,  
e .  g .  - replacement of modules with exposed terminals ,  provided these  
te rminals  a r e  of a  s i n g l e  module o t  i lmlced valrage. The clrcuiL ~ L U U I I J .  
can be of a  " v i r t u a l "  na tu re ,  thus t h e s e  systems a r e  compatible with a  
t ransformer less  power condi t ioning u n i t  i n t e r a c t i v e  with a  grounded 
u t i l i t y  l i n e .  

System I - Both f i r e  and shock hazard s i . tua t ions  fro111 ground-fault  
c u r r e n t s  a r e  mi t iga ted  by a  shock hazard s e n s i t i v i t y  ground-fault  
system. I n - c i r c u i t  a rc ing  i s  mi t iga ted  by an a r c  deieccim and reac t ion  
system. Eiodule replacemenl: wil-lit : l t . l t  s!7[-11-.k h a z a r d  is made poss ible  by 
plug connectors .  I t  i s  noted chat  t h i s  system would requ i re  development 
of a  workable Arc Decector,  which, a s  f a r  as  it i s  known, is  not  now 
a v a i l a b l e .  

Note: This  sysrem may nor procect  s a ~ l b L a c t o i - i l y  s g e i n s t  hot -spot  
hea t ing  unless  the  mcdules o r  panels incorpora te  i n t e g r a l  
bypass d icdes .  i 



System I 1  - Both f i r e  and -shock hazard s i t u a t i o n s  from ground-fault  
cu r ren t s  a r e  mi t iga ted  by a  shock hazard s e n s i t i v e  ground-f a u G  system. 
I n - c i r c u i t  a rc ing  and c e l l  hot -spot  h e a t i n g ' a r e  prevented by 
l imited-voltage modules and bypass diodes.  Module replacement without 
shock hazard i s  poss ib le  by t h e  use of l imi ted-vol tage  modules,,and 
ex te rna l  t o  module bypass diodes.  

System 111 - Both f i r e  and shock hazard s i tua t . ions  from ground-fault  
cu r ren t s  a r e  i n h i b i t e d  by system and component "double insu la t ion" .  
System double i n s u l a t i o n  and double i n s u l a t i o n  of o the r  than cord 
connected products i s  a  new concept and i t s  p r o b a b i l i t y  of acceptance 
has not  y e t  been determined. In t h i s  system both t h e  f ac to ry - f in i shed  
product ( t h e  module or .pane1)  and t h e  assembly would need t o  comply with 
t h e  r u l e s  governing double i n s u l a t i o n .  Thus, f o r  example, wir ing  would 
have t o  be arranged so  t h a t  a  broken wiring connection would not  r e s u l t  
i n  contac t  between t h e  loose wire end and any acce .ss ib le :par t ,  and t h e  
s i n g l e  i n s u l a t i o n  provided over a  conductor would not  be accep tab le , a s  
t h e  s o l e  b a r r i e r  between t h e  conductor and personal  con tac t .  

I n - c i r c u i t  a rc ing  and c e l l  hot -spar: heat ing  a r e  prevented' by 
l imi ted-vol tage  modules and bypass diodes.  Module replacement without 
shock hazard is"possib1e by l imi ted-vol tage  modules and ex te rna l  to. 
module bypass diodes.  

System IV - 
F i r e  hazard s i t u a t i o n s  from ground-fault  cu r ren t  a r e  mi t iga ted  by .a  
" f i r e  l e v e l  s e n s i t i v e "  ground-fault  system. Shock hazard s i t u a t i o n s  

11 from ground-fault  cu r ren t s  a r e  mi t iga ted  by low-voltage" ar-rays ( l e s s  
than 30 V). 

. . 

Both t h e  l ike l ihood of no i n - c i r c u i t  a rc ing  and module replacement 
without a  shock hazard a r e  made poss ib le  by t h e  low-voltage a r r a y .  . 

A low-voltage a r r a y  is  inheren t ly  f r e e  f rom~hazards  due t o  c e l l  hot-spot  
hea t ing  . 

System V - 
Both f i r e  and shock hazard s i t u a t i o n s  from ground-fault  cu r ren t s  a r e  
mi t iga ted  by a  shock hazard s e n s i t i v e  ground-fault  system. I n - c i r c u i t  
a rc ing  i s  mi t iga ted  by redundant connections.  flodule replacement 
without shock hazard i s  poss ib le  by the  use of plug connectors .  

Note : This system may not p ro tec t  s a t i s f a c t o r i l y  aga ins t  hot-spot  
heat ing  unless t h e  modules o r  panels incorpora te  i n t e g r a l  
bypass diodes.  



System VI - 
Both f i r e  and shock hazard s i t u a t i o n s  from ground-fault  cu r ren t s  a r e  
mi t iga ted  by a  shock hazard s e n s i t i v e  ground-fault  system. I n - c i r c u i t  
a r c i n g  and hot -spot  hea t ing  a r e  mi t iga ted  by mul t ip le  c e l l  s t r i n g s  with 
c r o s s - t i e s  wi th  a  maximum power t r ack ing  load (power condit ioning u n i t ) .  
Module replacement without shock hazard i s  made p o s s i b l e  by l imi ted  
vo l t age  modules toge the r  with c r o s s - t i e s .  

Both f i r e  and shock hazard s i t u a t i o n s  from ground-fault  c u r r e n r s . a r e  
mi t iga ted  by a shock hazard s e n s i t i v e  ground-fault  system. I n - c i r c u i t  
a r c i n g  and hot -spot  hea t ing  a r e  mi t iga ted  by mul t ip le  c e l l  s t r i n g s  with 
c r o s s - t i e s  wi th  a maximum power t r ack ing  load (power condi t ioning u n i t ) .  
Module replacement without  a  shock hazard s i t u a t i o n  i s  made poss ib le  by 
plug connectors .  

Systems VIII Through X I 1  - 

The c i r c u i t  is i s o l a t e d  from e a r t h  ground t o  prevent c i rcui t -ground 
shock hazard c u r r e n t s  and a rc ing  ground f a u l t s .  Because an inadver tent  
c i r c u i t  connection t o  ground, e i t h e r  s o l i d  o r  i n t e r m i t t e n t ,  would negate 
t h e  b e n e f i t  of t h e  i s o l a t i o n ,  a  sensor must be provided t o  sense any 
connection between t h e  c i r c u i t  and ground and sound an alarm o r  take  
o t h e r  appropr ia te  a c t i o n  upon such an occurrence.  Because the  c i r c u i t  
i s  not  grounded under normal cond i t ions ,  o t h e r  means must be provided t o  
s t a b i l i z e  system vo l t age  with respect  t o  e a r t h  and absorb energy from 
l i n e  surges .  The syscem vol tage  can be s t a b i l i z e d  Lg high r e s i s t a n c e  
r e s i s t o r s  connected between t h e  c i r c u i t  and e a r t h ,  energy absoxption 
f a c i l i t i e s  can be provided by v a r i s t o r s .  

System VIII - 
Module replacement without  a  shock hazard and suppression of i ~ i ~ c i r c u i t :  
a r c i n g  a r e  e f f e c t e d  by l imi ted-vol tage  modules and ex te rna l  t o  module 
bypass diodes.  

System IX - 
Both t h e  i ike l ihood of no i n - c i r c u i t  a rc ing  and module replacement 

.wi thou t  a  shock hazard a r e  made poss ib le  by t h e  low-voltage a r ray .  

A low-voltage a r r a y  is inheren t ly  f r e e  from hazards due t o  hot-spot  
hea t ing  . 



System X . -  

In-circuit arcing and hot-spot heating are mitigated by multiple cell 
strings with cross-ties with a maximum-power-tracking load (power 
conditioning unit). Eiodule replacement without shock hazard is made 
possible by limited-voltage modules together with cross-ties. 

System XI - 
In-circuit.arcing is mitigated by an arc detection and reaction circuit. 
Module replacement without a hazard is made possible by plug connectors. 

System XI1 - 
For modules (1) whose cells can withstand reverse voltages greater than 
30 volts, or ( 2 )  modules with internal bypass diodes bypassing portions 
of the module circuit, module replacement without a shock hazard is made 
possible by plug connectors. 

2 . 5 . 1  System Selection 

Of the twelve systems described, Systems I1 and VIII appear to be the 
most desirable and immediately implementable 'in terms of' tried 
technology and accepred ideas. Their use is suggested if Safety 
Systems, beyond those specified in the NEC are sought. 

System XII is the next choice followed by the two low-voltage systens, 
Systems IV and IX, if such systems are useable in the installation. The 
."double insulation" system, System I11 is rated next, followed by 
System V, redundant connections. 

Systems VI and X with cross-ties and a maximum-power-tracking load, are 
rated next but are rated low because maximum-power-tracking systems 
without pilot cells have not been workable to date. Systems with arc 
detectors, Systems 1', VII, and XI follow, the arc detector builc to date 
has not been shown to be a practical method of detecting in-circuit 
arcing. 



2 . 6  Mechanical Aspects That Affec t  S a f e t y  

The preceding  has d e a l t  w i th  t h e  e l e c t r i c a l  des ign  of  an a r r a y .  
However, t h e  p h y s i c a l  placement and c h a r a c t e r i s t i c s  o f ' t h e  a r r a y  and i t s  
components a l s o  a f f e c t  system s a f e t y .  Three such i tems of  concern a r e  
(1)  t h e  a b i l i t y  of a roof-mounted a r r a y  t o  t o l e r a t e  persons walking on 
i t ,  ( 2 )  ice-damming i n  a roof-mounted a r r a y  t h a t  could r e s u l t  i n  t h e  
f l o o d i n g  of a r e a s  w i th  e l e c t r i c a l  connec t ions ,  and ( 3 )  placement of 
modules t o  a l low s a f e  access  t o  a roof by f i r e - f i g h t i n g  personnel .  

The Proposed UL Standard  f o r  F l a t - P l a t e  Pho tovo l t a i c  Modules and Panels  
dges no t  address  e i c h e r  che darr~age t h a t  might occur  t o  modules shn1.1ld 
t hey  be walked upon, and t h e  f r i c t i o n  between t h e  module's supeLs t r a t e  
and t h e  so' les of shoes of persons walking on t h e  a r r a y .  

When an e n t i r e  roof is  covered wi th  modules and t h e  p i t c h . o f  t h e  roof is 
l e s s  t han  a c e r t a i n  a n g l e ,  it is l i k e l y  t h a t  a t  some t ime t h e  owner o r  
maintenance personnel  may walk on t h e  r o o f .  In  t h e s e  c a s e s ,  t h e  module 
s u p e r s t r a t e  should be such t h a t  it w i l l  not  be pene t r a t ed  by t h e  shoes 
of t h e  person walking on r h e  modules, and t h e  modules and t h e i r  backing 
should  be capab le  of bea r ing  t h e  w a l k e r ' s  weight without  t h e  c r e a t i o n  of 
a shock o r  f i r e  hazard .  For example e l e c t r . i c a 1  connect ions wi th in  t h e  
module and t h e  c e l l s  should not  be broken dur ing  t h i s  a c t i v i t y .  

A d d i t i o n a l l y ,  t h e  s u p e r s t r a t e  should e i t h e r  (1) have s u f f i c i e n t  s t a t i c  . 
f r i c t i o n  i n  conjunct ion  wi th  s o l e s  s o  t h a t  a t  t h e  ang le  of i n c l i n a t i o n  
t h e  walker w i l 1 , n o t  s l i d e  o f f  t h e  a r r a y  a f t e r  making a p a r t i a l l y  
successf i l l  .ascent, o r  t he  s t a t i c  f r i c t i o n  should be so low t h a t  a . 
walking a scen t  of t h e  roof cannot be s t a r t e d .  

Ice-damming on r o o f s  occurs  when wa te r ,  from snox, melted by t h e  hea t  
r i s i n g  through a b u i l d i n g ' s  r o o f ,  runs down t h e  roof t o  t h e  po in t  of 
roof overhang. Wirh no h e a ~  pass ing  through t h c  roof a t  t h i s  overhang 
p o i n t ,  .no snow mel t s  h e r e ,  and !he ru l l l~ ing  water  is t rapped  behind it. 
and r e f r e e z e s  t o  i c e .  The i c e  backs up water  behind i t ,  and may cause 
t h i s  water  t o  s eep  under t h e  roof s h i n g l e s .  See F igure  2 . 6 .  The 
modules of an a r r a y  should no t  be placed where water  accumulation due 
t o  t h e  damming a c t i o n  is  p o s s i b l e ,  t h a t  i s  they  should not  be placed a t  
o r  near  fhe edge of th . e  r o o f ,  i f  i n t e g r a l  wi th  t h e  r o o f .  



Modules OK Here 
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Accumulat ed Ice 

Figure 3 , .  h 

Xodule Mounting on Roof 

In an emergency situation, fire-fighting personnel may alight on a roof 
from ladders placed against the building. To provide a clear zone so 
that these personnel do not immediately encounter electrically hazardous 
parts, buildings of three stories and more where the array is considered 
not evident from the ground area immediately adjacent co the building, 
and in heights up to the 1.i.mit of aerial ladders, should be provided 
with a clear area at the roof edge (i.e. - free from array parts) to 
allow for the alighting of such personnel. 



2.7 Flammabil i ty  From E x t e r n a l l y  Applied Sources That Af fec t s  
S a f e t y  

One b a s i c  p r o v i s i o n  of  t h e  Proppsed UL Standard f o r  Php tovo l t a i c  Modules 
and Pane l s ,  UL 1703, Sec t ions  16 and 30,  concerns f i r e  response 
performance of t h e  module o r  panel  when under t h e  in f luence  of app l i ed  
e x t e r n a l  f lames .  Although t h e  a p p l i c a t i o n  of t h i s  a spec t  of t h e  module 
o r  pane l  p rov i s ion  i s  o p t i o n a l  on t h e  p a r t  of t h e  e n t i t y  f o r  whom t h e  
product  i s  be ing  e v a l u a t e d ,  compliance wi th  t h e  p rov i s ion  w i l l  a f ford .  
enchanced safecy. Three l e v o l s  of f i r e  performance a r e  a t t a i n a b i e ,  from 
A ,  che k w s t ;  R ,  a middle r a t i n g ;  t o  C ,  t h e  lowest of t h e  t h r e e .  

I n  any i n s t a l l a t i o n ,  t h e  degree o f  f i r e  r e s i s t a n c e  rcqui rod  of a 
roof-mounted a r r a y ,  whether it be s t a n d - o f f ,  r a c k ,  d i r e c t ,  o r  i n t e g r a l ,  
is determined by the local b u i l d i n g  eodcs,  and not by any UI, o r  uc l l a r  
p roduct  s t anda rd .  Thus, t h e  wording of Sec t ion  16 of  t h e  Proposed UL 
S tandard  f o r  P h o t o v o l t a i c  Modules and Panels ;  "A module o r  panel  
in tended  f o r  . . .  mounting i n  combinacion wi th  a  s p e c i f i e d  roof . . .  s h a l l  
comply with t h e  requirements  f o r  C la s s  A; B ,  o r  C roof covering i n  terms 
of f i r e  r e s i s t a n c e  . . . "  is  intended t o  mean only  t h a t  i f  t h e  module o r  
pane l  i s  marked, and thus  s o  in tended ,  it s h a l l  comply. 

Because a  module o r  pane l s  roof f i r e  performance i s  dependent upon i t s  
mounting c o n f i g u r a t i o n  and,  i n  many c a s e s ,  t h e  under ly ing  r o o f ,  a  module 
o r  pane l  may have s e v e r a l  r a t i n g s  for an equal  number of mounting 
s t y l e s .  



3. FURTHER DEVELOPMENT OF THE 
UL STANDARD THROUGH 
MODULE SUBMITTALS 

3.1 Background 

The development of any product standard cannot be completed without an 
evaluation of a sample of the producz to the prov.isions of the Standard. 
In this regard, Underwriters Laboratories Inc. has investigated under 
the provisions of its Proposed Photovoltaic Module and Panel Standard, 
and Listed for ARCO Solar, Inc. of Woodland Hills, California, their N51 
photovoltaic module. The work was funded by ARC0 Solar, Inc. and the 
mention of any of the details of the investigation is with their 
permission. The following is a discussion of the generic points of the 
investigation that led to the Listing and how the investigation resulted 
in the further development of the Proposed UL Standard for Flat-Plate 
Photovoltaic Modules and Panels so as to improve it. All paragraph and 
section references in this report section are to this Proposed Standard, 
UL1703, March, 1984, Appendix A. 

The M5L module is comprised of 35 solar cells in a polymeric encapsulant 
between a tempered glass superstrate.and a polyrneric/aluminum substrate. 
Electrical connections are made in a polymeric wiring compartment. 

The investigation was conducted over a period of slightly more than a 
year, during which time, the Proposed Standard went through many changes. 
It is expected that subsequent investigations of photovoltaic products 
would take approximately three months time. Several revisions to the 
Standard involved eliminating tests, such as the maximum power aspect of 
the temperature test, the ac plus dc aspect of the dielectric voltage 
withstand test, the voltage surge test, the twist test, and the hail 
test. 

3.2 Test Faci 1 i,ti es and Samp1 es 

A great deal of the investigation was conducted at the ARCO Solar 
facilities under the direction of Underwriters Laboratories Inc. 
personnel. This procedure was followed because Underwriters 
Laboratories Inc..does not possess much of the specialized equipment 
needed for the tests, such as the Large Area Pulsed Solar Simulator 
(LAPSS). When utilizing any manufacturers facilities, Underwriters 
Laboratories Inc. personnel verify that instrumentation calibration is 
current, within the allowed bounds for uncertainty, and traceable zo a 
national standard. Computer programs performing data reduction and 
extrapolation are checked to determine their correctness and 
applicability. 



Cer ta in  o t h e r  t e s t s ,  inc luding those r e l a t i n g  t o  a  Roof Covering F i r e  
Rating were conducted a t  Underwriters Laboratories  Inc .  f a c i l i t i e s .  
(The roof f i r e  r a t i n g  aspect  of t h e  t e s t  program is  op t iona l ,  ARC0 Solar  
e l e c t e d  t o  have a  r a t i n g  assigned t o  their product . )  

Ten samples of t h e  module were made a v a i l a b l e  fo r  t h e  bas ic  aspect  of 
t h e  i n v e s t i g a t i o n ,  chat  is a l l  those  p a r t s  exclus ive  of the  roof f i r e  
r a t i n g  t e s t i n g .  A l l  samples submitted were used so  as t o  avoid 
sub jec t ing  p ieces  t o  mul t ip le  t e s t s .  Where samples a r e  not damaged 
dur ing t c s t c ,  and i f  t h o  submitt .or qn e l e c t s ,  a s i n g l e  p iece  may be used 
f o r  a  number of tests. Table 18.1 of t h e  Proposed UL Standard can be 
used as a guide f o r  sample requirements If  samples can be subjecred t o  
any number of t e s t s ,  rhe tesr:  progrdn eaLlusive of roof f i r e  t c s t s  could 
be completed with as few as t h r e e  complete samples, plus necessary 
p a r t s .  Addit ional  samples, many of which were e l e c t r i c a l l y  imperfect ,  
were made a v a i l a b l e  and used f o r  the  roof f i r e  r a t i n g  t e s t s .  

3 . 3  Test  Program 



3.3.1 Voltage and Current Measurements (Output 
Characteristics ) 

At the outset, current-voltage (I-V) characteristic curves were obtained 
for each of the modules, using a LAPSS. The curves for three of these 
modules were used to satisfy the test. Besides the characteristic 
curves developed at room temperature, the data was translated to 
generate curves describing characteristics at 20°C, O'C, and -20'~ by 
the relationships described in the JPL "Block V Solar Cell Module Design 
and Test Specification for Residential Applications-1981"; 5101-162 

- 
VNOC - VOTC + 'V ( T ~  - 

I' 

where 

V ~ ~ ~ '  'OTC are coordinates of a selected point on the curve 

obtained at OTC. (Optional Test Conditions) . 

V ~ O ~ '  'NOC are coordinates of the corresponding point on the 

NOC (Normal Operating Condition) (corrected) curve. 

is the cell temperature at which the current-voltage 

characteristic is .desired. 

is actual cell temperature during the OTC curve 

measurement. 

is the current-temperature coefficient, expressed as 

A/'c. 

is the voltage-temperature coefficient, expressed as 

V/OC (usually a negative value). 

Following the June, 1982 UL Flat-Plate Photovoltaic Module and Panel 
Industry Advisory Group Meeting, the "Voltage and Current ~easurement" 
scheme, Section 20 of the Proposed Standard was modified to utilize 

C 
measurements at NOCT . Because of this, additional I-V curves were 
later obtained translated to,NOCT. 

L - NOCT - (Nominal Operating Cell Temperature) - -  The equilibrium 
cell junction temperarure corresponding to nomlnal module service 
operating conditions i.n a reference environment of 80 m~/cm' 
irradiance 20'~ ambient air temperature, 1 m/s wind, and 
clcctricnlly o?en circuit. 



The curves were u t i l i z e d  t o  e s t a b l i s h  product  r a t i n g s  t o  be r e f l e c t e d  i n  
t h e  product  marking. A s  t h e s e  r a t i n g s  v a r i e d  somewhat from t h e  r a t i n g s  
o r i g i n a l l y  ass igned  by ARC0 S o l a r ,  t h e  product  r a t i n g  information had t o  
be  modified somewhat. 

Because of t h e  a v a i l a b i l i t y  of t h e  LAPSS and t h e  l i nked  computer 
f a c i l i t i e s  a v a i l a b l e  a t  ARC0 So la r  t o  do t h e  curve drawing and 
t r a n s l a t i n g ,  t h e  ou tpu t  c h a r a c t e r i s t i c s  were ob ta ined  without  d i f f i c u l t y  
and i n  a  r e l a t i v e l y  s h o r t  t ime (minutes) .  Had such f a c i l i t i e s  not  been 
a v a i l a b l e ,  it i s  expected cha t  t h i s  work would have been more time 
consuming and p o s s i b l y . a t  t h e  mercy of t h e  weather ,  depending upon t h e  
l i g h t  sou rce  chosen. 

Tc?mpel.ature Tes t  

Uecauje of (a) l a c k  uf ~ a a d y  neccoo to a continl~olrs 1argr. ar-ea solar 
s i m u l a t o r ,  (b)  expense, and ( c )  a v a i l a b i l i t y  of f a c i l i t i e s ,  i nc lud ing  
compute'rs and computer programs t o  e f f e c t  l e a s t  square  f i t  c a rve  
f i t t i n g ,  t h e  tempera ture  t e s t  was conducted under n a t u r a l  s u n l i g h t .  The 
method used was t h a t  b a s i c a l l y  desc r ibed  i n  t h e  JPL Block V Module 
S p e c i f i c a t i o n ,  5101-162, f o r  t h e  Determinat ion of Nominal Operat ion C e l l  
Temperature,  except  t h a t  t h e  temperatures  were measured a t  and on t h e  
s u p e r s t r a t e ,  s u b s t r a t e ,  and w i t h i n  t h e  w i r i n g  compartment, r a t h e r  than  
on t h e  c e l l s .  The module was mounted outdoors  on a  s t e e l  rack ad jacent  
t o  one o t h e r  module on a  wood p la t form above a roof covered w i t h ' g r a y  
a s p h a l t  s h e e t  roo f ing .  A t  t h e  t ime of t h e  t e s t s ,  t h r e e  e l e c t r i c a l  
o p e r a t i n g  c o n d i t i o n s  were s p e c i f i e d ,  o p e n - c i r c u i t ,  s h o r t - c i r c u i t ,  and 
maximum power ou tpu t  from t h e  module, and t h e  test  s o  conducted. 
Because of t h e  s e v e r a l  ope ra t ing  cond iL iu~ l s ,  t h e  a b i l i t y  t o  monitor only 
one-half  t h e  number of t e s t  po in t s  ar: any une c i l l ~ e ,  and the. vaga r i e s  of 
t h e  weather ,  t h i s  t e s t  was accomplished u v e l  s&vtral wcclcc. In spite nf 

t h e  r e l a t i v e l y  long t ime r equ i r ed  f o r  t h e  conduct of t h e  t e s t ,  i t  ran  
r e l a t i v e l y  unat tended f o r  d a t a  c o l l e c t i o n  a f t e r  s e t - u p  f o r  each 
o p e r a t i n g  c o n d i t i o n  and s e t  of po in t s '  f o r  measurement. Procedures and 
computer programs were a l r eady  e s t a b l i s h e d ,  and in s t rumen ta t ion ,  such a s  
a  pyranometer,  were a l r eady  i n  p lacg  f o r  t h i s  method of temperature 
measurement. P rev ious ly ,  t hey  were used only  f o r  t h e  NOCT 
de te rmina t ion .  The procedures  and in s t rumen ta t ion  were e a s i l y  adapted 
t.o meas i~r ing  t h e  tempera tures  of a l l  t h e  o t h e r  p o i n t s  i n  ques t ion .  

I t  i s  recognized t h a t  Chis procedure nlay no t  ref  leer: modulu tun1perat.urp.s 
f o r  a  module mounted i n  t h e  c e n t e r  of t h e  a r r a y .  However, based on 
built-in safety f a c t o r s ,  UL be l i eves  t h i s  t e s t  method w i l l  be  adequate ,  
and unless  l a t e r  exper ience  negates  t h i s  assumption, w i l l  be r e t a i n e d .  



The module temperatures at maximum power output from the module were 
later deleted from the Proposed Standard. The theory was that module 
temperatures at maximum output power would be less than those at open 
circuit because of power removed from the module under maximum output 
power conditions, and this was confirmed, for this module at least, by 
the tests conducted under this investigation. Because of the deletion 
of one-third of the temperature test program, the test time for the 
temperature test aspect of the investigation for any new submittals 
would be reduced considerably over what was experienced in this 
investigation. 

A main point to be considered is the physical placement of the 
thermocouples. If the thermocouples must be placed within a module with 
a tempered glass superstrate and a tempered glass substrate, it would be 
necessary that they be imbedded before the module is assembled. 
However, where both the superstrate and substrate are of tempered glass 
and where there is no circumstance under which failure of any insulation 
within the'module sandwich would result in a shock hazard situation, it 
would likely not be necessary to measure temperatures within the module 
sandwich. 

In the case of the product in question, the thermocouples could be and 
were placed within the module sandwich by cutting through the substrate. 

As a result of these tests, the limit on surface temperatures under the 
condition of short-circuit operation was established as 40'~ ( 7 2 ' ~ )  
above temperature achieved during open-circuit conditions for 
nonmetallic surfaces, and 20'~ (36'F) above temperature achieved during 
open-circuit cbnditions f0.r metallic surf aces. 

3.3.3 Leakage Current Test 

For the leakage current test, the module circuit to frame insulation was 
placed in seri,es with an arnmp.t.er and both a dc and ac supply 

I 

(separately). The supplies were set equal to the maximum system 
voltages. The measurement procedure was .straightforward with..no 
pecularit ies that might be related to photovoltaic products. Although 
the tests were done with both ac and dc, the ac part of the test (along 
with the ac system voltage rating) has since been eliminated. 
Elimination of the ac test was based on the consideration that power 
conditioning units, or. power conditioning units and their ancillary 
inductors are expected to keep the ac voltages impressed on arrays low, 
i. .e. values below 3-4 volts. The maximum current backfed through a 
power conditioning unit complying with the Draft UL Standard for Power 
Conditioning Units for Use in Residential Photovoltaic Power Systems 
would be as described in paragraph 45.6 of said document. 

?linimal time and only standard laboratory power supplies and meters were 
required for this test. 



3 . 3 . 4  Push and Cut T e s t s  

S tandard  l a b o r a t o r y  s p r i n g  s c a l e  push t e s t e r s  were u t i l i z e d  f o r  t h e  push 
t e s t ,  which was conducted i n  a s h o r t  t ime (minutes) .  No problems a r e  
f o r e s e e n  i n  t h e  conduct of t h i s  t e s t .  

The r i g h t  ang le  co rne r  of  a c u t  0 . 0 2 5 . i n .  t h i c k  hacksaw blade mounted uli 
a  wheeled c a r t  was used f o r  t h e  c u t  t e s t .  This  appara tus  was 
cons t ruc t ed  a t  minimal expense, from m a t e r i a l  on hand. This  t e s t  was 
conducted i n  minimal t ime and wi th  no d i f f i c u l t y .  

3 . 3 . 5  Bonding Path Res is tance  ( I n t e g r i t y )  Tes t  

The bonding pa th  i n t e g r i t y  t e s t  was cu~lclucted wi th  s t anda rd  labnratory 
maters  and power s u p p l i e s .  The t e s t  method and i n t e r p r e t a t i o n  of 
r e s u l t s  were s t r a i g h r f o r w u ~ d  with no pr,c1ll.arities t h a t  could be r e l a t e d  
t o  pho tovo l t a i c  p roduc t s .  Minimal t ime was involved.  

The d i e l e c t r i c  v o l t a g e  wi ths tand  t e s t s  were conducted wi th  s t anda rd  
d i e l e c t r i c  t e s t  f i x t u r e s .  For t h e  dc  only  a spec t  6f  t h e  t e s t  no s p e c i a l  
p recau t ions  were neces sa ry .  For t h e  a c  + dc  p o r t i o n  of t h e  t e s t  t h e  
cornpatab i l i ty  of t h e  two s u p p l i e s  had t o  be in su red ,  s o  t h a t  one would 
no t  do damage t o  t h e  o t h e r .  T h i s  a c  + dc p o r t i o n  has been d e l e t e d  from 
t h e  t e s t  program, and thus  t h e  p o t e n t i a l  problem of incornpatabi l i ty  of 
s u p p l i e s  has  been e l imina ted .  The r a t i o n a l e  f o r  t h e  e l imina t ion  of t h e  
composite t e s t  was t h e  l i m i t e d  a c  vo l t age  on t h e  a r r a y ,  s e e  commentary 
under  3 . 3 . 3 ,  Leakage Current  T e s t .  

3 . 3 . 7  Inve r se  Current  Overload Test 

No problems..were encountered i n  t h e  conduct of t h i s  t e s t  which was 
cont inued f u r  f i v e  ( 5 )  hourc,  r a t h e r  t h a n , t h e  r equ i r ed  two (2)  hours .  
The modi1l.e was r e s t i n g  face'down on t h e  t i s s u e  paper covered board. 
Both t i s s u e  paper  and cheesec lo th  a re  r e a d i l y  a v a i l a b l e  iterns.. 

3 . 3 . 8  I n s t a l  l a t i o n  and Plaintenance T e s t s  

Only a t o rque  screwdr iver  was needed f o r  t h e  conduct of t h i s  t e s t .  The 
t e n  cyc les  of loosening and t i g h t e n i n g  was accoolplished r a p i d l y  and 
without  any problem. No p a r t s  t h a t  a r e  de t achab le ,  hinged,  o r  t he  l i k e  
f o r  r o u t i n e  maintenance, which kould have been sub jec t ed  t o  300 cyc le s  
of o p e r a t i o n ,  a r e  p r e s e n t  on t h e  product .  

Th i s  300 c y c l e  p o r t i o n  of t h e  t e s t  program has s i n c e  been d e l e r e d ,  thus  
e l imina t ing '  any p o t e n t i a l  t ime consuming hand o p e r a t i o n ,  or  a l t e r n a t e l y ,  
a  need t o  dev i se  s p e c i a l  t e s t  j i g s  f o r  each mode of s e r v i c i n g  opera t ion  
p e c u l i a r  t o  each p roduc t .  



3.3.9 Exposure t o  Water Spray Tes t  

This  t e s t  was conducted without  any problem. Because t h e  module can be 
o r i e n t e d  i n  many ways, t h e  t e s t  was conducted wi th  t h e  module i n  va r ious  
a t t i t u d e s .  

3:3.10 Accelerated Aging of Gaskets and Sea l s  

These t e s t s ,  conducted on samples of t h e  wir ing  compartment g a s k e t ,  were 
completed without  problems o r  unusual c ircumstances.  

3 . 3 . 1 1  Temperature Cycling and Humidity (With Temperature 
Cycling) Tes t s  

Both of t h e s e  t e s t s ,  t h e  b a s i c  t e s t  procedures  of which were taken  from 
t h e  JPL Block V Module S p e c i f i c a t i o n ,  5101-162,  were conducted without  
s p e c i a l  problem. Some po in t s  do r e l a t e  t o  ( a )  c o s t ,  they  a r e  perhaps 
t h e  second most c o s t l y  t e s t s  t o  be conducted, t h e  f i r e  t e s t s  being t h e  
most expensive,  and (b)  t ime,  i n h e r e n t l y ,  t hey  a r e  t h e  longes t  of t h e  
UL L i s t i n g  program, t h e  temperature c y c l i n g  t e s t  t a k i n g  50 days t o  
complete.  I n  conducting t h e s e  t e s t s ,  cont inuous ly  ope ra t ing  c h a r t  
r eco rde r s  were used t o  determine whether any c i r c u i t  openings o r  
cont . inu i ty  between c i r c u i t  and frame occurred .  

I n  t h e  p a r t i c u l a r  i n s t ance  of t h i s  t e s t  program, t h e  temperature c y c l i n g  
t e s t  was f i r s t  conducted f o r  on ly  100 c y c l e s .  L a t e r ,  a s  a  r e s u l t  of 
d i scuss ions  a t '  t h e  June,  1982 Indus t ry  Advisory Group Meeting, t h e  t e s t  
procedure was modified from 100 t o  200 c y c l e s ,  and t h e  t e s t s  on t h e  M51 
module had t o  be redone. 

The UL t e s t  procedure d i f f e r s  from t h a t  g e n e r a l l y  employed by JPL, i n  
t h a t , . w h i l e  wi th  JPL some modules a r e  removed a f t e r  50  cyc le s  of 
temperature cyc l ing  f o r  placement i n  t h e  humidity environment, and . then 
re turned .  t o  t h e  temperature cyc l ing ,  t h e  UL procedure al lows s e p a r a t e  
samples f o r  each t e s t .  

3 .3 .12  Sola r  Radia t ion  Weathering T e s t s  

The procedure f o r  t h i s  t e s t ,  formerly desc r ibed  i n  t h e  Proposed UL 
Standard f o r  Pho tovo l t a i c  Modules and Panels  has been d e l e t e d .  This  
t e s t  i s  now descr ibed  hy re ference  t o  t h e  UL Standard f o r  Polymeric 
M a t e r i a l s ,  Use i n  E l e c t r i c a l  Equipment Eva lua t ions ,  UL746C, i n  Sec t ion  
6 ,  paragraph 6 . 1  of t h e  Proposed ?lad111 P. St.andard. 

The s i n g l e  problem r e l a t i n g  t o  t h i s  t e s t  was t h e  i n c a p a b i l i t y  of t h e  
t e s t  equipment t o  accommodate t h e  product .  This  was so lved  by us ing  f o r  
t h e  t e s t ,  a  s u b s t i t u t e  phys i ca l ly  sma l l e r  module, i d e n t i c a l ' i n  every 
r e spec t  except  f o r  s i z e ,  t o  t h e  candida te  module. 



3 .3 .13  Hot Spot Endurance Test  

This  t e s t ,  pa t t e rned  a f t e r  procedures described i n  t h e  JPL Block V 
Module S p e c i f i c a t i o n ,  5101-162, was conducted without s p e c i a l  problems. 
In  some circumstances with o the r  modules, d i f f i c u l t i e s  may a r i s e  i f  
c e l l s  cannot be ind iv idua l ly  accessed,  as  could happen with a module 
incorpora t ing  a tempered g l a s s  s u p e r s t r a t e  and a tempered g l a s s  
s u b s t r a t e .  I n  such cases s p e c i a l l y  b u i l t  modules w i l l  be needed. 

In t h e  case  a t  hand, t h e  i n t r u s i v e  method of c e l l  s e l e c t i o n  was used. 
Afrer illt! u l l s  t o  be t c s t o d  ware sel,~.r.t .~.d, automatic apparatus was 
a5sembled t o  energize t h e  c e l l s  f o r  t h e  one hour per iod ,  and then 
deenergize Llle c e l l s  u n t i l  t h e i r  temperatures had cooled ro w l ~ l l i u  1 0 ' ~  
of t h e  ambient temperature.  .Thermocouples were a f f ixed  t o  t h e  module ta 
record  temperatures about t h e  c e l l s .  In  one ins tance ,  c e l l  
c h a r a c t e r i s t i c s  changed during t h e  conduct of the  t e s t ,  and the  t e s t  
procedure had t o  be modified t o  accommodate t h i s  change. 

3 .3 .14  Impact Test 

Only a s tandard  s i z e  s t e e l  b a l l ,  a s t r i n g ,  and a r u l e r  were necessary 
f o r  t h e  conduct .of  t h i s  t e s t ,  which was conducted without any problems. 

3.3.15 Exposure t o  Hail  Tes t  

Although t h e  t e s t  procedure ou t l ined  is  r e l a t i v e l y  simple, t h e ' t e s t  
involved considerable  expense because of (a)  t h e  time involved i n  
c a l i b r a t i n g  t h e  h a i l  gun t o  propel  the  i c e  b a l l s  a t  the  s p e c i f i e d  speed, 
(b) t h e  p r e c i s i o n  necessary i n  t h e  i c e  b a l l  dimensio~ls &id weight,  and 
( c )  t h e  l imi ted  time allowed between removal of t h e  ice b a l l s  from t h e  
f r e e z e r  and when they were f i r e d  a t  t h e  t a r g e t .  The i c e  b a l l s  were 
prepared i n  advance i n  rubber ba l loons ,  which were cut  apa r t  t o  r e t r i e v e  
them. They were then placed i n  a pneumatically operated h a i l  gun, which , 

f i r e d  them, h o r i z o n t a l l y ,  st t h e  t a r g e t .  

I t  quickly became apparent t h a t  t h e  S t e e l  Bal l  Impact Test  (5 ..ft lbs  
T ~ u u i  a rigid sphoro) was a m11r.h mare severe evaluat ion  t o o l  than the  
Hai l  Impact Test  (1 .7  f t  lbs  from a r e a d i l y  deformable sphere ) ,  and 
t h u s ,  as a r e s u l t  of d iscuss ions  a t  the  I A G  meeting, the  Exposure To 
Hai l  Test was deleced from t h e  proposed UL s tandard .  

3 .3 .16  Roof F i r e  Tes ts  
(Spread of Flame T e s t )  
(Burning Brands Tes t )  

These t e s t s  a r e  op t iona l  on t h e  p a r t  of the  product submit ter .  A casual  
view of t h e  modules, with t h e i r  g l a s s  s u p e r s t r a t e s ,  which a r e  intended 
f o r  s tandoff  mounting above zn asphal t  sheet  roofing covered roof ,  would 
make it appear t h a t  t h e  products xould comply with t h e  requirements 
app l i c sb le  t o  t h e  most f i r e  r e s i syan t  of r ~ o f  covering m a t e r i a l s ,  t h a t  
i s ,  Class A. 



I t . w a s  discovered t h a t  t h e  most severe  of t h e  burning brands and applied 
flame (Class A) may pene t ra te  and i g n i t e  t h e  leading modules and then 
i g n i t e  t h e  underlying roof covering.  Once t h e  underlying roof covering 
is i g n i t e d ,  it no longer behaves a s  i t s  r a t i n g  would imply. Rather, the  
flame tunnel  crea ted  by t h e  i n t a c t  segments of the  over ly ing modules and 
t h e  underlying roofing causes spread of flaming. This flaming, 
including flaming 'of back su r face  components of the  module, such as 
polymeric wiring compartments, can .c rea te  flaming pieces  which remain 
burning a f t e r  they land on t h e  f l o o r .  

Less severe  t e s t  condit ions (both burning brand and appl ied  flame) may 
r e s u l t  i n  t e s t  performances. in accordance with t h e  app l i cab le  acceptance 
c r i t e r i a .  Based on an acceptable performance, Class B burning brand, 
and the  equivalent  of an acceptable  performance, Class C 
spread-of-flame, t h e  module was assigned a Class C roof f i r e  r a t i n g .  

The t e s t  i s  op t iona l  a s  (a)  not  a l l  modules need be q u a l i f i e d  f o r  roof 
mounting on bui ld ings  i. e .  some might be used only i n  open f i e l d s  where 
roof f i r e  r a t i n g s  a r e  inappl icable  and (b)  even when roof mounted, 
d i f f e r e n t  r a t i n g  requirements a r e  appl ied ,  from community t o  community, 
from Class A t o  nothing.  To emphasize t h i s  p o i n t , . t h e  guide information 
f o r  t h e  UL product c l a s s i f i c a t i o n  " ~ h o t o v o l t a i c  Modules and panels" 
preceding t h e  L i s t i n g  of these  products includes t h e  following 
statement : 

I n s t a l l a t i o n  of d i r e c t  ,or  rack mounted modules o r  panels on 
roofs  may adversely a f f e c t  t h e  r e s i s t a n c e  t o  ex te rna l  f i r e  
exposure of t h e  b u i l d i n g ' s  roof covering mate r i a l s .  Direc t  o r  
rack mounted modules o r  panels may be marked t o  i d e n t i f y  them 
as  Class A ,  Class B ,  o r  Class C t o  denote t h a t  when i n s t a l l e d  
above o r  upon roof covering mate r i a l s  with t h e  same C1,ass 

' 

r a t i n g  o r  b e t t e r ,  t h e  r e s i s t a n c e  t o  ex te rna l  f i r e  of t h e  
mater ia l  w i l l  not  be l e s s  'than t h e  C l a s s i f i c a t i o n  r a t i n g  f o r  
the  roof module. When modules a r e  i n s t a l l e d  above roof 
covering mate r i a l s  with l e s s e r  C l a s s i f i c a t i o n  r a t i n g s  then the  
C l a s s i f i c a t i o n  r a t i n g  of t h e  module, t h e  C l a s s i f i c a t i o n  r a t i n g  
of t h e  roof covering mate r i a l  w i l l  not  be adversely a f fec ted .  
I n t e g r a l  roof mounted modules o r  panels ,  which serve  as t h e  
p r imary 'ba r r i e r  t o  ex te rna l  f i r e  exposure may be i d e n t i f i e d  as 
Class A ,  Class B ,  o r  Class C t o  denote t h a t  they have 
r e s i s t a n c e  t o  ex te rna l  f i r e  exposure equivalent  t o  s ' imi lar ly  
i d e n t i f i e d  roof covering mate r i a l s .  Modules o r  panels which have 
not been i d e n t i f i e d  with respect  t o  r e s i s t a n c e  t o  ex te rna l  f i r e  
exposure a r e  marked "Not F i r e  ~ a t e d " .  For t h e  s ign i f i cance  of 
Class A ,  Class B ,  and Class C ex te rna l  f i r e  'exposures, see  Roof 
Covering Mater ia ls ,  Guide TEVT i n  t h e  Building Ya te r i a l s  Direc tory .  

No s p e c i a l  problems were as soc ia ted  wirh t h e  conduct of these  c e s t s  



3 . 3 . 1 7  S t a t i c  Loading Test  

Bags of rock s a l t ,  which happened t o  be on hand, were used as t h e  load 
f o r . t h i s  t e s t .  No s p e c i a l  problems were noted.  

3 . 3 . 1 8  Water Absorption Test 

The dimensional s t a b i l i t y  of t h e  s u b s t r a t e  laminate under condi t ions  of 
immersion i n  water was determined by measuring t h e  dimensions and weight 
of t h e  laminate d ry ,  and then following immersion i n  water fo r  24 hours. 
No problems were encountered. 

3.3.19 Water Exposure 

The s u b s t r a t e  laminate,  and a por t ion  of t h i s  laminate were conditioned 
by immersion i n  water p r i o r  t o  r h e i r  being subjec ted  to Clle IIigh Currant 
Arc I g n i t i o n ,  Comparative Track Index and Flammability C l a s s i f i c a t i o n  
T e s t s .  No problgms were encountered i n  t h i s  water exposure procedure 
which involves only simple water immersiori of t h e  ma te r i a l .  

3 . 3 . 2 0  High Current  Arc Ign i t ion  and Comparative Track 
Index Tes t s  

Both of these  t e s t s  were attempted on t h e  complete s u b s t r a t e  laminate.  
However t h e  aluminum por t ion  of che 1amina.te i n t e r f e r e d  with t h e  cocduct 
of t h e  t e s t s ,  making i f  ilecessary L u  evaluate  t h e  polymeric materisl 
alone .  

3 . 3 . 2 1  Flammahjli.ty C l a s s i f i c a t i o n  Tes t s  

No problems were experienced i n  evaluat ing  t h e  s u b s t r a t e  laminate 
ma te r i a l  t o  determine i t s  flammability c l a s s i f i c a t i o n .  



3.4 Construction Features 

3 .4 .1  Wiring Terminals 

The provis ion  expressed i n  Paragraph 9 . 7 ,  Subparagraph A of t h e  Proposed 
Standard, s t a t e s  t h a t  a wire binding screw terminal  - -  such as used on 
t h e  sub jec t  product ,  s h a l l  have provis ion  t o  r e t a i n  an accommodated wire 
i n  pos i t ion  even with t h e  binding screw s l i g h t l y  loose .  The o r i g i n a l  
cons t ruct ion  of the  sub jec t  product ,  t h e  wir ing  terminals  of which a r e  
intended by i t s  manufacturer t o  properly accommodate a s p e c i f i c  
dedicated necked-down spade lug through t h e  gap i n  t h e  in te r rup ted  
thread screw, d id  not provide a f a c i l i t y  t o  r e t a i n  an ordinary wire 
without a s p e c i a l  termination should t h e  screw become s l i g h t l y  loose.  
While a provis ion  t o  proper ly  r e t a i n  a s p e c i a l  dedicated device is 
acceptable,  every terminal  intended f o r  t h e  connection of f i e l d  wir ing  
is assumed t o  be f i e l d  wired wi th  ordinary  copper wire without s p e c i a l  
te rminat ions ,  and must be capable of proper ly  accommodating t h a t  wire.  
This does not preclude any provis ions  which t h e  manufacturer may e l e c t  
t o  provide with regard t o  securement of s p e c i a l  connectors. 

To cor rec t  t h i s  condi t ion ,  ARC0 So la r  e l e c t e d  to - incorpora te  a cup 
washer under t h e  head of the  te rminal  screw. This allows use of t h e  
s p e c i a l  connector ,  (spade l u g ) ,  and w i l l  s e rve  t o  r e t a i n  a wire i n  
pos i t ion  should t h e  screw become s l i g h t l y  loose .  

3.4.2 Wiring Compartment 

A t  one s t age  i n  t h e  Standard development, t h e  provisions described i n  
Paragraph 12.2 would have required a minimum wiring compartment 
dimension of 2 inches i n  the  space providing t h e  minimum .required 
compartment volume. 

Experience with t h e  M51 module d i sc losed  t h a t  t h i s  2 inch dimension 
requirement was excess ive ,  i n  f a c t  it is  not provided f o r  i n  t h e  MS1 
product.  A 314 inch dimension was shown as  adequate by examination of 
t h e  M51, and t h i s  f i g u r e  is used f o r  the  Standard. 



3 . 4 . 3  A c c e s s i b i l i t y  

The provis ions  of Sect ion  15, p a r t i c u l a r l y  Paragraph 15.4 ,  desc r ibe  when 
a p a r t  of a pho tovo l t a i c  module o r  panel is considered access ib le  f o r  
purposes of determining shock hazard p o s s i b i l i t y .  In t h e  ?I51 module, 
t h e  twis t -on  and t w i s t - o f f  cover of t h e  wiring compartment was 
o r i g i n a l l y  removable without t h e  use of a  t o o l ,  and per  Exception No. 1 
of Paragraph 15 .4 ,  t h e  cover would then be removed when judging 
a c c e s s i b i l i t y  t o  l i v e  p a r t s .  \ h e n  t h e  cover is so  removed, t h e  
p r o d u c t ' s  wir ing  t e rmina l s ,  which may be opera t ing  a t  up t o  600 v o l t s  
from e a r t h  ( t h e  module system vol tage  r a t i n g )  are the11 access ib le ,  an 
unacceptable c o n d i t i u l ~ .  To correct t h i s  feature, ARC0 Snlar, Inc. added 
t a b s  t o  the  wir ing  compartment cover and body, and provided a screw t o  
secure  t h e s e  t a b s  cogexher, thereby preventing t w i s t i n g  and subsequent 
removal of rhe wirirlg collipartment covcr unless  the  screw between t h e  
t a b s  is  f i r s t  removed with t h e  use of t h e  t o o l .  

Some thought i s  being given t o  changing t h e  Proposed Standard,  s o  t h a t  
when a cover i s  provided f o r  compliance with a c c e s s i b i l i t y  requirements, 
t h a t  p a r t  of t h e  cover ' s  secur ing  means which requi res  a  t o o l  f o r ' i t s  
removal c o n s t i t u t e  an e s s e n t i a l  p a r t  of t h e  secur ing means. The M51 
module would not  comply with such a revised  requirement. See 
Sec t ion  2 .4 .11 .3 .  

3 . 4 . 4  Marking 

The module, a s  o r i g i n a l l y  submitted was lacking most of t h e  marking 
c a l l e d  f o r  i n  Sect ion  41. This ma te r i a l  was subsequently provided. 



4. UL IWSTIGATIONS OF COPIPONENTS FOR PHOTOVOLTAIC SYSTEMS 

Background 

A basic provision of the National Electrical - 9  Code Section 110-2, is 
that "The conductors and equipment required or permitted by this code 
shall be acceptable only if approvedu. Approved equipment is defined as 
equipment examined for safety under standard conditions by an 
organization properly equipped and qualified for experimental testing 
and inspections of runs of good at the factory. The indication of 
compliance of the equipment with the standard as determined by that 
organization is a listing or labeling of the product under the 
permission of the testing organization. 

Further, equipment shall be suitable for the installation (intended 
use), and where there may be a question, the suitability may be 
identified by a description marked on or provided with the product to 
identify the specific purpose, use environment, etc. 

Other than the modules and panels themselves, the components of a 
photovoltaic power system are thus candidates for such investigation and 
listing 0.r labeling. Some of these may be investigated to presently 
established requirements. ~hese include items such as wire, raceways, 
outlet and junction boxes, and grounding and bonding equipment. If UL 
Standards are used as the basis for investigation, those described in 
Table 4.1 are germane. This table indicates whether the standard 
contains generic safety requirements; requirements applicable to 
components of a system, such as UF cables; or requirements which may be 
applied to the photovoltaic module or panel itself, such as fire 
resistance as a roof covering. Certain UL standards, identified by an 
11 I1 X in more than one column, may be applicable to items which may be a 
part of the module, such as wiring (but tested separately), and also 
included separately as a part of the photovoltaic array. Additionally, 
a Proposed UL Standard for Transient Voltage Surge Suppressors, UL1449, 
November, 1982,would cover varistors. 

Additional system components are eligible for listing or labeling by a 
nationally-recognized testing laboratory even though they might not yet 
be covered by specific UL or other orgenization standards. Some such 
components would be covered by requirements in the Proposed UL Staiidard 
for Flar-Plate Photovoltaic Modules and Panels, UL 1703, for as 
specifically stated in Paragraph 1.3 of this standard, "~hese 
requirements also cover components intended ro provide electrical 
connection to and mounting facilities for flat-plate photovoltaic 
modules and panels." Connecrors and mounting frames are the items 
specifically intended to be covered, whether they are provided as a part 
of the module or panel, or provided separately to either a module or 
panel manufacturer or consumer. 



Other than t h e  Dra f t  Standard f o r  Sa fe ty  - Power Conditioning Units f o r  
Use i n  Res iden t i a l  Photovoltaic Power Systems, Apr i l ,  1982,  Appendix B 
of t h i s  r e p o r t ,  t h e r e  a r e  no o t h e r  proposed o r  adopted standards known 
t o  UL which may be considered appropr ia t e  under which photovol ta ic  power 
system products  might be judged per  t h e  National E l e c t r i c a l  Code. 



Standard 

Number Title 

TABLE 4 .1  
APPLICABILITY OF UL STANDARDS TO PHOTOVOLTAIC 

SUBSYSTEM/COMPONENTS 

Generic Applied to Applied to 
Safety Components Module or 

Requirements of System Panel 

Flexible Metal 
Electrical Conduit 

Flexible Nonmetallic 
Tubing for Electric 
Wiring 

Armored Cable 
Rigid Metal Electrical 
Conduit 

Rubber-Insulated 
Wires and Cables 

Electrical Cabinets and 
Boxes 

Thermoplastic-Insulated 
Wires 

Test for Flammability of X 
Plastic   ate rials for 
Parts in Devices and 
Appliances 

Lightning Protection 
Components 

Quick-Connect Terminals 
Liquid-Tight Flexible 
Steel Conduit, 
Electrical 

Electrical Grounding and 
Bonding Equipment 

Wire Connectors and Soldering 
Lugs for Use with Copper 
Conductors 

Wire Connectors for Use with 
Aluminum Conductors 

Thermoplastic-Insulated 
Underground Feeder and 
Branch-Circuit Cables 

Electrical Out let Boxes 
and Fittings 

Tests for Wind-Uplife 
Resistance of Roof 
Assemblies 

Rigid Nonmetallic 
Electrical Conduit 



TABLE 4 . 1  (CONT'D. ) 

Standard 

Number T i t l e  

Generic Applied ro  Applied t o  
Safe ty  Components Module o r  

Requirements of System Panel 

Nonmetallic-Sheathed 
Cables 

Tes t s  f o r  Surf ace 
Burning Charac te r i s t  l c s  
of Building Mazorials 

Polymeric Materials  - X 
Short Term Property 
Evaluations 

Polymeric Materials  - X 
Long Term Property 
Evaluations 

Polymeric Materials  - X 
Use i n  E l e c t r i c a l  
Equipment Evaluations 

Tes t s  f o r  F i r e  Resistance 
of Roof Covering 
Materials  

E l e c t r i c a l  Metal l ic  Tubing 
Service  Entrance Cables 
Ground Faul t  C i r cu i t  

I n t e r rup t e r s  
Marking and Labeling S y s t e m s  
Wind Rnsistance of Prepared 

Roof Covering Materials  
Electrical Terminal Blucks 
Double Insu la t ion  Systems X 

f o r  Use i n  E l e c t r i c a l  
Equipment 

Determination of Sharpness X 
of Edges on Equipment 

Systems of Insu la t ion  X 
? larer ia l  - General 



4 . 2  Spec i f i c  Requirements 

4 .2 .1  Connectors 

For. photovol ta ic  i n s t a l l a t i o n s  where compliance with t h e  National 
E l e c t r i c a l  -- Code (NEC) is necessary,  any separable  connectors would be 
required t o  comply with t h e  provis ions  of Sect ion  690-33. S p e c i f i c a l l y ,  
connectors: (1) s h a l l  be po la r i zed ,  (2)  s h a l l  have a conf igura t ion  
t h a t  is non-interchangeable with r ecep tac les  in o the r  e l e c t r i c i t y  
systems on t h e  premises, ( 3 )  s h a l l  be cons t ructed  s o  as t o  guard 
agains t  inadver tent  contac t  with l i v e  p a r t s  by persons,  (4) s h a l l  be of 
the  l a t ch ing  o r  locking type ,  and (5)  if equipped with a grounding 
member, s h a l l  have t h a t  member arranged s o  t h a t  it makes f i r s t  and 
breaks l a s t  with the  mating connector.  

To assu re  module, panel ,  and connector compliance with these  
provis ions ,  s i m i l a r  s t i p u l a t i o n s ,  except t h e  one r e l a t e d  t o  
non- in terchangeabi l i ty  with o the r  e l e c t r i c i t y  systems on t h e  premises, 
have been included i n  t h e  Proposed UL Standard f o r  F l a t k P l a t e  
Photovoltaic Modules and Panels.  Addi t ional ly ,  per  t h i s  Proposed UL 
Standard but  not t h e  w, i f  two o r  more separable  connectors a r e  
provided on a module o r  panel they a r e  t o  be configured o r  arranged s o  
t h a t  t h e  mating connector f o r  one 'wi l l  not be accepted by t h e , o t h e r ,  and 
v ice-versa ,  if such is an improper connection. 

The Proposed UL Photovoltaic Module Standard includes these  provis ions  
in Paragraphs 9 .9 ,  9.10,  and 15.1.  Addi t ional ly ,  paragraph 2 2 . 2  
descr ibes  a s t r a i n  r e l i e f  t e s t  t o  be conducted on separable  connectors .  
For compliance with t h e  requirements of Paragraph 15 .1 ,  t h e  s t i p u l a t i o n  
t h a t  no access ib le  p a r t  involve a r i s k  of e l e c t r i c  shock ( r e l a t e d  t o  t h e  
NEC provis ion  - guarding aga ins t  inadver tant  contac t  with l i v e  p a r t s ) ,  - 
t h e  connectors a r e  t o  be judged while opera t ing  a t  voltages up ' to  t h e i r  
system vol tage  r a t i n g ,  and both unengaged and engaged with t h e i r  mating 
p ieces .  

The NEC and Proposed UL Photovol ta ic  Module Standard s t i p u l a t i o n s  a r e  
t h a t t h e  connectors be of t h e  locking o r  l a t ch ing  type .  

A locking type connector is  one i n  which, following i n s e r t i o n  i n  i ts  
mating p iece  must i t s e l f  be manipulated r e l a t i v e  t o  i t s  mating p iece  o r  
have one of i t s  p a r t s  manipulated t o  prevent disengagement of t h e  
co&ectors by a d i r e c t  p u l l .  Disengagement is poss ib le  a f t e r  the  mating 
p ieces  have been returned t o  t h e i r  o r i g i n a l  o r i e n t a t i o n .  (There i s  no 
general  provis ion  t h a t  e l e d t r i c a l  connection not  be e f f e c t i v e  unless  t h e  
connectors a r e  in. t h e  locked p o s i t  ion .  ) . 



A latching type connector is one that, following insertion in its mating 
piece and without any further action, cannot be disengaged from its 
mating piece by a simple direct pull. Disengagement is possible after a 
tab or the like is depressed to release the latching mechanism. 

In either the locking or latching types, the locking or latching means 
may be in either the contact assembly or the body. 

The provision that a connector of a photovoltaic system have a 
contlguratlon that 1s non-interchangeable with recepla~les in other 
electricity systems on the premises is, strictly speaking, unenforceable 
in a product Standard. Thls is based on the consideration that the 
types of receptacles installed in the building accommodating the array 
(thc prcmicoc) aro beyond the control or k n o r ~ l e d g ~  nf the rnnd111 e. 
manufacturer. It might be assumed that receptacles such as the 
general-purpose parallel blade type 2-pole, 2-wire, rated 15 amperes, 
125 volts, would be provided in any premises, so that connectors 
configured in this manner would not be acceptable in any photovoltaic 
system. However, where a low-voltage photovoltaic system is installed 
at a remote cabin, parallel blade receptacles might not be present in 
the premises, in which case, per the m, they would not be rejected in 
the photovoltaic system on this grounds. (Whether or not this remote 
low-voltage system would be evaluated to the provision of the E, at 
all, is in question.) (The use of general purpose, e .  g. - parallel 
blade receptacles in photovoltaic source and output circuits is not 
believed to be in conflict with Section 210-7 of the NEC, which governs 
the acceptability of receptacles in branch circuits. ) B u t  because such 
plugs and receptacles are generally not locking or latching types, they 
are likely to be rejected for this reason, although parallel blade 
latching type plugs and receptacles (connectors) could be built to 
overcome this point. Further, because the blades of the male portion of 
a parallel blade plug and receptacle combination are accessible, there 
might be no feature that guards againsr inadvertent conLdcL wiLll live 
parts by persons, and in certain appllcatlons in photovolraic 
installations the contacts on both portions of the connector may be 
energized and hazardous when the portions are separated. 



A s  an expansion of t h e  provis ion ,  UL suggests  t h a t  (1) because of . 
t h e i r  use i n  s tandard  e l e c t r i c a l  i n s t a l l a t i o n s ,  and ( 2 )  because of 
t h e i r  accepted nonlocking na tu re ,  connectors with contac ts  configured as 
described i n  Sect ion  81, General Purpose Nonlocking Plugs and 
Receptacles, Figures 81 .1  through 81.38, of t h e  Attachment Plugs and 
Receptacles Standard, UL 498-1981!), not be used i n  photovol ta ic  power 
systems. In  accordance with t h i s ,  UL, i n  evaluat ing  a module, panel ,  o r  
connector t o  t h e  provis ions  of t h e  proposed UL photovol ta ic  module 
standard would assume t h a t  any of t h e  r ecep tac les  of Sect ion 81 would be 
i n  t h e  premises of t h e  a r r a y  i n s t a l l a t i o n .  UL would thus r e j e c t  any 
such connectors on t h e  module o r  s e p a r a t e l y ,  unless  t h e  submitter  
presented adequate evidence ind ica t ing  t h a t  a  p a r t i c u l a r  connector 
submitted was not  l i k e l y  t o  be found i n  a  p a r t i c u l a r  i n s t a l l a t i o n ,  a  
l a t ch ing  f e a t u r e  was provided, and l i v e  p a r t s  were guarded so  t h a t  
contac t  by persons with such p a r t s  with t h e  connectors engaged and 

f separa ted  was not  poss ib le .  

I t  i s  UL 'S  i n t e r p r e t a t i o n  t h a t  devices wi th  any of the  conf igura t ions  
described in Sect ion  82, Spec i f i c  Purpose Locking Plugs and Receptacles,  
of t h e  Receptacle Standard a r e  acceptable  as  photovol ta ic  system 
connectors, i f  they  a r e  ".  . . const ructed  and i n s t a l l e d  so  as t o  guard 
agains t  inadver tent  contac t  with l i v e  p a r t s  by persons ."  The caveat  is 
t h a t  i n  some loca t ions  any p a r t i c u l a r  connector conf igura t ion  described 
in  Sect ion  82 may be unacceptable, i f  i n  t h a t  loca t ion  t h e  same 
conf igura t ion  connector is  a l s o  used i n  o t h e r  ( than photovol ta ic)  
c i r c u i t s .  

Other items t o  be considered i n  any UL i n v e s t i g a t i o n  of connectors would 
be assembly of p a r t s ,  compat ib i l i ty  of meta ls ,  polymeric ma te r i a l s  
including t h e  d i e l e c t r i c  s t r e n g t h  of such,  ampacity and mounting of 
current -carry ing p a r t s ,  sharp edges, spacings,  bonding, mechanical 
s t r eng th , .  s e a l i n g  of i n t e r n a l  p a r t s  aga ins t  t h e  weather, resist 'ance t o  
damage f . rm environmental extremes, appropriateness of grounding 
members, performance i n  i n t e r r u p t i n g  overload currents . ,  temperature 
r i s e ,  and r e s i s t a n c e  of i n s u l a t i n g  mate r i a l s  t o  degradation from a rc ing  
on contac t  sepa ra t ion .  De ta i l s  on such a r e  provided i n  r epor t  DOE/JPL 
955392-3; SAFETY REQUIUMENTS FOR WIRING SYSTEMS AND CONNECTORS FOR 
PHOTOVOLTAIC SYSTEMS, Underwriters Laboratories  Inc.  

$Available f o r  purchase from Underwriters Laboratories  I n c . ,  p r i c e  
$10.50. 



Compliance with the appropriate requirements for connectors would 
qualify the product for UL Listing or a Component Recognition not 
encumbered by avoidable  orid id it ions of ~cce~tability" Other testing 
laboratories may offer equivalent listing or labeling services and their 
policies concerning the foregoing should be received directly from them. 

Alternately, if desired by the product submitter, UL Component 
Recognition could be extended without the connector demonstrating 
compliance to each of the test requirements, e. g. - the Thermal Cycling 
Test, Paragraphs 33.1 through 33.5, with tho understanding (desr.rihed in 
a statement in the Component Recognition Report) that such tests must be 
conducted on che ConnecLur as installed in the end product. In this 

11 case the Recognition is encumbered by Conditions of Acceptability". 

Notwithstanding the foregoing, UL suggests t h a t  any connector with a 
general listing or labeling (not a photovoltaic system listing or 
labeling) could be acceptable for use in the applicable environment 
(e. g. - dry location), if used within its rating and other limitations 
as described in the - NEC. 

4.2.2 Mounting Frames 

Mounting frames are not covered by any of the requirements described for 
the w. For their Listing, however, their construction would be 
influenced by many of the provisions of the Proposed UL Photovoltaic 
Module Standard. Examples of items of UL concern are assembly 
provisions, compatibility of metals, polymeric materials, sharp edges, 
c ~ n t  i n u i t v  for bonding purposes, corrosion resistance , mounting (for 
fire consideration), and structural strength. Accordingly, pdrflcufar 
parts of the proposed photovoltaic module standard considered applicable 
to mounting frames are contained in paragraphs 5.1, 5.3 through 5.8, 6.1 
through 6.4, 8.1, 10.3 through 10.8, 13.1 through 13.8, 14.1, 25.1, 
25.2, 30..1 through 30.8, 35.1 through 35.19, 36.1 through 36.9, and 39.1 
through 39.3. 

Again, if these items are to be submitted to other test laboratories for 
consideration for listing or labeling their policies would dictate their 
action. They should be contacted directly in this regard. 



4.2.3 Diode and Varistor Housings 

Requirements for housings for bypass and blocking diodes, presumably of 
polymeric materials, would again not be covered by any of the provisions 
in the NEC. Such requirements would be covered in product standards. 
If intended to be Listed by UL, the product would need to comply with 
the provisions of the proposed UL standard for photovoltaic modules 
related to assembly, polymeric materials including their dielectric 
strength, ampacity and mounting of current-carrying .parts, sharpness of 
edges, leads for connections, spacings between and access to electrical 
parts, mechanical strength, sealing of internal parts against the 
weather, and resistance to damage due to environmental extremes. 
Particular paragraphs in the proposed UL photovoltaic module standard 
are 5.5, 5.6, 5.8, 6.1 through 6.6, 7.1, 7.5 through 7.7, 8.1, 9.5, 9.6, 
11.1, 11.3, 11.4, 14.1, 15.1, 22.1, 26.1 through 26.7, 29.1, 29.2, 31.1 
through 31.8, 32.1, 33.1 through 33.5, and 34.1 through 34.6. 

4.2.4 Diodes 

Provisions describing UL requirements for bypass and blocking diodes are 
not. contained in the proposed UL standard for photovoltaic modules. 
However, diodes would be eligible for investigation and UL Listing or 
Component Recognition. Any investigation would involve confirming the 
peak inverse voltage and forward current ratings of the diode, 
considering the use environment (mounting, ambient temperature, 
irradiance level), and how their use would be coordinated with the 
photovoltaic modules and panels. 

4.2.5 Multiple Function Components 

Where a component for a photovoltaic system provides multiple functions, 
such as a diode housing that is also a connector, the combined 
roquircmcnts from both groups are applicable. 

4.2.6 Overview 

The requirements contained in the paragraphs enumerated in the foregoing 
are typical, but may be supplemented or replaced by others, depending 
upon the components particular construction. Thus, while the foregoing 
presentation would relate to a typical component and investigation, it 
is not to be inferred that this presents the nature of the complete 
investigation for any connector, mounting frame, or diode housing. 
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5. NATIONAL ELECTRICAL CODE STATUS 

5.1 Background 

Between December, 1980 and August, 1981, an Ad-Hoc Subcommittee (AHSC) 
appointed by the National Electrical Code Correlating Committee met to 
formulate installation guidelines for residential, commercial, and 
industrial photovoltaic installations. The outcome of that committee's 
work, with National Electrical Code Panel commentary, was published in 
the National Electrical Code Technical Committee Report - Preprint of 
the Proposed Amendments for the 1984 National Electrical Code; as 
Proposed National Electrical Code Article 690. This material, which 
included Panel commentary on the Technical Committee Report was 
considered at the National Fire Protection Association Annual Meeting, 
May 16-20th, 1983. With some modification, the material was then 
included as first a part of the Advanced Printing of the Proposed 1984 
National Electrical Code and then as Article 690 of the 1984 National 
Electrical Code. A copy of Article 690 is presented as Appendix C of 
this report. 

While most of Article 690 appears straightforward, two items are likely 
to be open to considerable interpretation. A discussion of these items 
is presented following. In considering these interpretations, it is to 
be noted that the opinions herein are those of the aulhw~s uf this 
report, and are not those of the National Fire Protection ~ssociation's 
National Electrical Code Panel 3, which has been assigned the 
responsibility of keeping Article 690 current, and respunding to 
inquiries and suggestions concerning it. 

5.2 Specific Quotations 

The two points of the Proposed Article which deserves special attention 
are : 

690-18. Disablement of An Array. Means shall be provided to 
disable an array or portions of an ,array. 

Fine P r i n t  Nntn: Photovoltaic modules are enesgiz~d while exposed 
to light. Installation, replacement, or servicing of array 
components while a module(s) is irradiated may expose persons to 
electric shock. 

- and - 



690-52. Photovol ta ic  Power Source. A marking, spec i fy ing  t h e  
photovol ta ic  power source r a t e d  (1) opera t ing  c u r r e n t ,  (2)  
opera t ing  vo l t age ,  ( 3 )  open-c i rcui t  vol tage  and (4) s h o r t ' c i r c u i t  
c u r r e n t ,  s h a l l  be provided a t  an access ib le  loca t ion  a t  t h e  
disconnecting means f o r  t h e  photovol ta ic  power source.  

Fine P r i n t  Note: Ref lec t ing  systems used f o r  i r r a d i a n c e  
enhancement may r e s u l t  i n  increased l eve l s  of output  cu r ren t  and 
power. 

Disablement 

5 .3 .1  Def in i t ions  

Since t h e  provides no s p e c i a l  d e f i n i t i o n  of disablement,  s tandard  
d i c t i o n a r y  d e f i n i t i o n s  a r e  app l i cab le .  Among various d i c t i o n a r y  
d e f i n i t i o n s ,  t h e  most appropr ia te  would appear t o  be " t o  incapac i t a t e f f  
o r  " t o  deprive of capac i ty . "  Sect ion  690-18, along wi th  t h e  following 
f i n e  p r i n t  no te ,  would seem t o  i n d i c a t e  t h a t  t h e  incent  i s  t o  depr ive  
t h e  a r r a y  of t h e  capaci ty  t o  expose persons t o  e l e c t r i c  shock dur ing 
i n s t a l l a t i o n ,  replacement, o r  s e r v i c i n g .  Fur the r ,  s i n c e  t h e  NEC is  an 
i n s t a l l a t i o n  code, t h e  concern is  f o r  i n s t a l l a t i o n ,  replacement, and 
s e r v i c i n g  of the  a r r a y  o r  p a r t s  of  t h e  a r r a y  a t  t h e  i n s t a l l a t i o n  s i t e ,  
as  opposed t o  a t  a  shop o r  r e p a i r  f a c i l i t y  where individual  p a r t s  from 
an a r r a y  might be handled. 

5 . 3 . 2  Background 

Cer ta in  ques t ions  might be r a i s e d  concerning the  i n t e n t  o f . S e c t i o n  
690-18 with respect  t o  mechanism f o r  providing disablement ( i . e . ,  manual 
o r  automatic)  and t h e  speed a t  which d i s a b l i n g  is  t o  occur.  Because t h e  
requirement f o r  disablement is placed under t h e  genera l  heading 
Disconnecting Means, t h e  AHSC apparent ly  sought t o  provide f o r  means of  
de-energizing t h e  a r r a y ,  o r  mi t iga t ing  hazardous vol tage  and cur ren t  
l e v e l s ,  i n  a  manner t h a t  is d i s t i n c t  from t h e  use of ordinary  disconnect  
devices ( e .  g . ,  switches o r  c i r c u i t  breakers)  f o r  the  reasons and 
purposes s t a t e d  i n  t h e  f i n e  p r i n t  no te .  I t  i s  bel ieved t h a t  t h e  i n t e n t  

. o f  t h e  AHSC was t o  provide manual means t o  d i s a b l e  the  a r ray  i n  order  t o  
f a c i l i t a t e  maintenance and module replacement by p ro fess iona l  s e r v i c e  
personnel ,  r a t h e r  than t o  provide rap id ,  automatic disablement t o  remedy 
a hazardous s  i t u a t  ion.  

Thus, i n  conclusion,  t h e  means f o r  disablement can be of a  type  t h a t  is  
manually and s lowly  implemented and t o  address circumstances such as  
handling of t h e  modules and s e r v i c i n g  t h e  a r r a y .  



Methods 

By couching t h e  requirement f o r  disablement i n  very general  terms, t h e  
AHSC allowed t h e  e l e c t r i c a l  inspector  cons iderable  l a t i t u d e  i n  judging 
t h e  a c c e p t a b i l i t y  of any s p e c i f i c  method. I t  i s  conceivable, t h e r e f o r e ,  
t h a t  e i t h e r  mechanical o r  e l e c t r i c a l  means may be found acceptable .  

Available mechanical means of disablement involve s h i e l d i n g  the  a r r a y  
from i r r a d i a t i o n  us ing an opaque cover of some type.  Although a 
permanently a t t ached  mechanical s h u r t e r  would accomplish t h e  intcndcd 
purpose, it would probably be too expensive and perhaps unworkable under 
some c l i m a t i c  cond i t ions ,  and it 1s not  f u r t h e r  considered here.  
Another mechanical means t h a t  could be used f o r  photovol ta ic  
app l i ca t ions  would be an opaque b lanket .  

There is reason t o  ques t ion  whether o r  not  such means would s a t i s f y  t h e  
i n t e n t  of t h e  m,. which genera l ly  dea l s  with f e a t u r e s  t h a t  a r e  
permanent p a r t s  of t h e  e l e c t r i c a l  i n s t a l l a t i o n .  Should t h e  inspector  
conclude t h a t  a  p o r t a b l e  blanket  does s a t i s f y  t h e  Code requirement, t h e  
e l e c t r i c a l  inspec to r  would obviously have t o  consider  a  number of o t h e r  
f a c t o r s  i n  determining t h e  adequacy of an opaque b lanke t ,  over and above 
i ts  a b i l i t y  t o  " turn  o f f "  an a r ray  o r  sec t ions  of an a r r a y .  Among 
f a c t o r s  t o  be considered a r e :  

1. How would t h e  blanker be stored arid made r e a d i l y  ava i l ab le?  

2. How would t h e  hlanket  be secured i n  p lace?  

3 .  Would a blanket  need t o  be i d e n t i f i e d  wi th  a s p e c i f i c  a r ray?  

4. What provis  i u ~ s  a1 t! 1le~ejsa.1-y for  i n s t a l l i n g  t h e  blanket? 

Numerous e l e c t r i c a l  methods a r e  a v a i l a b l e  which the  e l e c t r i c a l  inspector  
might. f ind  t o  be acceptable  f o r  disabling an a r ray .  Por table  equipment, 
such as  c l i p  l eads ,  which could be used t o  s h o r t - c i r c u i t  modules, groups 
of modules, o r  an e n t i r e  a r ray  mighr: be c u ~ ~ s i d e r s d  adequate, ~ s p c c i a l l y  
i f  s p e c i a l  s ingle-purpose terminals ,  marked f o r  use  with s h o r t  
c i r c u i t i n g  l eads ,  were provided. A refinement of t h i s  approach would be 
p lug- in  connectors on permanently a t tached leads, provided t h a t  t h e  plug 
removal opera t ions  could be accomplished without rendering hazardous 
p a r t s  access ib le ,  and provided t h a t  t h e  connectors would be able  t o  
withstand the  a r c s  generated.  

Among e l e c t r i c  means f o r  disablement t h a t  a r e  permanent p a r t s  of t h e  
a r r a y ,   he follow.ing a re  noted:  s h o r t - c i r c u i t  switches i n  conjunction 
with bypass d iodes ,  disconnect switches i n  t h e  s o l i d  ground pa th ,  and 
segmenting switches t o  d iv ide  t h e  a r ray  i n t o  nonhazardous p a r t s .  



I t  is  noted t h a t  c e r t a i n  manipulations made i n  t h e  process of a r ray  
s e r v i c i n g  could render any disablement scheme i n e f f e c t i v e .  This would 
include removal f o r  replacement of bypass diodes and t h e  shor t ing  
switches themselves. 

Although a r ray  s h o r t - c i r c u i t i n g  is descr ibed as  a  d i s a b l i n g  means, such 
an ac t ion  is  not  without i t s  problems. For example, under a r ray  
s h o r t - c i r c u i t ,  c e l l s  a r e  l i k e l y  t o  be subjec ted  t o  reverse  vol tage  
cond i t ions ,  and f u l l  a r r a y  vol tage  may be present  across  a  c i r c u i t  gap. 
The o the r  known method of e l e c t r i c a l l y  d i s a b l i n g  an a r r a y ,  by segmenting 
it  i n t o  nonhazardous segments, probably requ i res  too  much hardware t o  be 
of p r a c t i c a l  value.  

Other approaches t o  d i s a b l i n g  should a l s o  allow t h e  necessary ac t ions  
without exposing t h e  opera tor  t o  a  shock o r  f i r e  hazard s i t u a t i o n .  
Thus, f u l l y  enclosed switches with guarded terminals  a r e  poss ib le .  See 
a l s o  Sect ion  2.4.10 under "SAFETY, SYSTEMS" i n  t h i s  r e p o r t .  

5 . 3 . 4  Conclusion 

In view of t h e  genera l  na tu re  of t h e  wording of Sect ion  690-18, it 
appears t h a t  any means by which an a r r a y  can be mechanically o r  
e l e c t r i c a l l y  modified t o  make it s a f e  f o r  handling would be i n  
compliance, sub jec t  t o  acceptance by t h e  e l e c t r i c a l  inspec to r .  Although 
both por tab le  and perm&ent ly .correc ted  means would seem t o  be 
acceptable ,  t h e  genera l ly  dea l s  with f e a t u r e s  t h a t  a r e  permanent 
p a r t s  of t h e  e l e c t r i c a l  i n s t a l l a t i o n .  For obvious reasons,  provision of 
a  d e f i n i t e  means, i n t e g r a l  with t h e  a r r a y ,  t o  depr ive  t h e  a r ray  of t h e  
capaci ty  t o  introduce a risk of shock would appear t o  be t h e  more 
r e l i a b l e  method. 

5 . 4  Ratings 

5 . 4 . 1  Background 

Sect ion  6 9 0 - 5 2  of t h e  might not be c l e a r  t o  some readers  a s  t o  how 
system cur ren t  and vol tage  r a t i n g s  a r e  t o  be determined. Addi t ional ly ,  
t h e  f i n e  p r i n t  note  i n d i c a t e s  the  e f f e c t  of r a d i a t i o n  enhancement, but 
no p o s i t i o n  is  taken i n  t h a t  r e s p e c t .  

The Proposed UL Standard f o r  Photovoltaic Modules and Panels s t a t e s  t h a t  
modules a r e  t o  be provided with i n s t r u c t i o n s  s t a t i n g  t h a t  d e l i b e r a t e l y  
increas ing t h e  l e v e l  of t h e  i r r ad iance  by r e f l e c t o r s  o r  t h e  l i k e  i s  t o  
be avoided. Nevertheless,  enchanced r a d i a t i o n ,  defined broadly as 
i r r a d i a t i o n  i n  excess of 100 mw/cm2, t h e  s tandard  l eve l  f o r  output 
measurements, i s  poss lb le  due t o  n a t u r a l  r e f l e c t i o n s ,  such as c e r r a i n  
cloud covers,  snow; white sand,  white pebbles.  I n  acidition, higher 
d i recz  l e v e l s  e r e  nated i n  t h e  Southwest. 



5 .4 .2  Conclusion 

Because of t h e  complications t h a t  would a r i s e  i n  attempting t o  influence 
system wire s i z e ,  fus ing,  e t c .  based on a r ray  locat ion,  weather f a c to r s ,  
t e r r a i n ,  e t c . ,  and because na tu r a l  enhancement appears l imi ted,  the  
output  of a module i s  always t o  be taken as  t he  marked r a t i ng  ( re fe r red  
t o  measurements at. 100 mw/cm2, 0 degrees C o r  NOCT, see  Proposed UL 
Standard f o r  Photovoltaic Modules and Panels f o r  d e t a i l  on temperature) ,  
a s  long as no "del ibera te"  enhancement is  provided. Fur ther ,  no 
de l i be r a t e  enhancement i s  t o  be provided; paragraph 42.2 of t he  Proposed 
UL Standard f o r  Photovoltaic Modules and Panels. 

Thus, t h e  photovol ta ic  system marking should be in te rpre ted  a s ;  ( I )  and 
(4) cu r r en t s ,  from the  sum of the  currents  of t he  paral lel-connected 
luudules, (2 )  aild (3 )  vol tages ,  from t h e  sum of the voltage3 sf the 
series'-connected modules. The numbers , ( l ) ,  ( 2 ) ,  ( 3 ) ,  and (4)  r e l a t e  t o  
t h e  item e n t r i e s  i n  - NEC Section 690-52. 
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6. SUMMATION AND RECOMMENDATIONS 

Summat ion 

1. The Second Draft of the Proposed UL standard fdr Safety - '  

Flat-Plate Photovoltaic Modules and Panels, Subject 1703, March, 1984, 
has been prepared. Proposals for the National Electrical Code.(NEC) 
provisions for Photovoltaic Systems, Article 690, have been accepted. 
Photovoltaic system components and the systems themselves built and 
assembled to the provisions described in .these documents are expected to 
provide appropriate levels of safety consistent with other electrical 
systems. Some aspects of the NEC Article 690 contain ideas not found 
elsewhere in the E, and application of these ideas requires that 
inspectors enforcing the provisions of the (as they appear in local 
electrical codes) be versed in the meaning of new terminology. 

2 .  The Proposed Standard was prepared in conjunction with 
photovoltaic module manufacturers and others interested in this topic, 
who serve on the UL Photovoltaic Module and Panel Industry Advisory 
Group. 

3 .  A photovoltaic module was evaluated to the provisions of the 
Proposed Standard, to determine and develop the reasonableness,. 
appropriateness, and workability of the document. 

4. Applicable requirements in the Proposed Photovoltaic Moduie 
Standard may be used as a guide to evaluate other photovoltaic system 
components, such as mounting frames, diodes, and connectors. 

5 .  Components may be added to the photovoltaic system to enhance 
the safety of such system. These components (subsystems) can be 
combined in specific'combinations to form systems to resolve all major 
potential hazards associated with operation and existence of an array. 

6. The circuit of a photovoltaic array may be either grounded or 
deliberately isolated, and so controlled, so as.to achieve certain 
safety conditions. 



6.2 Recommendations 

The Proposed Standard should be further evaluated by additional module 
evaluations. The envisioned safety systems should be installed in 
photovoltaic installations so as to judge their adequacy and 
effectiveness. Safety-related performances of other photovoltaic 
systems, both those installed in accordance with provisions of Article 
690 of the 1984 m, and other systems whose installation methods are 
not in accord with the g, should be evaluated. 

The additional evaluations of photovoltaic system products (including 
the modules themselves) will allow a further refinemenr of the 
requirements for such, and a transformation of the Proposed UL Standard 
for Photovoltaic Modules and Panels into an adopted Standard. 
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Subject  1703 

FOREWORD 

March, 1984 

A .  This Standard contains bas ic  requirements fo r  products covered by 
Underwriters Laboratories Inc. (EL) under i t s  Follow-Up Service fo r  t h i s  
category within t h e  l imi ta t ions  given below and i n  the  Scope sec t ion  of 
t h i s  Standard. These requirements a r e  based upon sound engineering 
p r i nc ip l e s ,  research,  records of t e s t s  and f i e l d  experience, and an 
apprecia t ion of the  problems of manufacture., i n s t a l l a t i o n ,  and use 
der ived from consu l ta t ion  with and information obtained from manufac- 
t u r e r s ,  use rs ,  inspect ion a u t h o r i t i e s ,  and others  having spec ia l i zed  
experience. They a r e  subject  t o  revis ion as fu r the r  experience and 
inves t iga r ion  may slluw is necessary o r  de s i r ab l e .  

B .  'fhe observance of clle requirements of t h i s  Standard by a. manufac- 
t u r e r  is  one of t he  condit ions of the  contirlued coverage C J ~  t h e  
mmufacturer  ' s produe-t . 

C. A product which complies with the  t e x t  of t h i s  Standard w i l l  not 
necessa r i ly  be judged t o  comply with t he  Standard i 5 ,  when examined and 
t e s t e d ,  it is  found t o  have o ther  fea tu res  which impair the  l eve l  of 
s a f e t y  contemplated by these  requirements. 

D. A product employing mater ia ls  o r  having forms of const ruct ion 
d i f f e r i n g  from those  de t a i l ed  i n  t h e  requirements of t h i s  Standard may 
be examined and t e s t e d  according t o  t he  i n t en t  of the  requirements and, 
i f  found t o  be subs t an t i a l l y  equivalent ,  may be judged t o  comply with 
t h e  Standard. 

F.. UL, in performing i t s  functions in accordance wTth i t s  ob jec t ives ,  
does nof assume o r  undertake t o  discharge any responsibiJ . i ty o f  che 
manufacturer o r  any o ther  par ty .  'f91e opinions and findings of U L  ' 

represent  i t s  profess ional  judgment given with due coilsiderarioa ~u t h e  
necessary l imi ta t ions  of p r a c t i c a l  operation and s t a t e  of t he  a r t  a t  the  
time- the  Standard is  processed. UL s h a l l  not be responsible t o  anyone 
f o r  t h e  use pf o r  re l i ance  upon t h i s  Standard by anyone. UL s h a l l  not 
incur  any ob l iga t ion  o r  l i a b i l i t y  f o r  damages, including consequential 
damages, ar . is ing out of o r  i n  connection with the  use', in tezprecat ion 
o f ,  o r  r e l i ance  upon t h i s  Standard. 

F .  3any t e s t s  required by the  Standards of UL a r e  inherent ly  hazardous 
and adequate sa.fe.gliards for personnel and property s h a l l  be employed i n  
conducting such t e s t s .  
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GENERAL 

1. Scope 

1.1 These requirements cover f l a t - p l a t e  photovol ta ic  modules and 
panels intended f o r  i n s t a l l a t i o n  on o r  i n t e g r a l  with bu i ld ings ,  o r  t o  be 
f ree-s tanding ( i . e .  not  a t tached t o  b u i l d i n g s ) ,  in accordance with t h e  
National E l e c t r i c a l  Code +d Model Building Codes. 

1 . 2  These requirements cover modules and panels  intended f o r  use 
i n  systems with a maximum system vol tage  of 1000 v o l t s  o r  l e s s .  

1 .3  These requirements a l s o  cover components intended t o  provide 
e l e c t r i c a l  connection t o  and mounting f a c i l i t i e s  f o r  f l a t - p l a t e  photo- 
v o l t a i c  modules and panels .  

1 . 4  These requirements do not cover equipment intended t o  accept  
t h e  e l e c t r i c a l  output  from t h e  a r r a y ,  such as  power condi t ioning u n i t s  
( i n v e r t e r s )  and b a t t e r i e s ,  nor do they cover any t r ack ing  mechanism. 

1.5 These. requirements do not  cover c e l l  assemblies intended t o  
opera te-under  concentrated s u n l i g h t  nor do they cover o p t i c a l  
concentra tors .  

1 . 6  These requirements do not  cover combination photovol ta ic-  
thermal modules o r  panels .  

2 .  Glossary 

2 . 1  For t h e  purpose of t h i s  s tandard ,  t h e  following d e f i n i t i o n s  
~ P P  l y .  

2 . 2  A i r  Mass (hi) -- A dimensionless q u a n t i t y ,  t h e  r a t i o  of t h e  
a c t u a l  path length of r a d i a t i o n  through t h e  atmosphere, t o  t h e  v e r t i c a l  
pa th  length of r a d i a t i o n  through t h e  atmosphere t o  sea l e v e l .  For a l l  
but very .h igh z e n i t h  angles ( 3 ) ( t h e  angle subtended by t h e  zen i th  and 

z 
t h e  l i n e  of s i g h t  t o  t h e  sun) ,  . 

AM = sec e.,, a t  sea  l e v e l .  

2.3 Array -- A cechan ica l ly - in tegra ted  assembly of modules and 
panels ,  together  with support  s t r u c t u r e  and foundation,  t r ack ing ,  
thermal con t ro l ,  and o the r  components, i f  used,  t o  form a dc power- 
producing u n i t .  

2 .4  Blocking Diode - -  A diode connected i n  s e r i e s  w i ~ h  module(s) 
o r - p a n e l ( s )  t o  ?revent  reverse  cu r ren t  i n  such moaule(s) o r  p a n e l ( s ) .  

2 . 5  S y ~ a s s  3 icde  - -  .4 d?.ode canneczea across one o r  more cslls, . , . . 
moa:iles, c r  z s r ~ e i s  LC ihe i o r : c s r i  c- r renc  alrecc-ion,  t o  sllow C U T T ~ ~ ;  t; 
S ~ ~ a s s  s u c h  co115,  zodcles ;  z r  322els .  
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2.6 Ce l l  --. The bas ic  photovoltaic device t h a t  generates e l e c t r i -  
c i t y  when exposed t o  sun l igh t .  

2.7 E l e c t r i c  Shock --  A r i s k  of e l e c t r i c  shock is considered t o  be 
present  a t  a p a r t  i f  t h e  potent.ia1 between t h e  par t  and ea r t h  ground o r  
any other  access ib le  p a r t  is more than 30 V dc and t he  leakage cur ren t  
exceeds the  allowable values spec i f i ed  in Table 21.1. 

2.8 Encapsulant Insula t ing mater ia l  enclosing the. c e l l s  and 
c e l l  in terconnects .  

2 .9  Interconnect  -- A conductor wi thin  a module t h a t  provides a 
mechanism. f o r  conducting e l e c t r i c i t y  between c e l l s .  

2.10 Haximum System Voltage -- The sum of r h e  maximum open . c i r cu i t  
vol tages .of  the  maximum number of modules o r  panels t o  be connected i n  
a e r i e 3  in. a cgctom. See paragraph 2 f l  7 .  

2.11 Meta l l i za t ion  -- E l e c t r i c a l l y  conductive metal coating on t he  
surface  of a c e l l .  

2.12 Module (F la t -p la te )  -- The smal les t  environmentally protected,  
e s s e n t i a l l y  p lanar  assembly of s o l a r  c e l l s  and anc i l l a ry  pa r t s  such as 
interconnects and te rminals ,  intended t o  generate dc power uxlderr uncon- 
centra ted sun l i gh t .  

2.13 Nominal Operating Cel l  Temperature (NOCT) -- The equilibrium 
c e l l  junction temperature corresponding t o  nominal module se rv ice  
operating condit ions in a reference environment of 80 m~/cm' i r rad iance ,  
2 0 ' ~  ambient a i r  temperature, 1 m / s  wind, and e l ~ c t r i c a l l y  open c i r c u i t .  

2.14 Fanel (P la t -p ln tc )  - -  h co l lec t ion  of modules fastened 
together ,  assembled and wired, intended. t o  provide a f i e l d - i n s t a l l a b l e  
un i t .  

2.15 Rated Operating Voltage -- The vol tage ,  a t  NOCT, &lo%, a t  
which maximum power is avai lable  from the  module o r  panel .  

2.16 Subs t ra te  -- The mater ia l  forming t h e  ou te r  surface  fo r  the  
back of t h e  c e l l s .  

2 . 1 7  Supers t ra te  -- Thc r ranspar t ln~  rudtolial  fclrming t h e  tnp  ( l i g h t  
fac ing)  ou te r  su r face  of the  module. 

3 .  Units Of Measurement 

3 . 1  I f  a value f o r  measurement is followed by a value i n  other 
unics i n  parenrheses,  t he  second vaiue may be on ly  approximate. TSe 
f i r s i  scared value is  the requirenent .  
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CONSTRUCTION 

4. Components 

4.1 A component of a product covered by this standard shall comply 
with the requirements for that component and shall be used in accordance 
with its recognized rating and other limitations of use. A component 
need not comply.with a specific requirement that: 

A. Involves a feature or characteristic not needed in the 
application of the compoIlent. in the.product covered by this 
standard, or 

B. Is superseded by a requirement in this standard. 

5. General 

5.1 A module shall be completely assembled when shipped from the 
factory. A panel may be completely assembled when shipped from the 
factory, or may be provided in subassemblies, providing assembly of the 
panel does not involve any act that is likely to affect compliance with 
the requirements of this standard. 

Exception: A n  assembly part need not be affixed to the module at the 
factory. 

5 .'2 A module'or panel assembly bolt, screw, or other part shall 
not be intended for securing the complete device to the supporting 
surface or frame. 

5.3 Incorporation of a module or panel into the final assembly 
shall not require any alteration of the module or panel unless specific 
details describing' necessary modif ication(s) for alternate installa- 
tion(~) are provided in the installation instructions. If a module or 
panel must bear a definite relationship to another for the intended 
installation and operation of the array ( e . g .  - to allow connectors to 
mate), it shall be constructed to permit it to be incorporated.into the 
array in correct relationship without the need for alteration. 

5.4 The construction of a product shall be such that during 
installation it will not be necessary to alter or remove any cover, 
baffle, insulation, or shield that is required to: (1) prevent excessive 
temperatures, or (2) guard against unintentional contact with parts that 
may involve a risk of electric shock. 

Exception: A cover of a wiring compartment providing access to a con- 
nection means that may involve a risk of electric shock may be removable 
ro allow for che making of electrical connections. 
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5 .5  P a r t s  s h a l l  be prevented from loosening o r  tu rn ing  i f  such 
loosening o r  tu rn ing  can c r e a t e  a  r i s k  of e l e c t r i c  shock, f i r e ,  o r  
i n j u r y  t o  persons.  

5 . 6  F r i c t i o n  between surfaces  is  not acceptable  a s  t h e  s o l e  means 
t o  i n h i b i t  t h e  t u r n i n g . o r  loosening of a  p a r t ,  but  a  lock washer 
proper ly  appl ied  is acceptable  f o r  t h i s  purpose. 

5.. 7  An ad jus tab le  o r  movable s t r u c t u r a l  p a r t  s h a l l  be provided 
wi th  a locking device t o  reduce t h e  l ike l ihood of un in ten t iona l  
s h i f t i n g ,  i f  any such s h i f t i n g  may r e s u l t  in a r i s k  of e l e c t r i c  shock, 
f i x a ,  nr i n  jury t o  persons,  

5 . 8  Metals used i-n loca t ions  t h a t  may be wet o r  moist s h a l l  not be 
employed i n  combinations t h a t  could r e s n l c  i n  d e t e r i o r a t i o n  of e i t h e r  
metal  such t h a t  t h e  product would.not comply with t h e  requirements i n  
t h i s  s tandard  . 

6. Polymeric Mater ia ls  

6 . 1  A polymeric ma te r i a l  system serving as t h e  enclosure of a  p a r t  
involving a r i s k  of e l e c t r i c  shock o r  f i r e  s h a l l  comply with t h e  
requirements concerning: 1) flammability, 2 )  u l t r a v i o l e t  r a d i a t i o n  
r e s i s t a n c e ,  3 )  water  immersion and exposure, and 4) r e s i s t a n c e  t o  hot 
wire  i g n i t i o n  i n  t h e  Standard f o r  Polymeric Mater ia ls  - Use i n  
E l e c t r i c a l  Equipment Evaluat ions,  UL 746C as app l i cab le  t o  such. 

Exception: The flammab'ility provis ion  does not  apply t o  t h e  
s u p e r s t r a t e ,  encapsulat ion,  and s u b s t r a t e  m a t e r i a l s .  

6 . 2  A polymeric ma te r i a l  system serving as the  suppurt or  
i n s u l a t i o n  of a pa r r  involving a risk u f , e l e c c r i c  shock or fire s h a l l :  

A .  Have a minimum High-Current Arc I g n i t i o n  i n  accordance with 
the  following: 

Flammability C l a s s i f i c a t i o n  
o f  M ~ t e r i a l  

B .  Have a Comparative Track Index of 250 v o l t s  minimum, i f  t h e  
system vol tage  r a t i n g  is 600 v o l t s  o r  l e s s ,  a s  determined i n  
accordance with the  Standard f o r  Polymeric 3 a t e r i a l s  - Short Term 
Property Evaluat ions,  LL 7468.  
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C .  Have an Inclined Plane Tracking (ASTM D2303) r a t i ng  of one 
hour using the  time t o  t r a ck  method a t  2.5 kV i f  t he  system vol tage  
r a t i n g  is i n  the  range 601-1000 v o l t s ,  and 

D.. Comply with the  requirements f o r  exposure t o  u l t r a v i o l e t  l i g h t  
as determined in accordance with the  Standard f o r  Polymeric 
Xa te r ia l s  - Use in  E l e c t r i c a l  Equipment Evaluations, UL 746C i f  
exposed t o  l i g h t  during normal operation of t he  product. Polymeric 
mater ia ls  t h a t  a r e  exposed t o  sunl ight  but are. proteczed by g l a s s ,  
o r  o ther  t ransparent  medium, may be t e s t e d  with an equivaient  layer 
of t h a t  medium at tenuat ing the. u l t r a v i o l e t  l i g h t  exposure during 
the  t e s t .  

E .  Have a flammability c l a s s i f i c a t i o n  of 94HB, 9SV-2, 94V-1, o r  
34V-0. 

6 . 3  A 1 1  polymeric encapsulant ,  subs t r a t e ,  and supe r s t r a t e  
mater ia ls  s h a l l  have. a thermal .index ( e l e c t r i c a l  and mechanical) as 
determined i n  accordance with the  Standard fo r  Polymeric Materials - 
Long Term Property Evaluations,  UL 746B, of a t  l e a s t ;  9 0 ' ~  ( 1 9 4 ' ~ ) .  In  
addi t ion,  t h e  thermal index s h a l l  be a t  l e a s t  20°C (36OF) above t h e  
measured operat ing temperature of t he  materi-al. A l l  o the r  polymeric 
marer ia ls  s h a l l  have a thermal index ( e l e c t r i c a l  and mechanical) a t  
l e a s t  20°c above t he  measured 'operating temperature. The measured 
operat ing. temperature  is  t h a t  which i s  measured during t he  open-ci rcui t  
mode Temperature Tes t ,  o r  the  operat ing temperature of the  mater ia l  as 
measured during t he  sho r t - c i r cu i t  mode Temperature Tes t ,  whichever is  
g r ea t e s t .  

6.G Polymeric mater ia ls  which serve  as t h e  outer  enclosure f o r  t h e  
module o r  panel s h a l l  have a maximum flame spread index of 100 as 
determined under the  Standard Method of Test f o r  Surface Flammability of 
Materials  Using a Radiant Heat Energy Source, ASTY E162-1981A. 

Exception: Small covers o r  boxes provided f o r  e l e c t r i c a l  connection 
need nor camply. . 

6.5  A b a r r i e r  o r  l i n e r  of e l e c t r i c a l  grade f i b e r  providing t he  
so l e  insu la t ion  between a l i v e  p a r t  and an access ible  meral parr  o r  
between uninsulated l i v e  pa r t s  not of t he  same po t en t i a l  s h a l l  not be 
l e s s  than 0.028 inch (0.71 mm) t h ick .  The b a r r i e r  o r  l i n e r  s h a l l  be 
held i n  place and s h a l l  not be adversely a f fec ted  t o  the  extent  t h a t  i ts  
necessary p roper t i es  may f a l l  below the  minimum values required i o r  the  
app l ica t ion .  

0 . 6  A b a r r i e r  o r  l i n e r  of polymeric i n su l a t i ng  mecerial providing 
the  s o l e  insu la t ion  between a l i v e  pa r t  and an access ible  mecai pe r t  o r  
beiween uninsulazed l i i ~ e  parzs noz of ihe sane p o ~ e n t i a l  sh2 l i  be of 
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adequate th ickness  and of a mater ia l  appropriate f o r  t he  appl ica t ion.  
The b a r r i e r  o r  l i n e r  s h a l l  be held i n  place and s h a l l  not be adverse ly  
a f f ec t ed  t o  the  extent  t h a t  i t s  necessary proper t ies  may f a l l  below t h e  
minimum values required fo r  t he  appl ica t ion.  

7. Current-Carrying Par t s  
and In te rna l  Wiring 

7 .1  A current-carrying par t  and wiring s h a l l  have the  mechanical 
s t r eng th  and ampacity necessary f o r  the  se rv ice .  

7.2 A current-carrying p a r t  s h a l l  be of nonferrods metal o r  o ther  
mater ia l  appropr ia te  f o r  the  appl ica t ion.  

7.3 Wiring iised i n  a module or  panel s h a l l  be insulated and 
acceptable f o r  t h e  purpose, when considered with respect  t o  temperature, 
vol tage ,  a d  the  condit iuns of se rv ice  t o  which tho wiring is  l i k e l y  t o  
be subjected wi thin  t he  equipment. 

7 . 4  A s p l i c e  s h a l l  be provided with insu la t ion  equivalent t o  t h a t  
required f o r  t h e  'wires involved. 

7.5 A j o i n t  o r  connection s h a l l  be mechanically secure and s h a l l  
provide e l e c t r i c a l  contact  without s t r a i n  on connections a d  terminals .  
Soldered .connections .between interconnects and metal l iza t ions  a r e  
considered mechanically secure when held i n  encapsulation systems. 

7 .6  An uninsulated l i v e  p a r t ,  including a terminal ,  s h a l l  be 
secured t o  i t s  supporting surface  by a method other  than f r i c t i o n  
between surfaces  so  t h a t  it w i l l  be prevented from turning o r  s h i f t i n g  
i.il pos i t ion  i f  such motion may r e s u l t  i n  rednctibb of spacings tu l e s s  
than required i n  Tables 11.1 and 11.2. 

7 . 7  S t r a i n  r e l i e f  s h a l l  be provided so t ha t  s t r e s s  on a lead 
intended fo r  f i e l d  connection, o r  otherwise l i ke ly  t o  be handled in t he  
f i e l d ,  including a f l ex ib l e  cord, is not t ransmit ted  t o  the  connection 
i n s ide  t he  module o r  panel. 

7 . 8  The wiring of a module o r  panel s h a l l  be located so t h a t  a f t e r  
i n s t a l l a t i o n  of t h e  product i n  t he  intended manner it w i l l  not be 
exposed t o  the  degrading effeccs  of d i r e c t  sun l igh t .  

Exception: Wiring ra ted sunl ight  r e s i s t a n t .  

8.  Wireways 

8 . 1  A n  enclosure f a r  wire s h a l l  be smooth and f r e e  from sharp 
edges, bur r s ,  o r  t he  l i k e  t ha t  may damage insula t ion o r  conductors. 
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9. Connection Means 

9 .1  In paragraphs 9.2-9.10, connection means a r e  considered t o  be 
those t o  which f i e l d - i n s t a l l e d  w i r i n g . i s  connected when t he  product is 
i n s t a l l ed .  Connection means may be within a wiring compartment, may be 
connectors outs ide  of a wiring compartment, o r  may be another means 
acceptable f o r  the  appl ica t ion.  

9.2 A module o r  panel s h a l l  be capable of accommodating a t  l e a s t  
one of the  acceptable wiring systems described in the  National 
E l e c t r i c a l  Code (NEC) . 

9.3  A module o r  panel s h a l l  be provided with wiring terminals ,  
connectors, o r  leads t o  accommodate current-carrying conductors of the  
load c i r c u i t .  

9.4 The connection means f o r  a module o r  panel s h a l l  be so  located 
t h a t  a f t e r  i n s t a l l a t i o n  of t he  product i n  t he  intended manner they w i l l  
not  be exposed t o  the  degrading e f f ec t s  of d i r e c t  sun l igh t .  

Exception: Connection means ra ted  f o r  use in d i r e c t  sun l igh t .  

9.5 A lead t h a t  is  intended t o  be spliced.  i n  the  f i e l d  t o  a 
c i r c u i t  conductor s h a l l  not be smaller  than No. 18 AWG (0.82 mm2) and 
the  insu la t ion  s h a l l  not  be l e s s  than 1/32 inch (0.8 mm) t h i ck .  

9 .6  The f r e e  length of a lead f o r  f i e l d  connection s h a l l . b e  a t  
l e a s t  6 inches (152 mm) . 
9 . 7  A wire binding screw o r  s tud  and nut-type terminal  may be used 
t o . t e rmina t e  conductors not l a rger  than No. 10 AWG and s h a l l  comply with 
t he  following: 

A .  A threaded screw or  s tud s h a l l  be of nonferrous metal,  
s t a i n l e s s  s t e e l  o r  p la ted  s t e e l  appropriate f o r  t he  
app.l icat ion,  s h a l l  not have more than 32 threads per inch,  and 
s h a l l  not be smaller than No. 8 f o r  accommodating No. 10 o r  12 
AWG (5 .3  and 3.3 mm2 respect ively)  wire and not smaller than 
.No. 6 f o r  accommodating No. 14 AWG (2 .1  mm2) and smaller  wire. - 
A wire-binding screw o r  stud-and- nut terminal  s h a l l  Se 
provided with upturned lugs ,  a cupped washer, a b a r r i e r ,  o r  
o ther  equivalent means t o  r e t a i n  t he  wire i n  pos i t ion  even 
though t he  screw o r  nut becomes s l i g h t l y  loose.  The head of a 
wire-binding screw fo r  accommodating No. 12 AWG o r  smaller  
wire s h a l l  have a minimum diameter of 0.275 inch (7.0 mm) and 
t ha t  of a screw for  accommodating No. 10 AWG wire s h a l l  have a 
minimum- diameter of 0.327 inch (8.3 mm). 
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B. A tapped terminal  p l a t e  s h a l l  be of nonferrous metal,  s h a l l  
n o t  have l e s s  chan two f u l l  screw th reads ,  and s h a l l  be of 
metal  not  l e s s  than 0.050 inch (1.27 mm) t h i c k  f o r  accommo- 
d a t i n g  No. 10 o r  No. 12 AWG (5.3 and 3.3 mm2 r e spec t ive ly )  
wi re  and not  l e s s  than 0.030 inch (0.76 m) t h i c k  f o r  accommo- 
d a t i n g  a No. 14 AWG ( 2 . 1  m2) o r  smal ler  wire.  Screw threads 
provided by extruding a hole  a r e  acceptable  i f  t h e  th ickness  
of the. unextruded metal is  not  l e s s  than  t h e  p i t c h  of the  
screw th read .  

9 . 8  A wire connector incended t o  accommodate copper conductors 
only s h a l l  comply with t h e  requirements f o r  wire connectors and 
so lde r ing  lugs f o r  use with copper conductors, UL 4868 .  A wire 
connector int.ended t o  accommodate alumi~lulu and topper conductors s h a l l  
comply with t h e  requirements f o r  wire connectors f o r  use with alumirun 
conductors ,  UL 4863. 

9.9 A separable  connector s h a l l  be of a locking o r  l a t ch ing  type .  
A separable  mult ipole conhector s h a l l  be po la r i zed .  Where two o r  more 
separable  connectors  a r e  provided, they s h a l l  be configured o r  arranged 
s o  t h a t  t h e  mating connector f o r  one w i l l  not  be accepted by t h e  o t h e r ,  
and v ice-versa ,  i f  such is  an improper connection. 

9.10 For a connector incorpora t ing  a grounding member, t h e  
grounding member s h a l l  be t h e  f i r s t  t o  make and t h e  l a s t  t o  break 
con tac t  wi th  t h e  mating connector.  

10. Bonding For Grounding 

18.1 A module o r  pule1 s h a l l  have a provision f o r  gromdinx a l l  
access ib le  conductive parLs. The grounding means shAll comyby with the  
provis ions  of Sectiua 9 .  The g~ound ing  mean6 f ihal l  bo hnnded t o  each 
such conductive p a r t  of  t h e  module o r  panel t h a t  is  access ib le  during 
normal use.  

Exception No. 1: Where t h e  grounding means is  a module o r  pane l  
mounting member intended t o  contac t  an a r ray  s t r u c t u r a l  member, t h e  
anrl~llr. o r  panel grounding means need not comply with t h e  provisions of 
Sect ion 9 .  

Exception No. 2 :  For modules o r  panels having a system vol tage  r a t i n g  
of  30 v o l t s  o r  l e s s  a grounding means is nor requi red .  

10.2 Any a c t  of rou t ine  maintenance of a module o r  panel s h a l l  not 
involve breaking o r  d i s t u r b i n g  t h e  bonding pa th .  A b o l t ,  screw, o r  
o t h e r  p a r t  used f o r  bonding purposes within a module o r  panel s h a l l  not 
be intended f o r  secur ing t h e  complete device t o  the  support ing su r face  
o r  frame. 
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10.3 Bonding s h a l l  be by a p o s i t i v e  means, such as  clamping, 
r i v e t i n g ,  bo l t ed  o r  screwed connections,  o r  welding, so lder ing  (see  
paragraph 10.5)  o r  brazing.  The bonding connection s h a l l  pene t ra te  
nonconductive coa t ings ,  such as  p a i n t  o r  v i t r eous  enamel. 

10 .4  A b o l t e d , o r  screwed connection t h a t  incorpora tes  a s t a r  washer 
under t h e  screwhead o r  a s e r r a t e d  screwhead may be acceptable  f o r  
pene t ra t ing  nonconductive coa t ings .  I f  t h e  bonding means depends upon 

- screw t h r e a d s , . t w o  o r  more screws o r  two f u l l  thr.eads of a s i n g l e  screw 
s h a l l  engage t h e  metal .  

10.5 A l l  j o i n t s  i n  t h e  bonding path  s h a l l  be mechanically secure  
independent of any so lde r ing .  

10.6 A separa te  bonding conductor o r  s t r a p  s h a l l  be of copper, 
copper a l l o y ,  o r  o t h e r  mater ia l  acceptable  f o r  use a s  an e l e c t r i c a l  
conductor. A separa te  bonding conductor o r  s t r a p  s h a l l :  (1)  be 
p ro tec ted  from mechanical damage, and ( 2 )  not be secured by a removable 
f a s t e n e r  used f o r  any purpose o t h e r  than bonding unless  the  bonding 
conductor is un l ike ly  t o  be omit ted a f t e r  removal and replacement of t h e  
f a s t e n e r .  

10.7 A f e r rous  metal p a r t  i n  t h e  grounding path s h a l l  be p ro tec ted  
aga ins t  corros ion by m e t a l l i c  o r  nonmetal l ic  coat ings ,  such as  pa in t ing ,  
ga lvaniz ing o r  p l a t i n g .  S t a i n l e s s  s t e e l  is acceptable  without 
a d d i t i o n a l  coat ing .  

10.8 A metal-to-metal mul t ip le-bear ing  pin-type hinge is considered 
t o  be an acceptable  means f o r  bonding. 

11. Spacings 

11.1 The spacings between uninsula ted  l i v e  p a r t s  not of t h e  same 
p o t e n t i a l  and between a l i v e  p a r t  and an access ib le  metal p a r t ,  s h a l l  
not  be l e s s  than t h e  values s p e c i f i e d  i n  Tables 11.1 and 11.2 .  

Exception: These spacing requirements do not  apply t o  the  inherent  
spacings of a component, such spacings s h a l l  comply with t h e  requi re-  
ments f o r  t h e  component i n  ques t ion .  

I 

11.2 The spacings a t  a f i e ld -wi r ing  terminal  a r e  t o  be measured 
with .and without wire connected t o  t h e  t e rmina l .  The wire i s  t o . b e  
connected as  it would b e  i n  a c t u a l  use.  I f  t h e  terminal  w i l l  properly 
accommodate i t ,  and i f  the  product is  not marked t o  r e s t r i c t  i t s  use ,  
t h e  wire i s  t o  be one s i z c  l a r g e r  than t h z t  requi red;  otherwisa,  t h e  
wire i s  t o  be t h e  . s i z e  required.. 

11 .3  Surfaces separa ted  by a gap of 0.0i3 inch ( ( 3 . 2 3  m m )  o r  l e s s  
a r e  considered t o  be i n  c sn tac t  .with each o the r  fo r  the  purpose of 
judging over-surface  spzcings.  
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11 .4  In Tables 11.1 and 11.2, t h e  p o t e n t i a l  involved is t h e  maximum 
vo l t age  t h a t  may e x i s t  between p a r t s  dur ing  any a n t i c i p a t e d  use of t h e  
module o r  panel .  

TABLE 11.1 
MINIMUM ACCEPTABLE SPACINGS. AT V I R I N G  TERMINALS 

P o t e n t i a l  Involved Through A i r  and Over Surface 
Volts inch- (m) 

TABLE 11.2 
MINI4IUM ACCEPTABLE SPACINGS ELSEWHERE THAN AT WIRING TERMINALS 

P o t e n t i a l  Involved Through A i r  Over Surface 
Volts  Inch (mm) Inch (mm) 

12. Wiring Compartments 

General 

12 .1  A wir ing compartment, i f  provided, s h a l l  comply with t h e  
requirements s p e c i f i e d  i n  paragraphs 12.1  through 12.19. 

1 2 . 2  AK 1 n n c t  2 cubic inches ( 3 2 , 8  creJ) fcrr eeqb i n t ~ n d ~ . d  M n .  14 
AWG ( 2 . 1  mm2)  o r  smal ler  conductor and a t  l e a s t  2.25 cubic inches 
(36.9 cm3) f o r  each intended No. 12 AWG (3 .3  m m 2 )  conductor 
inc luding i n t e g r a l  conductors of t h e  module o r  panel s h a l l  be provided 
i n  a wiring compartment. In  t h e  space comprising t h e  m~nmum reqiiifed 
volume, no enclosure  dimension s h a l l  be l e s s  than 314 inch (19-1 mj. , 

12.3 A wir ing  compartment s h a i l  have provision f o r  accammadarlng a 
wir ing  system employing a raceway o r  cab le .  

12 . L  A w i r i n . g  cnmpartrnent s h a l l  hsvc no morc than one opening when 
t h e  module o r  p a n e 1 . i ~  shipped from t h e  fac to ry .  Tapped holes with 
screwed-in plugs a r e  not-considered openings. 

12 .5  Gaskets and s e a l s  s h a l l  not  d e t e r i o r a t e  beyond l i m i t s  during 
acce le ra ted  aging,  and s h a l l  not  be used where they may be sub jec t  t o  
flexicg ccring'normal opera t ion .  See Secrion 3 2 .  
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Meta l l i c  Wiring Compartments 

12i6 A wiring compartment of sheet  s t e e l  s h a l l  have a wal l  th ick-  
ness of not l e s s  than 0.053 inch ( i . 3 5  mm) i f  measured'uncoated, o r  
0.056 inch (1.42 mm) i f  measured with a z i n c  coat ing.  

12.7 A wiring compartment of shee t  aluminum s h a l l  have a wall  
thickness of not  l e s s  than 0.0625 inch (1.59 mm). 

12.8 A wiring compartment of cast. i ron ,  aluminum', b rass ,  o r  bronze 
s h a l l  have a wall- thickness of not l e s s  than 3/32 inch '(2.4 'mm) . 

. . 

12.9 A hole intended f o r  the  connection of r i g i d  metal conduit in  
t h e  enclosure of a metal wiring compartment s h a l l  be threaded,  unless it 
is located e n t i r e l y  below t h e  lowest l i v e  p a r t  i n  t h e  compartment o ther  
than insu la ted  wires.  

12.10 A threaded hole i n  a metal wiring compartment intended fo r  t h e  
connection of r i g i d  metal conduit s h a l l  be re inforced t o  provide metal 
not  l e s s  than 114 inch (6 .4  mm) t h i c k ,  and s h a l l  be tapered unless  a 
conduit end s t o p  is provided. 

12.11 I f  threads  fo r  t h e  connection of conduit a r e  tapped a l l  t h e  
way through a hole i n  a compartment wa l l ,  o r  i f  an equivalent  construc- 
t i o n  is employed, t h e r e  s h a l l  not  be l e s s  than 3-1/2 nor more than 5 
threads  in t h e  metal and t h e  const ruct ion s h a l l  be such t h a t  a conduit 
bushing can be a t tached as intended. 

12.12 I f  threads  f o r  t h e  connection of conduit a r e  not tapped a l l  
t h e  way through a hole  in a compartment wal l ,  t h e r e  s h a l l  .not be l e s s  
than f i v e  f u l l  threads  in t h e  metal and t h e r e  s h a l l  be a smooth, rounded 
i n l e t  hole f o r  t h e  conductors which s h a l l  a f fo rd  p ro tec t ion  t o  t h e  
conductors equivalent  t o  t h a t  provided by a s tandard  conduit bushing. 
The t h r o a t  diameter of an i n l e t  hole  s h a l l  be within t h e  l i m i t s .  spec i -  
f i e d  i n  t h e  Standard f o r  Out le t  Boxes and F i t t i n g s ,  UL 514. 

12.13 For a non-threaded opening (where permitted) i n  a metal wiring 
compartment intended to accommodate r i g i d  m e t a l l i c  conduit ,  a f l a t  
su r face  of s u f f i c i e n t  area  as  described in t h e  Standard f o r  Out le t  Boxes 
and F i t t i n g s ,  UL 514 s h a l l  be provided around t h e  opening t o  accept t h e  
bearing surfaces  of t h e  bushing and lockwasher. 

Nonmetallic Wiring Compartments 

12.14 A wiring compartment of a nonmetal l ic  (polymeric) mater ia l  
s h a l l  have a wall thickness of not l e s s  than 0.125 inch (3.18 m m ) .  

12.13 A nonmetallic wiring compartment intsnded co accommodate 
nonmetallic conduit s h a l l  e i t h e r  (1) have one o r  more unthreaded 
conduit-coniieczion sockezs t h a t  comply with t h e  requlrenencs i n  



Subject  1703 116 March, 1984 

paragraphs 12.17-12.19, i n t eg r a l  with t h e  compartment, (2) have one 
threaded or unthreaded opening fo r  a conduit-connection socket ,  o r  ( 3 )  
be blank fo r  use  with a conduit connection socket .  

12.16 I f  a conduit connection socket may be used, the  accommodating 
wal l  of a nonmetallic compartment s h a l l  have a s u f f i c i e n t  f l a t  surface  
t o  accommodate t h e  bearing surfaces of the  locknut and male adapter .  

12.. 1 7  In a nonmetall ic  compartment, a socket f o r t h e  connection o f  
nonmetallic conduit s h a l l  provide. a pos i t ive  end s top  fo r  the  conduit;  
and t he  socket diameters,  the  t h roa t  diameter a t  t he  entrance t o ' t h e  
box, and the wall  th ickness  of the  socket s h a l l  be. wi thin  the  limits 
spec i f i ed  i n    able' 12.1. 

12.18 The socket  depth s h a l l  be within the  l i m i t s  spec i f i ed  i n  Table 
12.1. 

12.19 The wal l  thickness of the  socket s h a l l  not be l e s s  than 
spec i f i ed  i n  Table 12.1. 



TABLE 1 2 . 1  
- - -- -. - DIMENSIONS OF CONDUIT CONNECr lON SOCKETS. NONMETALLIC W I R I N G  COMPARTMENTS 

M l n i m u m  T h r o a t  
D i a m e t e r .  Inches (mm) 

I ' rade S o c k e t  Wa l I F o r  F o r  
S i zt.: o I' I4 i rl i mum S x k e t  D i a m e t e r .  I n c h e s  I m m )  S o c k e t  D e p t h ,  U s e W i t h  U s e W i t h  
( :or~dui  t, T h i c k n e s s  A t  E n t r a n c e  k t  b o t t o m  I n c h e s  (mm) Heavy -Wa  I I T h i n - W a  I 1 
.. ..! !!(:!!(_:?i !.!lL....flE) M a x i m u m  M i a r n u m  M a x i m u m  M i n i m u m  M a x i m u m  ~ i n i m u m  C o n d u  i t C o n d u  i t 
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13. Corrosion Resistance 

13.1  Sheet s t e e l  having a thickness of 0.120 inch (3.05 mm) o r  more 
t h a t  may be exposed t o  t h e  weather s h a l l  be made corr ,os ion-res is tant  by 
one of t h e  following coat ings:  

A .  Hot-dipped mill-galvanized sheet  s t e e l  conforming with the  
coat ing des ignat ion G60 i n  Table I of ASTM A525-76, with not 
l e s s  than 40% of t he  z inc  on any s i d e ,  .based on the  minimum 
s i n g l e  s p o t - t e s t  requirement in t h i s  ASTM spec i f i c a t i on .  The 
weight of z i nc  coat ing may be determined by any method; 
however, i n  case of quest ion,  t he  weight of coating s h a l l  be 
es tab l i shed  in accordance with t he  t e s t  method of AS'M A90-69. 

B. A z i nc  coat ing,  o ther  chan t h a t  provided on hot-dipped m i l l -  
galvanized shee t  s t e e l ,  uniformly applied t o  an average 
thiekncsc nf not Icss than 0,00041 iuch (0.010 mm) on each 
sur face  with a minimum thickness of 0.00034 inch (0.009 mm). 
The thickness of t h e  coat ing s h a l l  be es tabl ished by t he  
Meta l l i c  Coating Thickness Test i n  Seccion 36. 

C .  An organic o r  inorganic p ro tec t ive  coat ing system on both 
sur faces ,  appl ied  a f t e r  forming. The r e s u l t s  of an evaluation 
of t he  coat ing system s h a l l  demonstrate that it provides 
p ro tec t ion  a t  l e a s t  equivalent  t o  t h a t  afforded by the  z inc  
coat ing described i n  item A.  See Sections 6 and 35. 

D .  Any one of t h e  means spec i f i ed  i n  paragraph 1 3 . 2 .  

13.2 S h ~ e t  steel having a thickness of l e s s  than 0.l2O inch ( 3 . 0 5  
mm) which may be exposed ro t h e  weather shall be made carrrsslon 
r e s i s t a n t  by one of t he  Lollawing cuathgs:  

A .  Hot -dipped mill-galvanized sheet  s t e e l  conformillg w i t l i  the 
coa t ing  des ignat ion G90 i n  Table I of ASTM AS2S-76, with not  
l e s s  than 40% of the  z inc  on any s i d e ,  based on t he  minimum 
s i n g l e  spo t - t e s t  requirement in  t h i s  ASTN Spec i f i ca t ion .  The 
weight of z i nc  coat ing may be determined by any method; 
however, i n  case of quest ion,  t h e  weight of coating s h a l l  be 
es tab l i shed  i n  accordance with t he  t e s t  method of ASTM A90-69. 

B .  A z inc  coat ing,  u ther  thm rha t  pruvided an  hot-dipped m i l l -  
galvanized sheet  s t e e l ,  uniformly applied t o  an average 
th ickness  of not l e s s  than 0.00061 inch (0.015 mm) on each 
sur face  with a minimum thickness of 0.00054 inch (0.014 m m ) .  
The thickness of the  coating s h a l l  be es tab l i shed  by the  
Pletal l ic  Coating Thickness Test i n  Secriun 3 6 .  An annealed 
coat ing s h a l l  a l so  ccmply with paragraphs 13.4 azd 13.5. 
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C .  A cadmium coat ing not  l e s s  than 0.0010 inch (0.025 mm) t h i ck  
on both surfaces .  The thickness of the  coat ing s h a l l  be 
es tabl ished by t he  Metal l ic  Coating Thickness Test  i n  Section 
36. 

D .  A zinc coating conforming with Item A o r  B of Paragraph 13.1 
with one coat  of outdoor pa in t .  The coat ing system s h a l l  
comply with Paragraph 13.2,  Par t  F -  

E; A cadmium coat ing not  l e s s  than 0.00075 inch (0.019 mm) t h i ck  
on both surfaces  with one coat  of outdoor pa in t  on both 
surfaces ,  o r  not l e s s  than 0.00051 inch (0.013 mm) t h i ck .on  
both. surfaces  with two coats  of outdoor paint  on both 
surfaces .  The thickness of the  cadmium-.coati;lg s h a l l  be 
es tabl ished by t he  Metal l ic  Coating Thickness Test  i n  Section 
36 and the  coating system s h a l l  comply with Item F.  

F .  With reference t o  Par t s  D and E, the  r e s u l t s  of an evaluation 
of t he  coat ing system s h a l l  demonstrate t h a t  it provides 
protect ion a t  l e a s t  equivalent  t o  t h a t  afforded by t he  z inc  
coating as described i n  Par t  A (G90). See Sections 6 and 35. 

13.3 With reference t o  paragraphs 13.1 and 13.2,  o.ther f i n i she s ,  
including pa in t s ,  spec i a l  me t a l l i c  f i n i she s  and combinations of t he  two 
may be accepted when comparative t e s t s  with galvanized shee t  s t e e l  
(without annealing, wiping, o r  o ther  surface  treatment)  conforming with 
Item A of paragraph 13.1  o r  13.2 as appl icable ,  i nd i ca t e  they provide 
equivalent  protect ion.  See Section 35. 

13.4 An annealed coat ing on sheet  s t e e l  t h a t  is  bent o r  s im i l a r l y  
formed o r  extruded o r  r o l l ed  a t  edge of holes a f t e r  annealing s h a l l  
add i t iona l ly  be painted in  t he  bent o r  formed area  i f  t h e  bending o r  
forming process dttmages the  zinc. coat ing.  I f  f l ak ing  o r  cracking of a 
z inc  coating a t  t he  outs ide  radius  of a bent o r  formed s ec t i on  i s  
v i s i b l e  a t  25 power magnificat ion,  the  z inc  coat ing is  considered 
damaged. 

13.5 Simple sheared o r  cu t  edges and punched holes a r e  not  required 
t o  be add i t iona l ly  protected.  

13.6 Iron o r  s t e e l  serving as a necessary p a r t  of t he  product but 
not exposed t o  t he  weather s h a l l  be p la ted ,  painted,  o r  enameled fo r  
protect ion against  corrosion.  

13.7 Aluminum, s t a i n l e s s  s t e e l  and polymeric mater ia ls  may be used 
without spec ia l  corrosion r e s i s t ance  c o a t i ~ g s .  o r  p l a t i ngs .  

13.8 >!aterials nor spec i f i c a l l y  ~ e n t i o n e d  i n  Section 13 s h a l l  be 
e-,7ziuaiecj on an intividnzl bas i s .  Tiie t e s t s  d e s c r i b e d i n  Sections 6 and 
.. - 3 3 Se csad i2 t h i s  e v a l u e z i o ~ .  
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1 4 . 1  Edges, p ro jec t ions ,  and corners  of photovol ta ic  modules and 
panels  s h a l l  be such as  t o  reduce t h e  r i s k  of  c u t s  t o  personnel .  Com- 
p l i a n c e  is t o  be determined as  descr ibed i n  t h e  Standard, Determination 
of Sharpness of Edges on Equipment, UL 1439. 

.15. A c c e s s i b i l i t y  

15 .1  No a c c e s s i b l e  p a r t  of a  module o r  panel s h a l l  involve a r i s k  
of c l c c t r i c  shock. 

Exception: A p a r t  t h a t  i s  no t  energized when it i s  access ib le .  

15.2 I n  determining whether a  p a r t  is energized,  t h e  module o r  
panel i s  to be both (a)  rlvt co~ l r l e~ t ed ,  and (b)  eonncctcd i n  any i m p l ~ e d  
o r  descr ibed acceptable  manner; in both cases with t h e  module o r  panel 
in t h e  s t a t e  descr ibed i n  paragraph 15.4  and i n  the  environment 
descr ibed i n  paragraph 20.4. 

15.3 For vol tages  and cur ren t s  between p a r t s  of t h e  individual  
unconnected product ,  vol tage  i s  t o  be determined i n  accordance with 
paragraph 20.4 .  For vol tages  and c u r r e n t s  between p a r t s  of t h e  assembly 
of products ,  vol tage  i s  t o  be t h e  maximum system vo l t age ,  cu r ren t  i s  t o  
be t h e  a v a i l a b l e  c u r r e n t .  

15.4 A p a r t  i s  considered access ib le  i f ,  i n  a f u l l y  assembled 
module o r  panel  ( t h a t  i s ,  with a l l  covers i n  p lace)  t h e  p a r t  may be 
touched by t h e  probe i l l u s t r a t e d  in Elgure 15.1. 

Exception No. 1 :  A cover t h a t  may be removed without t h e  use of a  t o o l  
is t o  be removed f o r  purposes of t h i s  requirement. 

Exception No. 2: A cover t h a t  may be removed (with o r  without a  t o o l )  
f o r  rour ine  maintenance such as  c l e m i n g ,  o r  t o  ga in  access t o  t o o l s ,  i s  
t o  be removed f o r  purposes of t h i s  requirement. 

15.5 The probe i l l u s t r a t e d  i n  Figure 15.1 s h a l l  be appl ied  t o  any 
depth t h a t  t h e  opening w i l l  permit ;  and s h a l l  be r o t a t e d  o r  angled 
be fo re ,  dur ing ,  and a f t e r  i n s e r t i o n  through che opening t o  any pos i t ion  
t h a t  is necessary t o  examlne ?he product .  The prube  s h a l l  be applled i n  
any p o s s i b l e  conf igura t ion;  and, i f  necessary,  t h e  conf igurs t ion  s h a l l  
be changed a f t e r  i n s e r t i o n  through t h e  opening. The probe s h a l l  be used 
as  a  measuring instrument t o  judge t h e  a c c e s s i b i l i t y  provided by an 
opening, and not  a s  an instrument t o  judge t h e  s t r e n g t h  of a  ma te r i a l ;  
it s h a l l  be appl ied  k i t h  the  minimum force  necessary t o  accura te ly  
d e t e r ~ i n e  a c c e s s i b i l i t y .  
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FIGURE 15.1 
PROBE FOR DETERMINING ACCESSIBILITY OF LIVE PARTS 

Stop #at. 
:- -/I ..-. ---1m- -. - . . .+ 

16. F i r e  Resistance 

16.1 A module or  panel intended for  stand-off, rack, or  d i r ec t  
mounting i n  combination with a specified roof, and a module or  panel 
intended fo r  integral  mounting s h a l l  comply with the requirements for  a 
Class A,  B ,  o r  C roof covering i n  terms of f i r e  resistance i f  it is 
indicated or  implied as being f i r e  rated. For the combination s i tua-  
t ion ,  t h i s  ra t ing  sha l l  be coincident with o r  a t  a lower level than the 
basic roof covering material ra t ing.  The f i r e  resistance s h a l l  be 
determined by the procedure of t e s t s  for  f i r e  resistance of roof 
covering materials,  UL 790, as modified by Section 3 0 .  

17 .  Superstrate 

1 7 . 1  A module or panel superstrate  sha l l  comply with one of the  
following: 

A .  The requirements i n  Performmce Specificarions and Yethods of 
Test for  Safety Glazing Yaterial Used i n  Euildings, A N S I  
297.1-1975, or 
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B. The requirements in the Safety Standard fo r  Architectural 
Glazing Materials, CPSC, Standard Part 1201, o r  

- L _, r i  ,- 
C. The Impact Test, Section 29. . . iJ .- 

Exception No. 1: ThWfi lm f lex ib le  glazing material having a 
thicknesses of 0 .01  inch (0.254 am) o r  less  need not comply with t h i s  
requirement. 

Exception N o .  2: Encapsulant tha t  is  protected with wire screen o r  
other  s imilar  means having openings tha t  w i l l  not pass a 1/2 inch (12.7 
mm) diameter hemispherically tipped probe applied with a force af i lb 
f&.& NS . 

PERFORMANCE 

18. General 

18.1 p e  irradiance s h a l l  be essent ia l ly  uniform over the surface 
of the  module o r  panel during the  temperature and voltage and current 
measurements t e s t s ,  Sections 19 and 20. 

18.2 The angle of incidence of the  radiat ion a t  any point on the  
module or  panel during the  temperature and voltage and current measure- 
ments t e s t s ,  Sections 19 and 20, is not to be more than 30 degrees. 

18.3 Samples of the  module or  panel, o r  p a r t l a l  o r  represenrktive 
samples a re  t o  be subjected t o  the  t e s t s  enumerated in Table 18.1. The 
order of presentation of the  t e s t s  is for  convenience only, and is not 
intcuded t o  imply t h a t  any one ample need be subjerrcrd r.n chcr, complete 
sequence o r  a p a r t i a l  sequence of tests i inless specif ical ly  s ta ted.  
Except where a sample is to  be subjected t o  a sequence of t e s t s ,  separ- 
a t e  samples may be used; to r  exmple,  ane for each LesL, iL dssired. 
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TABLE 18.1  
MODULE AND PANEL PERFORMANCE 

March, 1984 

Temperature 
Voltage and Current Measurements 
Leakage Current 
S t r a in  Relief 
Push 
Cut 
Bonding Path Resistance 
Die lec t r i c  Voltage Withstand 
Inverse Current Overload 
~ e r m i n a l  Torque 
Impact 
F i r e  
Exposure t o  Water Spray 
Accelerated Aging of Gaskets and Seals 
Temperature Cycling 
Humidity 
Corrosive Atmosphere 
Metall ic Coating Thickness 
Hot-Spot Endurance 
Arcing 
Mechanical Loading 

Number 
of Samples 

+ A function of the  physical .s ize  of t he  module. 

@ A function of the  physical  s i z e  o f . - the  gasket and s e a l  mater ia l .  

& One o r  more, depending upon t e s t  procedure e lec ted .  

19. Temperature 

19.1  When a module o r  panel i s  a t  thermal equilibrium i n " i t s  
intended appl icat ion mounting a t  e l e c t r i c a l  open c i r c u i t  and a l so  
reverse, voltage hot -spot heating associated with operation a t  
s h o r t - c i r c u i t ;  no par t  s h a l l  a t t a i n  a temperature t h a t  would: 

A .  Ign i te  materials  or  components. 

B. Cause the  temperature l imi t s  of surfaces ,  mate r ia l s ,  o r  
components, as described i n  Table 19.1,  t o  be exceeded. 

C .  Cause creeaing,  d i s t o r t i o n ,  szgging, charring or  s imi la r  
damage t o  any car= of the product., i f  such damage or  
& - P - - ,  ,,,l,-r~rion a ~ > ~  izpair zhe ?erfarnsnce cf rhe prod7~cr mcer  

. . rl!e z-cuilefi:erLts of  z k i s  S r c n a e r c .  
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TABLE 19.1 .  MAXIMUM TEMPERATURE 
Temperature 

P a r t ,  Mater ia l ,  o r  Component "C (OF) 

1. I n s u l a t i n g  mate r i a l s :  (d) 

Polymerics 
Varnished c l o t h  

Y i b e r  
Laminated phenolic  composition 
Molded phenolic  composition 

2 .  Seal ing  compound (d) , (b) (b) 

3 .  F i e l d  wir ing  tarminals  ( c )  60 140 

4.  F i e l d  wir ing  compartment t h a t  wires may contac t  (c)  60 140 

5 .  Wood and wood products.  9 0 194 

6 .  Insu la ted  conductors (e  > ( e l  

7. Surfaces a c c e s s i b l e  t o  contac t  (£1 ( f  

8 .  Mounting su r face  and adjacent  s t r u c t u r a l  members (d) 9 0 194 

Notes f o r  Table 19.1:  

(a )  For t h e  open-c i rcu i t  mode, t h e  r e l a t . ive  thermal index, l e s s  2 0 ' ~  
I f  ( 3 6 O ~ ) .  For t h e  s h o r t - c i r c u i t  ho t  s p o t w  mode, t h e  r e l a t i v e  

thermal index. 

(b) The maximum s e a l i n g  compound temperature,  when correc ted  t o  a 40°C 
(104OF) ambient temperature,  i s  t o  be 1 5 ' ~  ( 2 7 ' ~ )  l e s s  than the  
sof tening po in t  of t h e  compound as determined by rhe  Standard Test  
Method f o r  Softening Point  by Ring and Bal l  Apparatus, ASm .. . 
E28-1967 (1977). 

( c )  I f  a marking is  provided i n  accordance with paragraph 41.4,  the  
temperatl.1.re.s ohse.rved. on. t h e  termi.na1.s and a t  po in t s  wi th in  a 
wir ing  compartment may exceed t h e  value spec i f i ed  but  s h a l l  not 
a t t a i n  a temperature h igher  than 90°C ( 1 9 4 ' ~ ) .  

(d)  Higher temperatures than s p e c i f i e d  a r e  acceptable i f  it can be 
determined char t h e  higher temperatures w i l l  nor canse a xi , sk  of 
shock o r  f i r e  o r  condi t ions  not  i n  compliance with Items A o r  C of 
pazagraph 19 .1 .  
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(s) The temperature r a t i n g .  

( f )  Only f o r  hot-spot  heat ing  under s h o r t - c i r c u i t  condi t ions ;  f o r  
nonmetal l ic  surfaces  4 0 ' ~  ( 7 2 ' ~ )  above temperature achieved during 
open-c i rcui t  condi t ions ;  f o r  m e t a l l i c  su r faces ,  2 0 ' ~  ( 3 6 ' ~ )  above 
temperature achieved during open-c i rcu i t  condi t ions .  

19.2 Material  and component temperatures a r e  t o  be determined f o r  
an ambient temperature of 4 0 ' ~ ;  AMl.5, 100 mw/cmZ i r r a d i a n c e  a s  
measured i n  t h e  plane of t h e  module o r  panel ;  and 1 meter/sec (2.237 
mph) average wind speed. The ambient temperature may be i n . t h e  range of 
~ O ' C  t o  55'C, i n  which case  each observed temperature s h a l l  be co r rec ted  
by t h e  addi t ion  ( i f  t h e  ambient temperature i s  below 40'C) o r  subt rac-  
t i o n  ( i f  the  ambient temperature is  above. 4 0 ' ~ )  of t h e  d i f f e r e n c e  
between 4 0 ' ~  and the  observed ambient temperature.  I f  t h e  i r r ad iance  is  
o the r  than 100 mw/cmz, temperature r i s e s  f o r  numerous i r r ad iance  l e v e l s  
a r e  t o  be determined, and a l i n e a r  ex t rapo la t ion  conducted t o  determine 
temperature r i s e  under 100 mw/cm2 i r r a d i a n c e .  

19.3 Should an unacceptable performance be encountered during t h e  
t e m p e r a t u r e . t e s t ,  and t h e  performance be a t t r i b u t e d  t o  a t e s t  condi t ion  
t h a t ,  although wi th in  t h e  l i m i t s  s p e c i f i e d ,  may be considered more 
severe  than necessary;  f o r  example an ambient temperature near  t h e  
bounds allowed ( 1 0 ' ~  o r  5 5 ' ~ ) ~  t h e  t e s t  may be reconducued under 
condit ions c l o s e r  t o  t h e  norm.. 

19.4 For t h e  determination of temperatures,  a module o r  panel  is t o  
be operated under both open and s h o r t - c i r c u i t  condi t ions .  

19.5 To cover the  heat ing  e f f e c t  caused by reve r se  vol tage  
opera t ion  of a c e l l ,  a c e l l  is t o  be shadowed d u r i n g . t h e  s h o r t - c i r c u i t  
condi t ion  of the  temperature t e s t  by covering one-half of one of t h e  
c e l l s  of t h e  module o r  panel with black v iny l  t a p e ,  0.007 i n .  (0.18 mm) 
t h i c k  i n  d i r e c t  contac t  with t h e  s u p e r s t r a t e  so  t h a t  t h i s  c e l l  i s  not 
f u l l y  i ruad ia ted .  During t h i s  t e s t ,  t h e  modules o r  panels  s h a l l  be 
connected i n  s e r i e s  without bypass diodes t o  t h e  ex ten t  t h a t  is 
permit ted by t h e  marking s p e c i f i e d  i n  parsgraph 41.7 .  The te i iaera tures  
of- t h e  shaded c e l l  and adjacent  area  a r e  t o  be measured. 

19.6 A module o r  panel is  t o  be i n s t a l l e d  according t o  the  i n s i r u c -  
t i o n s  provided with it. I f  t h e  i n s t r u c t i o n s  do not  desc r ibe  t h e  
accommodating s t r u c t u r e ,  spacings,  and t h e  l i k e ,  t h e  module o r  panel is  
t o  be mounted as described i n  paragraphs 19.8-19.10.  

19.7 With reference  t o  pcregraphs 19.8 m d  19.9 ,  t h e  type of 
mounting intended,  ( f o r  example, s t a n d - o f f ,  d i r z c t ,  and t h e  l i k e )  i s  t o  - - 
be determined fron the  c o c s t r ~ c t i o n  of t h e  moduie o r  panel .  I =  a o r e  
thsn  one cype of mounting i s  ? s s s i 3 i e ,  the  module sr panel i s  t o  5e 
tesceC i n  e ~ c h  sxch ~ c u ~ t i z g ,  unless one nounring c2n ba ahcwc r o  
repzesefit a l l .  



Subject  1703 March, 1984 

.19.8 A module o r  panel  intended f o r  d i r e c t  mounting on a roof o r  
wa l l  s u r f a c e  i s  t o  be mounted on a platform const ructed  of wood, pressed 
wood, o r  plywood, 314 inch (19 mm) t h i c k  (see  Figure  19 .1 ) .  The 
p la t form is t o  be pain ted  f l a t  black a t  the  s i d e  fac ing t h e  t e s t  sample. 
The platform i s  t o  extend a t  l e a s t  2 f e e t  (0.6 m )  beyond t h e  module o r  
panel  on. all s i d e s  . 

19'. 9 h module o r  panel intended f o r  s tand-off  o r  rack mounting on a 
r o o f ,  wa l l ,  o r  t h e  ground is  t o  be mounted on a frame const ructed  from 2 
by 4-inch ( t r a d e  s i z e )  lumber. Two frame members a r e  t o  be 1 o c a t e d . a t  
t h e  ours ide  edges of t h e  underside of the  module o r  panel ,  and a r e  t o  be 
o r i e n t e d  long i tud ina l ly  along t h e  long axis  of t h e  module o r  panel .  
Addit ional  frame members are t o  be located  a t  t h e  ou t s ide  edges of t h e  
underside of t h e  module o r  panel along its s h o r t  ax i s .  If t h e  d i s t ance  
between t h e  two ou te r  s n o r t  a x i s  members exceeds 2 f e e t  (0.b m ) ,  an 
a d d i t i o n a l  framc mcmber is t o  be located a t  t h e  c.en,t .~r l i n e  nf elie 
module.or pan'el assembly. The frame is t o  be s e c u r e d . t o  a platform as  
descr ibed i n  paragraph 19.8 wi th  a 4-foot  (1.22 m) spacing between t h e  
hark nf t h e  module o r  panel a d  t h e  platform (see  Figure 19 .2 ) .  The 
frame is  t o  be pa in ted  f l a t  black on t h e  s i d e  f ac ing  t h e  t e s t  sample. 

19.10 A module o r  panel intended f o r  i n t e g r a l  mounting wi th in  a roof 
o r  wa l l  i s  t o  be t e s t e d  while mounted on a platform const ructed  as  
descr ibed i n  paragraph 19.8 with t h e  module o r  panel boxed i n  on a l l  
s i d e s  by 1-inch t h i c k  (trade s i ze )  wood boards t h a t  a r e  wide enough t o  
cover t h e  e n t i r e  o u t e r  edge. The boards a r e  t o  be pain ted  f l a t  black on 
t h e  s i d e  fac ing t h e  sample. 

19.11 'I'emperatures are ro be measured by rnealls ul' t l l e r ~ ~ c ~ u p l t s .  
Thermocouples exposed t o  i r s a d i a r i o n  a r e  t o  be si i ielded f ~ o l u  t h e  d i r e c t  
e f f e c t  of such i r r a d i a r i o n .  A thermocouple junction is t o  be secure ly  
held p o s i t i v e  thermal contac t  with t h e  su r face  of t h e  ma te r i a l  t h e  
temperature of which i s  being measured. Thermal contac t  may be achieved 
by secure ly  cementing t h e  thermocouple i n  p lace .  For a metal su r face ,  
braz ing,  welding, o r  so lde r ing  t h e  thermocouple t o  t h e  metal may.be 
used. A thermocouple junction may be secured t o  wlre i a s u l a r i o n  o r  wood 
surfaces bv taping.  

19.12 Commonly, thermocouples cons i s t ing  of i r o n  and constantan 
wires No. 30 AWG (0.05 mmi) a r e  employed. I f  it is not  p r a c t i c a l  t o  use 
l r o n  and constantan thermocouples some o the r  type described Teaperarure 
Xeasurement Thermocouples, ANSI XC9b.1-1975, may be used. 
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FIGURE 1 9 . 1  
\ FIXTURE FOR TEST 

PRODUCTS FOR DIRECT MOL'NTING 

MCDULE 
PANEL 

TIGURE i 9 . z  
FI-YTURE FOR TEST 

PRODUCTS FOR ST.AND-OFF OR RACK MOUNTING 

FIGURE 1 9 . 3  
FIXTUXE FOR TESTS 

PRODUCTS FOR 
I m G R A L  MOCWTING 
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20. Voltage and Currenr Pleasurements 

20 .1  The o u t p u t  c u r r e n t s  of a module o r  pane l  s h a l l  n o t  be l e s s  
t han  80 pe rcen t  no r -more  than  t h e  r a t e d  c u r r e n t  va lues  under cond i t i ons  
o f :  

A .  Shor t  c i r c u i t ,  and 

B .  Rated o p e r a t i n g  v o l t a g e  

bo th  a t  an i r r a d i a n c e  of  100 [d4/crn2, .MI. 5 and a t  NOCT. 

20.2 The m&,uimum open c i r c u i t  vo l tage  of  a module o r  panel  s h a l l  bc 
w i t h i n  210 pe rcen t  of che  r a t e d  va lue  under t h e  c o n d i t i o n  of an 
i r r a d i a n c e  of  100 m ~ j c r n ~ ,  M 1 . 5  2nd a c e l l  t empera ture  of O'C. 

20 .3  The maximum output  power of a module o r  pane l  s h a l l  be w i th in  
210 pe rcen t  of  t h e  r a t e d  va lue  under t h e  c o n d i t i o n  of  an i r r a d i a n c e  of 
100 mW/cmz , AM1.5 and a t  NOCT. 

20.4 For  purposes of a c c e s s i b i l i t y  t o  i n d i v i d u a l  module o r  panel  
l i v e  p a r t s ,  paragraph 15 .3 ,  vo l t age  s h a l l  be determined under cond i t i ons  
of open c i r c u i t ,  an i r r a d i a n c e  of 100 mw/cmz, AM1.5. and a  ce.11 
tempera ture  of - 2 0 ' ~ .  

20.5 VolLage, curre l l l ,  a13 power va lues  may be mcaourcd a t  
tempera tures  o t h e r  t han  t h o s e  s p e c i f i e d  i n  paragraphs 20.1-20.4, and 
values a t  t h e  s p e c i f i e d  temperatures  c a l c u l a t e d  by way of  temperature 
c o r r e c t i o n  c o e f f i c i e n t s .  

21. Leakage Current  

21.1 The ieakage c u r r e n t  of a  module having a marked maximum system 
v o l t a g e  of more than  30 v o l t s  s h a l l  not  be g r e a t e r  t han  t h e  va lues  
s p e c i f i e d  i n  Table 21 .1  when t e s t e d  a s  desc r ibed  i n  paragraphs 
21.3-21.7.  

21 .2  The tesiz is t o  be conducted on t h r e e  uncondit ioned modules, 
and t h e  module t h a r  has  been subjecized t o  t h e  Exposure t o  Water Spray 
T e s t ,  Sec t ion  31. The leakage c u r r e n t  of t h e  uncondit ioned ~ o d u l e s  is  
izo be measured w i t h  t h e  module c e l l  t empera ture  a t  25+3"C, and t hen  wi th  
t h e  c e l l s  a t  NOCT k 2 ' ~ .  Where pane l s  a r e  used f o r  t h e  Exposure t o  Water 
Spray T e s t ,  a  module of a  panel  is t o  be used f o r  t h e  Leakage Current  
T e s t .  

21 .3  Leakage c u r r e n t  r e f e r s  t o  a l l  c u r r e n t s  t h a t  may be conveyed 
b e t ~ e e n  a c c e s s i b l e  p a r t s  of 3 module when t h e  m o d u i ~  i s  c o n ~ x t e d  t~ t h e  
sou rce  desc r ibed  i n   paragraph.^ 2 1 . G  and 21 .5 .  
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21.4 The dc  t e s t  vo l t age  is t o  be a t  a l e v e l  equal  t o  t h e  r a t e d  
Maximum System Voltage.  

TABLE 21 .1  
ALLOWABLE UAKAGE CURRENT 

Surface  o r  P a r t  from Which 
Measurement Is ~ a d e  Maximum Current  (dc)  

Access ib le  conduct ive frame, pan, o r  t h e  l i k e .  10 lJA 

Access ib le  c i r c u i t  p a r t s  1 mA 

Conductive f o i l  over  a c c e s s i b l e  i n s u l a t i n g  s u r f a c e s  1 mA 

21.5 , A l l  a c c e s s i b l e  p a r t s  and s u r f a c e s  a r e  t o  be t e s t e d  f o r  leakage 
c u r r e n t .  The p o s i t i v e  and nega t ive  t e rmina l s  of  an uni l luminated  module 
a r e  t o  be connected t o g e ~ h e r  and t o  one t e r m i n a l  of a d c  power supply .  
Both p o l a r i t i e s  of t h e  source  connect ion  a r e  t o  be used ,  un le s s  it can 
be shown t h a t  one p o l a r i t y  w i l l  r e p r e s e n t  .both. Leakage c u r r e n t s  a r e  t o  
be measured between t h e  p a r t  o r  s u r f a c e  and t h e  o t h e r  t e rmina l  of t h e  
power supply .  Leakage c u r r e n t  i s  t o  be measured w i t h  t h e  meter 
desc r ibed  i n  paragraphs 2 1 . 7 .  

21.6 h l e n  leakage c u r r e n t  is measured a t  an  i n s u l a t i n g  s u r f a c e ,  a 
40 by 20 cm conduct ive f o i l  i s  t o  be i n  c o n t a c t  w i th  t h e  s u r f a c e ,  and 
t h e  measurement is  t o  be made from t h e  f o i l .  I f  t h e  s u r f a c e  is l e s s  
than  40 by 20 cen t ime te r s ,  t h e  f o i l  i s  t o  be t h e  same s i z e  a s  t h e  
s u r f a c e .  

21.7 The meter f o r  t h e  measurement is t o  be respons ive  t o  dc  only ,  
and is t o  have an input  impedance of 500 ohms. 

22. S t r a i n  R e l i e f  

22 .1  A l e ad  o r  cab le  f o r  connect ion t o  e x t e r n a l  w i r ing ,  o r  a i ead  
o r  cab le  te rmina ted  a t  boch ends on t h e  product  bu t  which may be s u b j e c t  
t o  handl ing  during '  i n s t a l l a t i o n  o r  r o u t i n e  s e r v i c i n g  of a module o r  
pane l  s h a l l  wi ths tand  f o r  one n i n u t e  a f o r c e  of 20 pounds (89 newtons) 
app l i ed  in any d i r e c t i o n  perini t ted by t h e  c o n s t r u c t i o n ,  without  damage 
t o  t h e  lead  o r  c a b l e ,  i t s  connec t ing  means, and t h e  module o r  pane l .  

22.2 A s epa rab le  ccrmector no t  enclosed by a w i r ing  compartment, 
and such connec to r ' s  j o in ing  t o  i t s  mating connector ,  s h a l l  wi ths tand  
f o r  onc minute s f o r c e  05 .20  pounds (89  newtons) app l i ed  i n  any 
d i r e c t i o n  permir ted  by zhe c o n s t r u c t i o n ,  e i t h e r  d i r e c r l y  o r  through any 
wire  o r  cab le  ~ t t e c n e d  t~ t h e  mat ing .connector ,  ~ i t h o u x  damage t o  t h e  
connec tor ,  :he nodul5 o r  ? ~ c e l ,  c r  t h e  mounting of t h e  c o m e c t o r  t o  t h e  
ncau i e  cr  ?znsl, c r  ss?zrerLo;~  of che rwc m e r i c g  connecxors.  
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23. Push 

23.1  A module o r  panel  s h a l l  be capable of withstanding f o r  one 
minute the  a p p l i c a t i o n  of a  20 pound (89 newton) fo rce  appl ied  by a 1/2 
inch (12.7 mm) diameter s t e e l  rod, t h e  end of which is rounded t o  a 1/2 
inch ( 1 2 . 7  mm) diameter hemisphere, and t h e  app l i ca t ion  of a  4 pound 
(17.8 newton) fo rce  appl ied  by a 1/16 inch (1.6 mm) diameter s t e e l  rod, 
t h e  end of which is rounded t o  a  1/16 inch (1 .6  mm) diameter hemisphere. 
t o  any po in t ,  without t h e  c r e a t i o n  of a shock, f i r e ,  o r  casua l ty  hazard 
cond i t ion .  

23.2 A f i r e  hazard s i t u a t i o n  is  cons iaered  t o  e x i s t ,  i f ,  a s  a  
r e s u l t  of t h e  a p p i i c a t i o n  of e l t h e r  probe, p a n s  of the  uludule aLe 
d i sp iaced  co the  ex ten t  t h a t  a rc ing  between p a r t s  of a v a i l a b l e  cu r ren t  
and vol tage  i n  t h e  "-ARC TEST" zone, Figure 38 .1  is l i k e l y .  

23.3 A shock hazard s i t u a t i o n  is considered t o  e x i s t  i f  e i t h e r ,  
e i t h e r  appl ied  probe con tac t s  a  p a r t  involving shock hazard,  o r  ,if a 
shock hazardous p a r t  i s  rendered access ib le  ( t r a n s i t o r y  o r  permanent) a s  
a  r e s u l t  of t h e  a p p l i c a t i o n  of e i t h e r  probe. 

23.4 A casua l ty  hazard s i t u a t i o n  i s  considered t o  e x i s t ,  i f ,  as  a  
r e s u l t  of t h e  a p p l i c a t i o n  of e i t h e r  probe, p a r t s  a r e  d isplaced o r  broken 
s o  as  t o  expose edges which would not comply with Sect ion  14,  Sharp 
Edges. 

24. Cut 

24 .1  A module or  p a l e l  s h a l l  be capable of withstanding t h e  
a p p l i c a t i o n  of a  sharp  ob jec t  drawn across i t s  s u p e r s t r s t e  and s u b s t r a t e  
su r faces  wirhoue t h e  c r e a t i o n  of a shuck llazai-d. 

24.2 The module o r  panel  is  t o  be pos i t ioned i n  a  hor i zon ta l  plaise 
with  t h e  su r face  under t e s t  f ac ing  upward. The t o o l  descr ibed in Figure 
24.1 i s  t o  be placed on t h e  su r face  f o r  one minute, and then drawn 
ac ross  both t h e  f r o n t  and r e a r  surfaces  of t h e  module o r  panel a t  a  
speed ,of 6 k 1 .2  inches /sec  (152.4 f 30.5 mm/sec) . 

24.3 A shock hazard s i t u a t i o n  is  considered t o  e x i s t  i f  e i t h e r  t h e  
, blade  of t h e  t o o l  con tac t s  a  p a r t  involving shock hazard,  o r  i f  a shock 

hazardous p a r t  is  rendered access ib le  ( r r a n s i t o r y  o r  p e r n ~ a ~ ~ e a t )  as a 
r e s u l t  of t h e  placement of t h e  blade on o r  t h e  drawing of t h e  blade 
across  the  su r face .  
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F I G L ?  2 4 . 1  
CLT TEST TOOL 

A - 5-7/8 i n .  ( 1 4 . 9  cm) from a x i s  t o  c e n t e r  of weight .  
B - 6-5/8 i n .  (16 .8  c x )  from a x i s  t o  t e s t  p o i n t .  
c - T ~ s - .  porpt  - 0 . 0 2 5  i n .  ( 9 . 5  ) t h i c k  :r'tcn s t e e l  strip. 
Q .- T O ~ G ~  ( 5 r ~ e  e:c=rt.ed a t  test p a i a t  2;  2 l i s .  (957 9). 
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25. Bonding Path Resistance 

25.1 The r e s i s t a n c e  between t h e  grounding terminal  o r  lead and any 
a c c e s s i b l e  conductive p a r t  s h a l l  not  be more than 0 .1  ohm when measured 
i n  accordance with paragraph 25 ..2. 

25.2 Compliance wi th  t h e  requirement s p e c i f i e d  i n  paragraph 25.1  is 
t o  be determined as  fo l lows:  A cur ren t  of t w i c e . t h e  back feed s e r i e s  
fuse  s i z e  r a t i n g  (see  paragraph 41.8)  is  t o  be passed between the  
grounding. te rminal  o r  l ead  and t h e  conduct'ive p a r t  i n  ques t ion .  The 
r e s i s t a n c e  is then c a l c u l a t e d  based on t h e  vol tage  drop measured between 
t h e  grounding terminal  o r  lead and a poFri~ L u  w i ~ ! i i i i  1 / 2  i n .  (12.7 mm) 
from t h e  point  o f . c u r r e n t  i n j e c t i o n .  

25.3 The cur ren t  s h a l l  be increased from zero t o  t h e  s p e c i f i e d  
l e v e l  i n  approximately '5 seconds. The s p e c i f i e d  cur ren t  s h a l l  be  
maintained f o r  2 minutes. 

25.4 A t  no. t ime dur ing t h e  t e s t  s h a l l  t h e  r e s i s t a n c e  between t h e  
po in t s  of a p p l i c a t i o n  of cu r ren t  exceed 0 . 1  ohm. 

25.5 If more than one t e s t  i s  deemed necessary ro evaluate  a l l  the  
pa ths  of conduction between access ib le  metal p a r t s ,  a  cooling time of a t  
l e a s t  15 minutes between t e s t s  s h a l l  be observed. 

25.6 The t e s t  is t o  be conducted on t h r e e  uncondi.tioned specilueas. 

26. D i e l e c t r i c  Voltage Withstand 

Z h .  1 The insulat ion and spacings between l i v e  p a r t s  and access ib le  
conductive parts and between l i v e  p a r t s  and exposed nonconductive 
su r faces  s h a l l  withstand t h e  app l i ca t ion  of a  d i r e c t  t e s t  vol tage  equal 
t o  2  x system vo l t age  + 1000 v o l t s  without t h e  leakage cur ren t  between 
these  two po in t s  exceeding 50 A ,  dc. The vol tage  is  t o  be applied i n  
both p o l a r i t i e s .  

Exception: For a  module with a  system vol tage  r a t i n g  of 30 v o l t s  o r  
less  t h e  applied vo l t age  s h a l l  be 500 v u l ~ s .  

26.2  The t e s t  vo l t age  i s  t o  be appl ied  between a.11 cur ren t  car ry ing 
parts and a l l  access ib le  p a r t s .  

26.3 The vol tage  i s  t o  be increased from zero  a t  a s u b s t a n t i a l l y  
uniform r a t e  so as t o  a r r l v e  a t  t h e  spec i f i ed  test p o ~ e r r t i e l  i l l  appiuxi- 
mately 5 seconds, and rhec  heid a t  t h e  requi red  t e s t  vol tage  u n t i l  t h e  
leakage current  s t a b i l i z e s  fo r  a t  l e a s t  1 minute. The module or panel 
i s  t o  be observed d u r i r g  che t e s t  and t h e r e  a r e  t o  be no s igns  of a rc ing  
o r  fizsh-over. 
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26.4 The t e s t  vol tage  is t o  be gradual ly  and smoothly increased t o  
t h e  s p e c i f i e d  value s o  t h a t  ( a )  t h e r e  a r e  no t r a n s i e n t s  t h a t  might cause 
t h e  instantaneous vol tage  t o  exceed t h e  peak value  s p e c i f i e d ,  and (b) 
t h e  flow of capac i t ive  c u r r e n t ,  a s  due t o  charging,  does not  cause t h e  
t e s t  device t o  i n d i c a t e  breakdown. 

2 6 . 5  The t e s t  is. t o  be conducted on t h r e e  unconditioned specimens, 
and t h e  specimens t h a t  have been subjec ted  t o  Exposure t o  Water Spray, 
Sect ion  31; Temperature Cycling, Sect ion  33; Sumidity, Sect ion 34; and 
Corrosive A~mosphere, Sect ion  35. The unconditioned samples a r e  t o  be 
a t  both room temperature and a l s o  as heated from t h e  s h o r t - c i r c u i t  
opera t ion  porzion of t h e  temperature t e s t  i n  Sect ion  19. 

26.6 For t e s t s  on exposed su r faces  of i n s u l a t i n g  p a r t s ,  t h e  p a r t  is 
t o  be covered with conductive f o i l  o r  t h e  equivalent .  

2 6 . 7  The equipment f o r  conducting the  d i e l e c t r i c  voltage-withstand 
t e s t  i s  t o  have t h e  following fea tu res  and c h a r a c t e r i s t i c s :  

A .  A means f o r  ind ica t ing  t h e  t e s t  vol tage  t h a t  is being appl ied  
t o  t h e  'producz t e s t .  

B .  A s e n s i t i v i t y  such t h a t  a c u r r e n t  i n  excess of 50 microamperes 
across  t h e  output  i n d i c a t e s  unacceptable performance. 

C .  A capaci ty  of a t  l e a s t . 5 0 0  VA. 

Exception: The capaci ty  may be lower i f  t h e  means f o r  ind ica t ing  
the  t e s t  volcage is  located  i n  t h e  output  c i r c u i t  - t o  maintain the  
p o t e n t i a l  ind ica ted  i n  paragraph 26.1  except i n  t h e  case of Sreak- 
down. The vol tage  of t h e  soufce i s  t o  be continuously ad jus tab le .  

27. Inverse  Current Overload 

27.1 There s h a l l  be no flaming of t h e  cheesecloth o r  t i s s u e  paper 
i n  contac t  with a module o r  panel ,  o r  flaming of t h e  module o r  panel 
i t s e l f  f o r  15 seconds o r  more, when a cu r ren t  equal t o  135 percent  of 
t h e  module o r  panel s e r i e s  fuse  r a t i n g  cur ren t  ( see  paragraph 41.8) is  
caused t o  flow i n  a r eve r se  d i r e c t i o n  through a module o r  panel (4 th  
quadrant opera t ion) .  

27.2 A module o r  panel i s  t o  be placed on a s i n g l e  l aye r  of white 
t i s s u e  paper over a 3 / &  inch (19.1  mm) t h i c k  p ine  board and covered with 
a s i n g l e  layer  of cheeseclo th .  The cheeseclo th  i s  t o  be uc t rea ted  c a t -  
t a n  c l o t h  running 14-15 sqnaro yards per  pound ( 2 6 - 2 6  square meters per 
kilogram) and having what i s  know- t o  t h e  t r a d e  as h count of 32 by 28.  

27.3 Any hlocking diode 3roviaed as  a p a r t  of r h e  module o r  ?a2el 
15 t o  be <efascsd (s;"lcrc-circ-..'- ,,,ed). 
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27.4 The t e s t '  is t o  be conducted i n  an a rea  f r e e  of d r a f t s ,  and t h e  
i r r a d i a n c e  on t h e  module o r  panel is  t o  be l e s s  than 5 mw/cm2. 

27.5 The t e s t  is t o  be continued f o r  two h.ours o r  u n t i l  u l t ima te  
r e s u l t s  a r e  known, whichever occurs f i r s t .  

28. Terminal Torque 

2 8 . 1  A wire-binding screw o r  nut  on a wir ing  terminal  s h a l l  be 
capable of withstanding 10 cycles of t i g h t e n i n g  t o  and re leas ing  from 
t h e  values s p e c i f i e d  i n  Table 2 8 . 1  without damage t o  the  te rminal  
support ing member, without loss  of con t inu i ty  and without s h o r t  
c i r c u i t i n g  of t h e  e l e c t r i c a l  c i r c u i t  t o  access ib le  metal.. 

TABLE 28.1 

TORQUE. REQUIRE?lENTS 
Torque 

Screw Size  l b - i n .  (?I-m) 

N o .  6 
No. 8 
No. 10  2  0  (2 .3 )  

29. Impact 

2 9 . 1  A polymeric ma te r i a l  se rv ing  as  t h e  enclosure of a  p a r t  
involving a r i s k  of e l e c t r i c  shock o r  f i r e  hazard and a s u p e r s t r a t e  
ma te r i a l  evaluated i n  accordance with icem C of paragraph 17 .1  a re  Lo be 
subjec ted  t o  t h e  t e s t s  described i n  paragraphs 2 9 . 2  -8 29.3.. 

2 9 . 2  When a module o r  panel is impacted as  descr ibed i n  paragraph 
29.3,  t h e r e  s h a l l  be no access ib le  l i v e  p a r t s  as  defined i n  Sect ion  15. 
Breakage of t h e  s u p e r s t r a t e  ma te r i a l  may occllr providing t h a t  t n e r e  a r e  
no p a r t i c l e s  l a r g e r  than 1 sq .  in. r e l eased  from t h e i r  normal mounting 
p o s i t  ion.  

29.3 A module o r  panel is  t o  be mounted i n  a  manner r ep resen ta t ive  
of its intended use ,  and is  t o  be subjec ted  t o  a  5 f t  l b  (6.78 joules).  
impact normal t o  t h e  su r face  from a 2 inch (51 am) diameter smooth s t e e l  
sphere weighing 1 .18 pounds (535 grams j falilng chrougli a d i s  t a i - ~ c e  of 5 1  
inches (1.295 m ) .  The module o r  panel i s  t o  be s t ruck  a t  any point  
considered most vulnerable .  I f  t h e  cons t ruc t ion  of a  module o r  panel 
does not permit it t o  be s t r u c k  f r e e l y  from above by t h e  f r e e l y  f a l l i n g  
s ~ h e r e ,  t h e  sphere is  t o , b e  suspended by a cord and allowed t o  f a l l  a s  a  
pendulum through t h e  v e r t i c a l  d i s t ance  5 1  inches (1.295 m )  wi th  t h e  
d i r e c t i o n  of impact normal t o  t h e  su r face .  
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30. F i r e  

30.1 A module o r  panel intended f o r  roof mounting and designated as 
being intended f o r  i n s t a l l a t i o n  above, upon, o r  i n t e g r a l  with a bui ld ing 
roof,structure surfaced with Class A ,  Class B, o r  Class C type mate r i a l  
s h a l l  be subjec ted  t o  a spread-of-flame t e s t  a s  descr ibed i n  t h e  t e s t s  
f o r  f i r e  r e s i s t a n c e  of roof covering m a t e r i a l s ,  UL 790 modified a s  
described he re in ,  o r  as may otherwise be appropr ia te  f o r  t h e  p a r t i c u l a r  
module o r  panel being t e s t e d .  A t  no time during .or a f t e r  t h e  t e s t s  
s h a l l :  

A .  Any por t ion  of t h e  module o r  panel o r  t h e  roof covering 
mate r i a l  be blown o r  f a l l  o f f  t h e  t e s t  deck i n  t h e  fcrm of flaming 
o r  glowing brands, 

B .  The roof d e c k , , ( i n c l u d i n g  any p a r t  under a module o r  panel)  be 
exposed by breaking,  s l i d i n g ,  cracking,  o r  warping of t h e  roof 
covering, o r  

C .  Por t ions  of  t h e  roof deck o r  por t ions  of a module o r  panel 
intended f o r  i n s t a l l a t i o n  i n t e g r a l  with o r  forming a p a r t  of t h e  
bui ld ing s t r u c t u r e ,  f a l l  away i n  t h e  form of glowing p a r t i c l e s .  

30.2 A t  t h e  conclusion of t h e  spread-of-flame t e s t s ,  t h e  flaming 
s h a l l  not have spread beyond 6 f e e t  (1.82 m) f o r  Class A ,  8 f e e t  (2.4 m) 
f o r  Class 3 ,  and 13 f e e t  (3.9 m) f o r  Class C r a t i n g ;  measured from t h e  
ieading edge of t h e  sample. There s h a l l  have been no s i g n i f i c a n t  
l a t e r a l  spread-of-flame from t h e  path  d i r e c t l y  exposed t o  the  t e s t  
flame. Spread-of-flame includes flaming on both t h e  top  su r fzce  ( t h e  
su r face  t o  which the  e x t e r n a l  flame is  appl ied)  and i n  any intermediare 
channel,  such as t h e  space between stand-off  o r  d i r e c t  mounted modules 
and a sh ing le  roof .  

30.3 For a module o r  panel intended f o r  i n s t a l l a t i o n  above a 
bui ld ing roof s t r u c t u r e ,  the  spread-of-flame t e s t  i s  t o  be conducted 
with t h e  module o r  panel  o r i en ted  with respect  t o  t h e  t e s t  flame such 
chat  the  flame impinges only on the  t o p  su r face  of  t h e  module..or panel .  

30.4 A module o r  panel intended f o r  roof mounting and designated as 
being intended f o r  i n s t a l l a t i o n  above, upon, o r  i n t e g r a l  wi th  a bui ld ing 
roof s t r u c t u r e  surfaced with Class A ,  Class B ,  o r  Class C type roof 
covering mater ia l  shall be subjec ted  t o  a bilrning-brand t e s t  a s  
described i n  the  t e s t s  f o r  f i r e  r e s i s t a n c e  of roof covering m a t e r i a l s ,  
UL 790, modified as  descr ibed here in  o r  a s  may otherwise be appropr ia te  
f o r  the  pe r t i cu la r ,module  o r  panel being t e s t e d .  Ar no time dur ing o r  
a f t e r  the  t e s t  s h a l l :  

A .  Anp ? s r t i o n  s f  zhe inodcle o r  panel o r  t h e  roof covering - - -  msterial  b s  3loun o r  f a l l  o f f  t h e  t e s r  deck i n  ths forn  o r  :laming 
o r  0 - - A  3 7  nr-icg brends, 
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B .  The roof deck be exposed by breaking ,  s l i d i n g ,  c racking ,  o r  
warping of t h e  roof covering ( i n c l u d i n g  any p a r t  of t h e  module o r  
p a n e l ) ,  

C .  P o r t i o n s  of t h e . r o o f  deck,  o r  p o r t i o n s  of a module o r  pane l  
i n t ended  f o r  i n s t a l l a t i o n  i n t e g r a l  w i th  o r  forming a p a r t  of t h e  
b u i l d i n g  roof s t r u c t u r e  f a l l . a w a y  in t h e  form of  glowing p a r t i c l e s ,  
o r  

D .  There  be  s u s t a i n e d  f laming of  t h e  unders ide  of  t h e  roof deck 
o r  t h e  unders ide  of  t h e  module or pane l .  

30.5 For  both  t h e  spread-of-f lame and burning-brands t e s t s ,  t h e  
t e s r  s e v e r i t y  (Class  A ,  B, u r  C )  s h + l l  be commensurate wi th  t h e  intended 
des igna ted  c l a s s  of roof covering m a t e r i a l .  

30 .6  For t h e s e  t e s t s  t h e  module o r  pane l  is t o  be i n s t a l l e d  i n  
accordance w i t h  t h e  i n s t r u c t i o n s  provided wi th  i t .  Any mouncing hard-  
ware fu rn i shed  wi th  t h e  module o r  pane l  is t o  be used t o  moUc t h e  
module o r  pane l  f o r  t e s t .  The s l o p e  of  t h e  module o r  panel  with r e s p e c t  
t o  t h e  h o r i z o n t a l  is t o  be t h e  minimum s l o p e  s p e c i f i e d  i n  t h e  
i n s t a l l a t i o n  i n s t r u c t i o n s .  The s l o p e  of t h e  s imula ted  roof deck is no t  
t o  exceed 5 inches  p e r  foo t  (416 mmjm). 

30.7 A module o r  pane l  i s  not  r equ i r ed  t o  be useable  a f t e r  any b f  
t h e  t c s t c  of  t h i s  section. 

30.8 For each mode of t e s t  on ly  one t e s t  need be conducted. 

31. Exposure t o  Water Spray 

5 1 . 1  A module o r  panel  s h a l l  be sub jec t ed  t o  a water  sp ray  t e s t  a s  
desc r ibed  i n  paragraphs 31.2-31.6, and 

9.. The t e s t  s h a l l  not  res ,u l t  i n :  

(1)  Water on un insu la t ed  l i v e  p a r t s  o r  t h e  col lecrr ibn of 
water  i n  a compartment con ta in ing  l i v e  p a r t s ,  and 

B .  Immediately fo l lowing  t h e  t e s t ,  t h e  module o r  pane l  s h a l l  
comply w i t h  

(1) The dielectric v o l t a g e  wi ths tand  t e s t  i n  Sec t ion  26, and 

(2)  The leakage c u r r e n t  t e s t  i n  Sec t ion  21. 

Both z e s t s  a r e  t o  be conducted wixhout any d ry ing  of che samples.  
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31.2 A module o r  panel i s  t o  be mounted and o r i en ted  i n  a  manner 
r e p r e s e n t a t i v e  of i t s  intended use i n  t h e  foca l  a rea  of t h e  apparatus 
descr ibed i n  paragraph 31.5. I f  t h e  mounting o r  o r i e n t a t i o n  of t h e  
module o r  panel under t h e  water spray may a f f e c t  t h e  r e s u l t s ,  t he  t e s t  
i s  t o  be conducted with the  module o r  panel i n  those mountings and 
o r i e n t a t i o n s  deemed necessary t o  represent  any app l i ca t ion  of t h e  
product ,  considering a l s o  t h a t  t h e  mounting may ,be on a t r ack ing  frame 
which a l t e r s  t h e  module o r i e n t a t i o n .  

31.3 I f  a  module o r  panel i s  intended t o  be mounted as an i n t e g r a l  
p a r t  of t h e  roof with an adjacent  module o r  panel i n  an a r ray  us ing 
factory-designed jo in ing s e c t i o n s ,  t h e  t e s t  i s  t o  be conducted using the  
jo in ing hardware i n  accordance v i t h  t h e  i n s t a l l a t i o n  i n s t r u c t i o n s .  

31.4 F i e l d  wiring connections a r e  t o  be made i n  accordance with the  
wir ing  method s p e c i f i e d  f o r  t h e  product .  I f  more than one method is 
s p e c i f i e d ,  the  method l e a s t  l i k e l y  t o  r e s t r i c t  t h e  ent rance  of water i s  
t o  be used. A threaded opening intended t o  terminate i n  conduit is t o  
be sea led ,  unless  a  poss ib le  use of t h e  threaded opening is with a 
wir ing  mechod l i k e l y  t o  allow t h e  ent rance  of water .  

31.3 The r a i n  t e s t  apparatus is  t o  c o n s i s t  of t h r e e  spray heads 
mounted i n  a  water supply rack as i l l u s t r a t e d  in Figure 31.1.  Spray 
heads a r e  t o  be constructed i n  accordance with Figure 31.2. The water 
pressure  f o r  a l l  t e s t s  is  t o  be maintained a t  5 ps ig  (34.3 kPa) a t  each 
head. The d i s t ance  between t h e  cen te r  nozzle and t h e  product is  t o  be 
approximately 3 f e e t  (0.9 m). The product is t o  be brought i n t o  the  
f o c a l  a rea  of t h e  t h r e e  spray heads in such pos i r ion  and under such 
condi t ions  sa as  t o  present  t h e  g r e a t e s t  quan t i ty  of water t o  enrrances 
t o  t h e  product .  The spray is t o  be d i r e c t e d  toward t h e  module o r  panel 
a t  an angle of 45 degrees co t h e  v e r t i c a l .  

31.6 The water f o r  the  t e s t  is t o  have a r e s i s t i v i t y  before  the  
t e s t ,  of 3500k175 ohm-centimeters a t  2s°C ( 7 7 ' ~ ) .  A t  t h e  conciusion of 
t h c  tast; t he  r e s i s t i v i t y  of t h e  water is  not t o  be less t h a n  3200 
ohm-centimeters nor 'more thm 3800 ohm-centimeters a t  2S°C (77OF). 

3 1 . 7  The exposure time i s  t o  be 1 hour. 

3.1.8 Af ter  exposure, t h e  module o r  panel s h a l l  be examined f o r  
evidence of water pene t ra t ion  t o  and above uninsula ted  l i v e  p a r t s  a d  
f o r  evidence of t h e  c o l l e c t i o n  of water i n  any compartment conta in ing 
l i v e  p a r t s .  If  d r a i n  holes a r e  provided, cons idera t ion  i s  t o  be given 
t o  t h e i r  preventing t h e  water l e v e l  from reachicg  uninsulated l i v e  
p a r t s .  
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FIGURE 31.1 
EXPOSURE TO WATER SPRAY-TEST SPRAY-HEAD PIPING 
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March, 1984 
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FIGURE 31.2 
EXPOSURE TO WATER SPRAY-TEST SPRAY HEAD 
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a - Xloldcd nylon Spray Heads are availahlc 

from Underwriters Laboratories Inc. ' 

32 .  Bccelera ted  Aging of Gaskets and S e a l s  

32 .1  Y a t e r i a l s  used f o r  g a s k e t s ,  s e a l s ,  and t h e  l i k e  (except  fo r  
co rk ,  f i be rous  m a t e r i a l  and s i m i l a r  p roduc t s )  s h a l l  have t h e  ~ h y s i c a l  
p r o p e r t i e s  a s  s p e c i f i e d  i2  Table 32.1,  and s h a l l  comply wi th  r h e  
phys i ca l  7 rope r ty  r e q u i r e m e n ~ s  of Table 32 .2 .  The m a t e r i a l  s h a l l  no t  
de fo rn ,  melt, 3r haraeri sc s degree which uould a f f e c r  i t s  s e a l i n g  
? r o p e r r i e s .  
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Min. T e n s i l e  
a 

S t r e n g t h  - 

A .  For S i l i c o n e  Rubber: 
500 p s i  (3 .45 ?lPa) 

TABLE 32 .1  
Phys ica l  Proper ty  Requirements 

March, 1984 

C 
Ain. Ult imate  Compressive Se t  , 

a 
Elongat ion - ?faximum Set  

0 .  For Other Elastnmers: 

1500 pib (10 .3  HPn) 300% 
b 

C .  For  Nonelastomers (exc iudinq  co rk ,  f i b e r  and s i m i l a r  m a t e r i a l s ) :  
1500 p s i  (10 .3  1Pn) 200% 15% 

a 
T e n s i l e  s t r e n g t h  and u l t i m a t e  e longa t ion  a r e  t o  be determined us ing  
Die C specimens desc r ibed  i n  t h e  Standard T e s t  Methods f o r  Rubber 
P r o p e r t i e s  i n  Tens'ion, 4STX D 412-1975 o r  Type I specimens 
desc r ibed  i n  t h e  Standard Tes t  Yethod f o r  T e n s i l e  P r o p e r t i e s  of 
P l a s t i c s  .ASm D 638-1977. 

A s  an a l t e r n a t e ,  an u l t i m a t e  e longa t ion  of 200% iS  accep rab le  
p rov id ing  t h a t  t h e  t e n s i l e  s e rengrh  1s a t  l e a s t  2,200 psi ( 1 5 . 1  
HPa) . 

C 
Compressive set is  t o  b e  determined 30 minuees a f t e r  spectrnen 
r e l e a s e  u s i n g  the Srandard 'rest tor KubLt?~ Property-Compressian Ser: 
ASTM, D 395, ?lethod 9 .  
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Temperature 
on ? a t e r i a l  

9ur  i n g  
Temperature 

T e s t  

TABLE 32.2 

Condit ioning Procedure 

6 0 ' ~  (140'7) Oxygen bomb, 96 h r s .  a t  7 0 ' ~  
o r  l e s s  ( 1 5 8 ' ~ )  and 300 PSI (2.07 XPa) 

gauge 

61-i5'C Oxygen bomb, 168 h r s  . a t  8 0 ' ~  
(142-167'~)  (176'F) and 300 PSI (2.07 MPa) 

gauge; and a i r  bomb, 20 h r s .  a t  
1 2 7 ' ~  ( 2 6 0 ' ~ )  and 80 PSI 
(551 KPa) gauge 

76-90°C A i r  c i r c u l a t i n g  canvec t ion  oven, 
(169-194'~)  168 h r s .  a t  1 2 1 ' ~  (250°E) 

91 -105 '~  A i r  c i r c u l a t i n g  convect ion oven, 
(196-221'~)  168 h r s .  a t  136 '~ .  ( 2 7 7 ' ~ )  

Minimum Percent  Maximum Change 
of  t h e  Resu l t  (Duro) from 

w i t h  Unaged Unconditioned 

Specimens ~a luea 
T e n s i l e  U?t imate 
S t r eng th  Elongat ion  

Above 1 0 5 ' ~  20 degrees C ,  (36 degrees  F ) ,  10 
( 2 2 1 ' ~ )  g r e a t e r  t han  use  tempera ture  i n  

c i r c u l a t i n g  convect ion oven, 
168 h r s .  exposure 

a 
Determined by t h e  Standard !lethod f o r  Rubber P rope r ty  Durometer 
Hardness, BS??.I D-2240. 

33. Temperature Cycl ing 

33 .1  A module o r  pane l  s h a l l  be sub jec t ed  t o  200 c y c l e s  of temperature 
change a s  desc r ibed  i n  paragraphs 33..2-33.5; and 

A .  The t e s t  s h a l l  no t  r e s u l t  i n :  

1. Loss of c i r c u i t  c o n t i n u i t y .  
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2. A c c e s s i b i l i t y  of p a r t s  t h a t  may involve a r i s k  of 
e l e c t r i c  shock, such as  might be caused by delamination o r  
sepa ra t ion  of ma te r i a l s  . 

3 .  A reduction i n  t h e  r e s i s t a n c e  between p a r t s  involving a 
r i s k  of e l e c t r i c  shock and an access ib le  p a r t  such t h a t  t h e  
module o r  panel  would not  comply wi th  t h e  Leakage Current 
Requirements, Sect ion  21. 

4. Reduction in th ickness  of a nonmetal l ic  wiring, compart- 
ment wa l l  below acceptable  va lues .  

5 .  Reduetien in volumo of a nonmetallic wiring rnrnpar tment  
below acceptable va'lves, o r  

6 .  Creat ion  of a gap g r e a t e r  than 1/16 inch (1.6 mm) o r  an 
inc rease  of 1/16 inch (1 .6  mm) o r  more i n  an e x i s t i n g  opening 
between nonmetallic wir ing  compartment wal ls  and t h e  cover, 
and 

B .  The module o r  panel  s h a l l  comply with:  

1.. The d i e l e c t r i c  volcage withstand t e s t .  i n  Sect ion  26, 
immediately following t h e  l a s t .  excursion t o  90'C and a l s o  a t  
room temperature. 

33.2 Three samples of a module. o r  panel a r e  t6 be placed in a 
c i r c u l a t i n g  a i r  chamber, t h e  temperature of which can be va r i ed  and 
c o n t r o l l e d .  Leads a r e  t o  be. connected t o  t h e  t e rmina l s ,  and frame where 
neeessary, of t h c  samples, te al low t o r  a c.rjnr;.i.illnnrls 1.ndividual deLuc- 
t i o n  of l o s s  of c i r c u i t  c o n t i n u i t y ;  and loss  of r e s i s t a n c e  between t h e  
e l e c t r i c a l  c i r c u i t  and a c c e s s i b l e  metal .  

33.3 The samples a r e  t o  be mounted i n  a t e s t  frame t h a t  s imulates 
t h e  support  r i g i d i t y  and d i f f e r e n t i a l  thermal expansion l i k e l y  t o  occur 
i n  s e r v i c e  between t h e  product and i t s  support s t r u c t u r e .  

33.4 Each t e s t  is t o  c o n s i s t  of a t r a n s i t i o n  i n  t e s t  chamber 
temperature from 2 5 ' ~  t o  -40°C, a dwell a t  - 4 0 ' ~  f o r  30 minutes o r  u n t i l  
t h e  module o r  panel a t e a i n s  a remperature w i t l l i f i  2 ' ~  of t h e  chamber 
ccmperaLuro, w l r i ~ l i ~ ~ c ~  is I n n ~ e r ,  but  i n  no G ~ E O  longer than 1 hour, 6 5  
minutes, a t r a n s i t i o n  in  t e s t  chamber temperature from - 4 0 ' ~  t o  ~ c ' c ,  a 
dwell a t  9 0 ' ~  f o r  30 minutes o r  u n t i l  t h e  module o r  panel a t t a i n s  a 
temperature wi th in  2OC of t h e  chamber temperat;re, whichever i s  longer,  
but  i n  no case  longer than 1 hour, 45 minutes, and a t r a n s i t i o n  i n  t e s t  
chamber temperature from 9 0 ' ~  t o  2 5 ' ~ .  The t o t a l  cycle  timc i s  not  ro 
exceed 6 hours.  Where t h e  2 5 ' ~  temperature i s  t h e  s t a r t  o r  end of the  
200 cyc les ,  eny nominal rooa temperazzre i n  t h e  range of  1 5 - 3 5 ' ~  nab- be 
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used. For a l l  t r a n s i t i o n s ,  t h e  instantaneous r a t e  of temperature change 
of t h e  t e ~ t ~ c h a m b e r  with r e spec t  t o  t ime s h a l l  be no g r e a t e r  than 
120°c/hour. See Figure 33.1. 

33.5 The dew point  of t h e  chamber a i r  i s  t o  be between 9 and lsOc, 
except t h a t  when the  chamber a i r  temperature is below t h i s  value t h e  dew 
po in t  is  t o  be t h e  chamber temperature.  

FIGURE 33.1  

THERMAL CYCLE TEST 

b-.~aximum Cycle Time 

I 
* 

I - Test Chamber 
90 - 

(Representative 
0A Temperature Lag) - 
2 . Continued for. 

+ Dwell Time 1.75 h max, I 
0.5 h min I 

Time (h) 
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34. I A module o r  panel s h a l l  be subjec ted  t o  10 cycles of humidity-. 
f r e e z i n g  a s  descr ibed i n  paragraphs 34.2-34.b; and 

A .  The t e s t  shal.1 not r e s u l t  in: 

1. Loss of c i r c u i t  con t inu i ty .  

2. A c c e s s i b i l i t y  of p a r t s  t h a t  may involve a r i s k  of 
e l e c t r i c  shock, such as  n igh t  be caused by delaminarion o r  
s e p a r a t i o n  of  material^. 

3 .  h reduct ion  in the  r e s i s t a n c e  berween a pa r t  involving a 
risk of e l e c r r i c  shock and an access ib le  p a r t  such t h a t  t h e  
module o r  panel would not comply wi th  the  Leakage Current 
Requirements, Seccion 21. 

4 .  Corrosion of metal p a r r s .  

5 .  Reduction i n  th ickness  of  a nonmetal l ic  wiring cornpart-, 
ment wa l l  below acceptable va lues .  

6 .  Reduction i n  volume of a nonmetal l ic  wiring compartment 
below acceptable  va lues ,  o r  

7 .  Creat ion  of a gap g r e a t e r  than 1 / 1 6  inch (1.6 mm) o r  an 
i nc rease  of 1/16 inch (1.6 mm) o r  more i n  an e x i s t i n g  opening 
between nonmetal l ic  wiring compartment wal ls  and t h e  cover, 

B .  The module o r  panel s h a l l  comply wlth:  

1. The d i e l e c t r i c  vol tage  withstand t e s t  i n  Section 2 6 .  

3L .  2 Three samples of '  a module o r  panel a r e  t o  be placed i n  a 
chamber, t h e  humidity and temperature of which cm be var ied  arlrf 
con t ro l l ed .  Lcadc aro t o  be c o n n e c t ~ d  t n  r h ~  terminals.  and frame where, 
necessary,  of t h e  samples, t o  allow f o r  a continuous individual  
de tec t ion  of l o s s  of c i r c u i t  c o n t i n u i t y ;  and loss  of r e s i s t a n c e  between 
t h e  e l e c t r i c a l  c i r c u i t  and access ib le  metal.  

34.3 The samples a r e  . to be mounted i n  a t e s t  frame t h a t  s imulates 
t h e  support  r i g i d i t y  and d i f f e r e n t i a l  thermal expansion l i k e l y  t o  occur 
i n  s e r v i c e  between the producm and i t s  support s t r u c t u r e .  

3A. 4 The t e s c  apparatus 2nd arrmgement of samples is  t o  be such 
t h e t  dripp'ing of condecsats on 3 sample i s  p r o ~ m r e d .  T ~ r n i c a t i o n s  a r e  
t o  b s  a f f ~ r d e d  t h e  l e ~ s r  i e g r s s  of ? r o ~ e c z i o n  ~ q a i n s c  condensarion of . - .  s a t e r  as =hey L - O Z L ~  c e  ic sny izcozdec2 i c s ~ a l l a s i o n  of cho praduct .  
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34.5 Each cycle  is  t o  cons i s t  of a t r a n s i t i o n  i n  t e s t  chamber 
temperature from 2 5 ' ~  t o  8 5 ' ~ ~  a dwell a t  8 5 ' ~  f o r  20 hours minimum, a 
t r a n s i t i o n  from 85OC t o  - 4 0 ' ~ ~  a dwell a t  -40°C fo r  30 minutes minimum, 
and a t r a n s i t i o n  from - 4 0 ' ~  t o  25'C. When t h e  temperature ~ S ' O ' C  o r  
above, t h e  temperature t r a n s i t i o n s  of t h e  t e s t  chamber with respect  t o  
time a r e  not  t o  be g r e a t e r  than 120 '~/hour .  When t h e  temperature is 
l e s s  than O'C, t h e  temperature t r a n s i t i o n s  of t h e  t e s t  chamber with 
respect  t o  time a r e  not t o  be g r e a t e r  than 200 '~/hour .  The t o t a l  t i m e  
f o r  t h e  t r a n s i t i o n s  &d the  -40°C dwell together  s h a l l  not exceed 4 
hours. Where t h e  2 5 ' ~  temperature is t h e  s t a r t  o r  end of t h e  10 cyc les ,  
any nominal room temperature i n  .the range 15-30'~ may be used. Tota l  
cycle time is  not t o  exceed 24 hours. See Figure 34.1.  

34.6 The humidity of t h e  chamber a i r  when t h e  chamber a i r  tempera- 
t u r e  is  8 5 ' ~  i s  t o  be 85% R . H .  During a l l  temperature t r a n s i t i o n s  che 

. chamber a i r  is t o  be i s o l a t e d  from t h e  ou t s ide  a i r  (no make-up a i r )  t o  
allow condensing water vapor t o  f reeze  i n  t h e  module o r  panel .  

FIGURE 34.1 

HUMIDITY-FREEZING CYCLE TEST 

/ I  
J J 

120QC/h Maximum 

C 

L 

$ 0"'- 
200°C/h Maximu 

Q) + - Test Chamber 

- - - Module Response 
(Representative Temperature Lag) 

-40 - 
0.5 h Minimum 

k-20 h ~ i n i m u r n - 4 + 4  h ~ a x i m u m 4  

Tlme (h) 
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35. Corrosive Atmosphere 

S a l t  Spray Test  

35.1  One complete.sample of the  module o r  specimen samples of 
mate r ia l s  r epresen ta t ive  of tha t .  used in the  module a r e  t o  be subjected 
t o  t h i s  t e s t .  

Exception: Modules constructed .of mater ia ls  such as  polymerics, s t a i n -  
l e s s  s t e e l ,  o r  aluminum which a re  inherent ly  r e s i s t a n t  t o  atmospheric 
corros ion need not be t e s t ed .  

35.2' The apparatus f o r  s a l t  spray t e s t i n g  cons i s t s  of a chamber 
~ i t h  inside mea3urcman~c of 118 by 30 by 46 inches (1.22 by 0 . 7 6  by 8.91 
meter) o r  l a rge r  i f  required;  a sa l t  so lu t ion  reservoir; a supply of 
conditioned compressed a i r ;  one dispers ion tower constructed i n  
accordance with ASTM designation B117-1973, f o r  producing a s a l t  fog; 
specimen suppor ts ;  provision f o r  heating the  chamber; and necessary 
means of con t ro l .  

35.3 The d i spers ion  tower f o r  producing t he  s a l t .  spray is t o  be 
located i n  t h e  cen te r  of the  chamber and is  t o  be supplied wi th  humi- 
d i f i e d  a i r  a t  a gauge pressure  of 1 7  t o  19 pounds per square inch (117 
t o  131 k i lopasca l s )  so  t h a t  t he  so lu t i on  is  asp i ra ted  as a f i n e  m i s t  o r  
fog i n t o  t h e  i n t e r i o r -  of the  chamber. 

35.4 The s a l t  so lu t ion  is t o  consist- of 5 percent by weight of 
common s a l t  (sodium chlor ide)  in d i s t i l l e d  water. The pH value of t he  
co l l ec ted  so lu t i on  i s  t o  be between 6.5 and 7 . 2  and have a s p e c i f i c  
g r av i t y  between 1.026 and 1 .0 t0  a t  YS h' (35 C j .  The remperuture uL the 
chamber is t o  be maintained within t h e  range of 32 ca 9 7  F ( 3 3  C LU 

36 C)throughout t h e  t e s t .  

35.5 The t e s t  sample is  t o  be supported on p l a s t i c  racks a t  an 
angle of  15 degrees from the  v e r t i c a l .  

35.6 Drops of so lu t ion  which accumulate on the  c e i l i n g  or. cover of 
t h e  chamber a r e  t o  be diver ted  from dropping on the  specimen and drops 
of so lu t ion  which f a l l  from the  specimens a r e  not t o  be rec i rcu la ted ,  
but a r e  t o  be removed by a d ra in  located i n  t he  bottom of the  apparatus.  

35.7 Reference specimens, 4 by 12 inches ( I 0 2  Ly 30: UIU) of camme?- 
c i a 1  z inc  coated sheet  s t e e l  a r e  used fo r  comparison. The specimens a r e  
se lec ted  t o  be represen ta t ive  of t he  minimum acceptable amount of z inc  
coat ing under requirements f o r  C90 o r  G60 coating designaxion (as  
appl icable ,  see Section 13) as derermined by t e s t  using ASTX Elethod 
490-72, " ~ e s t  f o r  the  Weight of Coating on Zinc Coated Iron o r  S t ee l  
4 r r i c ? e s M .  Such z inc  coacings are  cansidered as providing acceptable 
,-.--,- -,--cs ion ?ra ieczion.  
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35.8 The z inc  coated re fe rence  specimens a r e  cleaned wi th  soap and 
water ,  r insed  with e t h y l  a lcohol  and e t h y l  e t h e r ,  dr ied .  and t h e  cu t  
edges protec ted  with p a i n t ,  wax o r  o t h e r  e f f e c t i v e  medium before  being 
placed in the  s a l t  spray chamber. 

35.9- Both the  reference  specimen and t h e  samples under t e s t  a r e  t o .  
be sc r ibed  with a s i n g l e  groove, approximately 6 inches (152 mm) long t o  
expose t h e  underlying s t e e l .  

35.10 The t e s t  i s  t o  continue u n t i l  t h e  coa t ing  on t h e  t e s t  samples 
o r  reference  samples a r e  broken.down and corros ion products  a r e  formed 
on t h e  underlying s t e e l .  

35.11 The corrosion products  formed on t h e  t e s t  sample s h a l l  be no 
more than t h a t  formed on t h e  reference  sample as determined by v i s u a l  
observat ion .  Corrosion in t h e  sc r ibed  l i n e  a r e a  is judged by t h e  spread 
of corros ion from t h e  sc r ibed  l i n e .  

Yoist Carbon Dioxide/Sulphur Dioxide: 

35.12 One complete sample of t h e  module o r  specimen'samples of 
macerials  r ep resen ta t ive  of t h a t  used i n  t h e  module a r e  t o  be subjec ted  
t o  t h i s  t e s t .  

Exception: Modules cons t ructed  of ma te r i a l s  such as  polymerics, s t a i n -  
l e s s  s t e e l  o r  aluminum which a r e  inheren t ly  r e s i s t a n t  t o  atmospheric 
corros ion need not be t e s t e d .  

35.13 A chamber measuring 48 by 30 by 36 inches (1.22 by 0.76 by 
0 .91 meter) o r  l a rge r  i f  requi red ,  having a water jacket  and thermo- 
s t a t i c a l l y  con t ro l l ed  hea te r  i n  order  t o  maintain a temperature of 95 k 
3 F (35 + 1 . 7  C )  is t o  be used. 

35.14 Sulphilr dioxide and carbon dioxide  a r e  t o  be suppl ied  zo t h e  
t e s t  chamber from commercial cy l inders  conta in ing t h e s e  gases under 
pressure .  An amount of sulphur d ioxide  equivalent  t o  1 percent  of t h e  
volume of t h e  t e s t  chamber and an equal volume of carbon dioxide  a r e  t o  
be introduced i n t o  t h e  chamber each day. P r i o r  t o  in t roducing the  new 
charge of  gas each day, t h e  remaining gas from t h e  previous day is  t o  be, 
purged from the  chamber. A small  amount of water is maintained a t  t h e  
bottom of t h e  chamber f o r  humidity. The samples a r e  t o  be supported on 
p l a s t i c  racks a t  an angle of 25 d q r e e s  from the v e r t i c a l .  

35.15 Reference specimens 4 by 12 inches (102 by 305 mm) of commer- 
c i a l  z inc  coated sheet  s t e e l  a r e  used f o r  comparison. The specimens a r e  
s e l e c t e d  t o  be representaz ive  of t h e  minimum acceptable  amount of z i n c  
coat ing  under requirements f o r  G90 o r  G60 coa t ing  des ignat ion  (as 
app l i cab le ,  see  Seczion ,IS) as determined by r e s t s  using ASPI Method 
A9G-73. Such zinc cos t ings  s r e  cszs idered  as 2roviCing acceptable  
corros ion ~ r o t e c c i c n .  
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35'. 16 The z i n c  coated specimens a r e  cleaned with soap and water, 
r i n s e d  with e t h y l  alcohol and e t h y l  e t h e r ,  d r l e d ,  and t h e  cut  edges 
p ro tec ted  with p a i n t ,  wax o r  o the r  e f f e c t i v e  media before being placed 
in t h e  chamber. 

35.17 Both t h e  reference  specimen and sec t ions  of t h e  module being 
t e s t e d  a r e  t o  be sc r ibed  with a s i n g l e  groove, approximately 6 inches 
(152 am) long t o  expose t h e  underlying s t e e l .  

35.18 The t e s t  is t o  con t inue .un t i1  t h e  coat ing on t h e  module or .  
r e fe rence  specimen is broken down and corros ion products a r e  formed on 
t h e  underlying s t  ee 1. 

35.19 The corrosion products formed on t h e  t e s t  sample s h a l l  be no 
more than t h a t  formed on t h e  reference  sample as  determined by v i s u a l  
observat ion.  Corrosion in t h e  sc r ibed  l i n e  a r e a  i s  t o  be judged by t h e  
spread of corros ion from t h e  scr ibed l i n e s .  

36. Meta l l ic  Coating Thickness 

36.1  The method of determining t h e  th ickness  of a z inc  o r  cadmium 
coa t ing  mentioned i n  paragraphs 13.1  and 13.2 i s  described i n  paragraphs 
36.1-36.9. 

36.2 The s o l u t i o n  t o  be used f o r  t h e  m e t a l l i c  coat ing thickness 
t e s t  i s  t o  be made from d i s t i l l e d  water and i s  t o  conta in  200 grams per 
l i t e r  of reagent  (of b e t t e r )  grade chromium. t r i o x i d e  (CrO ) and 50. grams- 

3 
per  l i t e r  of reagent  (o r  b e t t e r )  grade concentrated sulphur ic  ac id  
(H2S04). (The l a t t e r  is  equivalent  t o  27 m i l l i l i t e r s  per  l i t e r  of 

reagent  grade concentrated su lphur ic  ac id ,  s p e c i f i c  g rav i ty  1.84,  
conta in ing 96 percent  of H SO .) 2 4 

36.3 The t e s t  so lu t ion  is  t o  be. contained in  a g lass  vesse l  such as 
a separa tory  funnel with t h e  o u t l e t  equipped with. a stopcock and i; 
c a p i l l a r y  tube  of approximately 0.025 inch ( 0 : 6 4  mm) inside- bore 'and 3 .5  
inches (150 am) long. The lower end of t h e  c a p i l l a r y  tube i s " t o  be 
tapered t o  form a t i p ,  t h e  drops from which a r e  abour 0.05 r n i l l i l i ~ e r  
each. To preserve  an e f f e c t i v e l y  constant  l e v e l ,  a small g lass  tube is 
. inser ted  i.i~ elie cop of t h e  funnel tllrough a rubber stopper and i t s  
p o s i t i o n  is t o  be adjusted so  t h a t ,  when t h e  stopcock i s  open, t h e  r a t e  
of dropping is  100f5 drops per minute. I f  des i red ,  an add i t iona l  
stopcock may be used i n  place of t h e  g l a s s  tube t o  control  the rate of 
dropping. 

* 
3 6 . 4  The sample alid tlie t e s t  s o l u t i o n  a r e  t o  be lccpt i n  t h e  t e s t  
room l , o ~ g  enough t c  a c q l ~ i r e  t h e  temperature of t h e  room, which should be 
ncted and recorded.  Th.2 t e s t  i s  t o  be conducted a t  a room temperature 
cf 7 9 . 0 - 9 0 - . ~ ~ F  ( 2 1 . 2 - 3 3 . 0 ' ~ : .  

1 3 .  . . . - 3 0 . 5  ~ 2 c . r ~  ~ . = - ~ ~ e  - .  IS r o  j e  s h c r ~ c g n i v  - ieanec be fo re  res-ing. A 1 1  
g reese ,  lac;-isr, ,zizt, c r  o r h o r  n z n ~ e r a l l i c  cze r ings ,  i n c l ? ~ d i n g  skin 

. . 
2 ~ -  -.-.2'75 =.f ~ci;,:e:t~. Szmp~as  .-:% ::is! are  t o  be rs3aved con?i2zsl>- ' 
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then t o  be thoroughly r insed  i n  water and d r i e d  with c lean  cheeseclo th .  

36.6 The sample t o  be t e s t e d  is t o  be supported from 0.7  t o  1 inch 
(17 t o  25 mm) below t h e  o r i f i c e .  The su r face  t o  be t e s t e d  s h a l l  be 
inc l ined  a t  approximately 45 degrees from t h e  hor izon ta l  so  t h a t  t h e  
drops of s o l u t i o n  s t r i k e  t h e  point  t o  be t e s t e d  and run o f f  quickly .  

36.7 The stopcock is t o  be opened and . the time in seconds i s  t o  be 
measured u n t i l  t h e  dropping s o l u t i o n  d i s so lves  t h e  p r o t e c t i v e  metal 
coa t ing ,  exposing t h e  base metal .  The end po in t  is t h e  f i r s t  appearance 
of  t h e  base metal recognizab'le by the  change i n  c o l o r  a t  t h a t  p o i n t .  

36.8 Each sample of a t e s t  l o t  is. t o  be subjec ted  t o  t h e  t e s t  a t  
t h r e e  o r  more p o i n t s ,  excluding c u t ,  s t e n c i l e d ,  and threaded s u r f a c e s ,  
on t h e  ins ide  su r face  and a t  an equal number of po in t s  on t h e  o u t s i d e  
s u r f a c e ,  a t  p laces  where t h e  metal coat ing  may be expected t o  'be t h e  
t h i n n e s t .  (On enclosures made from precoated s h e e t s ,  t h e  e x t e r n a l  
corners t h a t  a r e  subjec ted  t o  t h e  g r e a t e s t  deformation a r e  l i k e l y  t o  
have t h i n  coa t ings . )  

36.9 To c a l c u l a t e  t h e  th ickness  of t h e  coat ing  being t e s t e d ,  s e l e c t  
from Table 36.1 t h e  th ickness  f a c t o r  appropr ia te  f o r  t h e  temperature a t  
which t h e  t e s t  was conducted and mul t ip ly  by t h e  time i n  seconds 
requi red  t'o expose base metal a s  noted in paragraph 36.7. 

TABLE 36.1 
COATING TiICKNESS FACTORS 

Thickness Factors  0.00001 Inches 

Temperature. 
(0.00025 mm) per  second 

Cadmium Zinc 
OF oc - P 1 a t  ings P 1 a t  ings 
7 0 21.1 1.331 0.980 
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37. Hot-Spot Endurance 

General 

37 .1  Representa t ive  c e l l s  of a module o r  panel s h a l l  be subjec ted  
t o  s imulated reve r se  vo l t age  hot -spot  heat ing  condi t ions  f o r  a t o t a l  of 
100 hours,  i n t e r m i t t e n t l y ,  a s  described i n  paragraphs 37.2'-37.29. The 
t e s t  s h a l l  no t  r e s u l t  i n :  

A .  t h e  a c c e s s i b i l i t y  of p a r t s  invodving a  r i s k  of e l e c t r i c  shock. 

B .  melt ing of s o l d e r ,  o r  

. a i y  other i n d i c a t i o n  of a risk ~f f i r e  nr elect r ic  shock. 

37'. 2 The reverse  voltage hat -spot  hea t ing  cvrlditioll spec i f i ed  in 
paragraph 37 .1  occurs when a  module is opera t ing  a t  cu r ren t  l eve l s  t h a t  
exceed the  reduced s h o r t - c i r c u i t  cu r ren t  c a p a b i l i t y  of an individual  
c e l l  o r  group of c e l l s  i n  an a r r a y  c i r c u i t .  This reduced s h o r t - c i r c u i t  
c u r r e n t  c a p a b i l i t y  can be t h e  r e s u l t  of a  v a r i e t y  of causes including 
non-uniform i l lumina t ion  of t h e  module ( l o c a l  shadowing), indiv idual  
c e l l  degradation due t o  cracking,  o r  loss  of a  por t ion  of a  
s e r i e s - p a r a l l e l  c i r c u i t  due t o  individual  in terconnect  open c i r c u i t s .  A 
module can opera te  a t  cu r ren t  l e v e l s  exceeding i t s  reduced s h o r t - c i r c u i t  
c u r r e n t  c a p a b i l i r y  dur ing  uncontro l led  o r  d e l i b e r a t e  f a u l t  condi t ions  
such a s  a s h o r t  c i r c u i t  d e l i b e r a t e l y  placed on t h e  module f o r  se rv ic ing  
o r  t o  otherwise d i s a b l e  t h e  a r ray .  During.a r eve r se  vol tage  hot-spot  
hea t ing  condi t ion  power is d i s s i p a t e d  i n  t h e  over-current  c e l ? ( s )  a t  a  
l e v e l  equal t o  t h e  product of t h e  cu r ren t  and t h e  r eve r se  voltage t h a t  
develops across  rhe cell(s). This can hear t h e  c e l l ( s )  t o  e levated  
temperatures.  

37.3 The procedure for .  conducting t h i s  t e s t  includes a series of 
s t e p s :  , I , )  s e l e c t  and connect power sources and instruments t o  
appropr ia te  c e l l s  f o r  c e s t i n g ,  2) determine t h e  hot -spot  t e s t  l e v e l s ,  - 

. and 3) conduct t h e  hot-spot '  endurance t e s t .  

C e l l  Se lec t ion  and Instrumentat ion 

3 7 . 4  The degree of hot-.spot heat ing  wi th in  an a f f e c t e d  c e l l  is 
dependent upull, iii p a r t ,  t h e  revcfsc-voltage ~ u r . ~ u r i r - v t : t l r s ~ ~ .  (T -V )  
c h a r a c t e r i s t i c s  of t h e  a f f e c t e d  c e l l ( s ) .  The reverse-voltage I-V 
c h a r a c t e r i s t i c s  may vary considerably from c e l l - t o - c e l l  wi th in  a  given 
module. Accordingly, t h e  range of t h e  dark reverse-vol tage  I - V  curves 
f o r  a  r ep resen ta t ive  sample of celPs ( a t  l e a s t  10) wi th in  t h e  t e s t  
module a re  co be deterrzined i n  accordance with paragraphs 37.5-37.12. 
This  can be done by e i t h e r  d i r e c t l y  accessing ind iv idua l  c e l l s  ( incru-  
s: ~ v e  - rne~hodj,  o r  3y a shadowing cechnique (non- in t rns iue  mechod) i f  t h e  

module i s  a s i n p i e  s e r i e s  s i r i n g  of c e l l s .  The in t rus ive -nox i s r rus ive  
op t ion  r e l c t z s  co c e l l  s e l e c t i o n  on ly .  c e l l s  sukjectei co hcr-spot  . . eneurs-ic-e s 3 , z l l  3e iza;vidu2ll-? accesses .  
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37.5 The dark reverse  voltage current-voltage (I-VJ curves f o r  a t  
l e a s t  10 c e l l s  within t he  module(s) o r  panel a r e  t o  be determined f o r  
reverse voltages from 0 t o  V o r  currents  from 0 t o  I '  whichever l i m i t  L L  ' 
i s  reached f i r s t ,  where: 

- IL - iSC (shor t  c i r c u i t  current)  of an average c e l l  a t  

100 m ~ j c m ~ ,  NOCT. 

VL = N x V of an average c e l l  a t  100 mW/cm2, NOCT. 
mP 

(Vmp is t he  average maximum power vo l tage . )  

N = Number of s e r i e s  c e l l s  per bypass diode as e. i ther (1) an 
i n t eg ra l  p a r t . o f  the  module o r  panel ,  o r  ( 2 )  as  is 
described fo r  use with t he  module o r  panel i n  marking 
a f f ixed  t o  the  module o r  panel; whichever is  l e s s .  (See 
paragraph 41.7. ) 

Exception: Where no bypass diode information is provided, v~ 
s h a l l  be equal t o  t he  system d i r e c t  voltage r a t i ng .  

INTRUS IVE IHETHOD 

37.6 For the  determination of c e l l  I - V  c h a r a c t e r i s t i c s ,  paragraph 
37.5, by the  i n t ru s ive  method, each c e l l  t e s t e d  is t o  be provided with 
individual  pos i t ive  and negative e l e c t r i c a l  leads ,  t o  allow it t o  be. 
accessed independently of o ther  c e l l s .  

37.7 The reverse voltage 1.-V curves from the.  r es ted  ce .11~  a r e  to be 
p lo t t ed .  The c e l l s  a r e  t o  be i den t i f i ed  as Type A (voltage l imired) o r  
Type B (current  l imi ted) .  (A kraph s imi la r  t o  Figure 37.1 should be 
obtained. ) 

NONINTHUSIVE METHOD 

37.8 The nonintrusive method may be used t o  determine c e l l  I-V 
cha rac t e r i s t i c s  only i f  the  module cons i s t s  of a  s i ng l e  s e r i e s  s t r i n g  of 
c e l l s  without bypass diodes.  This method cons i s t s  of uniformly i l lumin- 
a t i ng  a l l  but one of t he  c e l l s ,  while passing a known current  ( l e s s  than 
t he  i l luminated shor t  c i r c u i t  cur ren t )  through the  module. This r e s u l t s  
i n  reverse b ias ing t he  shadowed c e l l ,  while t he  remaining i l luminated 
c e l l s  a re  i n  t h e i r  normal forward b iased ' cond i t ion .  

37.9 For example a t  zhe pa r t i cu l a r  known cur r sn t  l eve l  example, A 
- in  Figure 37.2,  the  output vclrage a t  the  module terminals (V ) under 

0 

 he condirion of one c e l l  shakowed w i l l  be t he  zornal  output voltage of 
' rhe  ooduie r i c h  a l l  c e l l s  i l l ~ n i n a t e d  ( V  ) ,  l e s s  she v o i ~ a g e  of one am 
c e l l  (Ye>, less rhe  reverse t :o lzag~ of rhe shsdcxed c e l l  (Vy), t5ar  i s :  

u - 



Subject  1703 March, 1984 

The module normal output  vol tage  and vol tage  of one c e l l ,  both a t  a  
p a r t i c u l a r  c u r r e n t  l e v e l  a r e  f ixed.  The reve r se  vol tage  of a  c e l l  a t  a  
p a r t i c u l a r  c u r r e n t  l e v e l  is v a r i a b l e ,  c e l l - t o - c e l l ,  being higher f o r  
h igher  shunt r e s i s t a n c e s .  Thus, shadowing of t h e  h ighes t  shunt r e s i s -  
t ance  c e l l  w i l l  r e s u l t  i n  lowest module output  vol tage ,  and shadowing of 
t h e  lowest shunt  r e s i s t a n c e  c e l l  w i l l  r e s u l t  i n  the  h ighes t  module 
voltage.. 

37.10 To determine t h e  r e l a t i v e  c e l l  I - V  c h a r a c t e r i s t i c s  by t h e  non- 
i n t r u s i v e  method, t h e  module i s  t o  be connected t o  a  va r i ab le  r e s i s t o r  
s o  t h a t  t h e  output  c u r r e n t  may be maintained a t  a f ixed  l eve l  under con- 
d i t i o n s  of shadowing any one c e l l  (same currene regardless  of wl i i c l l  c e l l  
is sklariowcd). Tkc rnodulo i e  60 bc~  i l l u m i ~ i a t e d  ~ i n r l p r  R .smir;..R which can 
i l l umina te  a l l  c e i l s  a t  a repeatable  and uniform i n t e n s i t y .  The module 
temperature is  t o  be.monitored and is  t o  remain constant .  Normally 
t h e s e  condi t ions  can be achieved by outdoor t e s t i n g  under s u n l i g h t .  

37 .11  With t h e  module so connected and i l luminated ,  each c e l l  i n  
t u r n  is t o  be shadowed, t h e  r e s i s t o r  is  t o  be adjus ted  t o  maintain t h e  
c u r r e n t  a t  t h e  p rese lec ted  f ixed  valiie., and rhe ouipur v.oltage of t h e  
module measured. That c e l l  t h a t  is shadowed when t h e  output  vol tage  is 
maximum is  t h e  c e l l  with minimum shunt r e s i s t a c e ,  m d   hat c e l l  
shadowed when t h e  output  vgltage is minimum is  t h e  c e l l  with m & ~ i m u m  
shunt  r e s i s t a n c e .  . Intermediate s h u n t . r e s i s t a n c e  c e l l s  w i l l  have 
in termedia te  module vol tage  ou tpu t s .  

37.12 This  method i s  r e l a t i v e  only ,  and i n  t h e  manner p r e s e i ~ t e d  does 
not  provide a  numerical value of any of the  r e s i s t a n c e s .  The c e l l s  of a  
module may be a l l  vo l t age  l imi ted  (high shunt  r e s i s t a n c e ,  Type A ) ,  a l l  
c u r r e n t  l lmi ted  (low shunt r e s i s t a n r e ,  Type. 31, o r  a comblnaciuri ui 
both.  In genera l ,  t h e  c e l l s  associa ted  with the  h ighes t  hot-spot  
hea t ing  l e v e l s  a r e  those  with t h e  h ighes t  shunt r e s i s t a n c e ,  although low 
shunt  r e s l s t a c e  nlay be  associated wlLll lligllly l u ~ a l i z t d  heating. 

3 7 . 1 3  Three non-adjacent individual  c e l l s  with'iri t h e  r e s t  module o r  
panel  a r e  t o  be s e l e c t e d :  one rep resen ta t ive  of t h e  h ighes t  shunt 
r e s i s t a n c e  obta ined,  one rep resen ta t ive  of t h e  average, and one repre-  
s e n t a t i v e  of t h e  lowest .  Each c e l l  t o  be tested i s  t o  be provided u i t h  
ind iv idua l  p o s i t i v e  and negat ive  e l e c t r i c a l  leads t o  allow the  c e l l s  t o  
be connected i n d i v i d u a l l y  and d i r e c t l y  t o  s e p a r a t e  power s u p p l i e s .  
P a r a l l e l  cu r ren t  pa ths  around t h e  c e l l s  t o  be t e s t e d  are  rn he el.i.mi.- 
na ted  by d i s r u p t i n g  c e l l - t o - c e l l  connections as necessary.  The lead 
a t tac 'ment  should minimize d i s r u p t i o n  of t h e  heat  t r a n s f e r  c h a r a c t e r i s -  
t i c s  of t h e  c e l l  o r  t h e  hot-spot  endurance of che encapsularlt system. 

Se lec t ion  of Hot-Spot Tes t  Level 

3 7 .  ?LC The ob jec t ive  of this ?or t ion  of che t e s s  ~ r c c e d u r e  i s  t o  
se iecz  the  i evs?  of heacing a ~ d  t h e  c o r r e s ~ o n d i n g  sesz  condizion sLat . . -  w i l l  s t r e s s  ~ h e  ncdnle sr ?aze! in E nanxzr s la l :a r  r5 5 severe ksr -s?ot  



Subject  1703 153 March, 1984 

f i e l d  condi t ion .  The s e v e r i t y  of t h e  f i e l d  condit ion w i l l  depend on the  
a r r a y  c i r c u i t  conf igura t ion ,  t h e  a r r a y  I-V opera t ing  p o i n t ,  t h e  ambient 
thermal cond i t ions ,  t h e  o v e r a l l  i r r a d i a n c e  l e v e l ,  and t h e . p r e v i o u s l y  
descr ibed c h a r a c t e r i s t i c s  of t h e  a f f e c t e d  c e l l s .  When a  module is 
incorporated i n t o  a  photovol ta ic  source c i r c u i t ,  t h e  maximum reverse  
vol tage  imposed on an individual  c e l l  can approach the  system vol tage  
unless  bypass diodes a r e  proper ly  used. V is s e c t 0  y i e l d  the  maximum L 
reverse  vol tage  t h a t  can be appl ied  across  a  s i n g l e  c e l l  when t h e  module 
is  appl ied  i n  a  c i r c u i t  with t h e  minimum number of bypass diodes a s  
s p e c i f i e d  by i ts  marking. 

37.15 ~ h e r m o c o u ~ l e s '  a r e  t o  be a f f i x e d  t o  t h e  c e l l  i n s u l a t i o n  system. 
See paragraphs 19.11 and 19.12. 

37.16 In  t h e  paragraphs below t h e  d e t a i l e d  l eve l s  a r e  
s e p a r a t e l y  s p e c i f i e d  f o r  Type A and Type B c e l l s .  

FIGURE 37.1 
TYPICAL REVERSE-VOLTAGE I-V PLOT FOR SAKPLE OF CELLS 

CURRENT 

VOLTAGE 
"? 



Subject  1703 154 

- - -  

March, 1984 

Type A Cells  (High Shunt Resistance) 

37.17 The governing parameters concerning reverse  voltage heating 
a r e  (1) the  maximum c e l l  reverse vol tage  (V ) ,  (2) t he  c e l l  i r r ad iance  L 
l e v e l ,  and ( 3 )  the  ambient thermal environment. 

37.18 V is  t o  be s e t  equal t o  N times t he  V of an individual  
L mP 

c e l l ,  where N is t he  number of s e r i e s  c e l l s  per spec i f i ed  o r  i n t eg r a l  
bypass diode. 

3 7 .  i9 The i r r a d i m c e  leve l  d i r e c t l y  controls  ~ h e  hot-spot current  
level, nod r h p r p f n r e  the power l eve l .  As i l l u s ~ r a t e d  i n  Figure 37 .3 ,  
t he r e  is  a  unlque i r rad iance  l eve l  ~ h a c  corresponds ca worst-case powcr 
d i s s i pa t i on  fo r  any p a r t i c u l a r  Type A photovoltaic c e l l .  The ~ r r a a l a n c e .  
l cve l  on t h e  t e s r  cell i s  t o  be arfji1ste.d t o  achieve t h i s  worst case 
power dissipation with a current  I 

TEST 
equal to rhe maximum puwer 

currenc of t he  c e l l  a t  100 mw/cmz, NOCT. 

37.20 The t e s t .  i s  t o  be conducted i n  an ambient a i r  temperature of 
2 0 5 ' ~  and with a  rad ian t  heating source t h a t  w i l l  r e s u l t  in a uniform 
background module c e l l  temperature equal t o  NOCT + ~ O C .  

Type B Cel ls  (Low Shunt Resistance) 

37.21 The c e l l  shunt res i s t ance  of a  Type B c e l l  is so  low t h a t  t he  
maximum reverse  voltage is  s e t  by rhe I - R  drop across the  c e l l .  
Worst-case heat ing occurs when the  t e s t  c e l l  i s  t o t a l l y  shadowed, and 
t he  current  l eve l  is  a t  a  maximum. Accordingly, t he  i r rad iance  i s  t o  be 
not  more than 5 mW/cm2, chis i eve l  dllows fo r  roam l i gh t i ng  and an IR 
heat ing source,  and ehe current  ( I  ) is LU Le equai t o  t h e  s h o r t - c i ~ c u i t  L 
cur ren t  of an average c e l l  a t  100 m ~ / c m ~ ,  NOCT. 

3 7 . 2 2  The t e s t  is to .  be conducted i n  an ambient ' a i r  temperature of 
2 0 s ' ~  with s radiant  hearing source t h a t  w i l l  r e s u l t  i n  a  uniform 
background module c e l l  temperature equal t o  NOCT k 2 O C .  

Test  Execution 

37.23 The th ree  selected,  t e s t  c e l l s  a r e  to be subjected t o  cyc l i c  
hot-spot heat ing a t  t he  levels  determined above f o r  a  period of 100 
hours t o t a l  on-time as spec i f i ed  in.paragraphs 37.24-37.28. - 

2- 

37 .24  A constant  voltage power supply ( fo r  Type A c e l l s )  and a  
constant  current  power supply ( for  Type  B cel1,s) i s  t o  be comected t o  
the  c e l l  under t e s t ,  with po l a r i t y  arranged t o  d r ive  the  c e l l s  with 
reverse  volsage.  T'2e volrage i s  t o  be adjusted t o  V and then the  L 
currenr i s  t o  3e adjcs ted  rc I, ( f o r  3---,e A c e l l s )  o r  I, ( f o r  Type 5 

i2ST L 
q -  - c e l l s ) .  Ses ~ a r a g r c p h s  3 7 . 1 3 :  2 i . 1 9 ,  snd 3 7 . 2 1 .  
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37.25 .An infra-red radiant heating source with a visible light 
contribution below 5 mw/cmz is to be applied to the module or panel and 
adjusted.to result in a uniform module cell temperature equal to NOCT 
+ 2 ' ~ .  The ambient air is to be still and at a temperature of 20~'~. 

37 .26  For Type A cells only, an additional light source is to be 
used to illuminate each test cell to the level determined in paragraph 
3 i . 1 9  (Figure 3 7 . 3 ) .  This is most easily accomplished after the power 
supply and IR source are turned on by adjusting the irradiance level to 
achieve the I 

TEST 
current after equilibrium test conditions. stabilize. 

37.27 
energ 
cells 

The power supply, IR source, and irradiance source are to.be 
,ized for one hour followed by an off-period sufficient to allow the 
under test to cool to within ~O'C of the ambient temperature. 

3 7 . 2 8  The operation is to be repeared until a total of 100 hours of 
on-time have been accumulated. 

FIGURE 3 7 . 2  
?lODULE AND CELL CHARACTERISTICS - SHADOWED CELLS 

Alternates - Characteristic5 
of shadowed cell 

", 1 
Increasing shunt resistance " 7-  I .. ' . . vr: ---*- . 8 ' .  . . . 

I Module 

./' Module less one cell 

\ A .  
\ 

I 
I 

-- v - -&-7m-l---b- I 
I .  

v 
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FIGURE 37.3 
EFFECT OF TEST-CELL ILLUMINATION LEVEL ON HOT-SPOT 

POWER DISSIPATION 

HIGH IRRADIANCE 

3 7 . 2 9  The t e s t  c e l l s  and t h e  ad j acen t  a r e a s  of t h e  encapsu la t ion  
s y s t e ~ l l  a r e  t o  be v i s u a l l y  inspected az 24 hour i n t e r v a l s  dur ing  rhe. t e s t  
wh i l e  t he  c e l l s ' a r e  under impressed vo l t age  conditions and a i s o  upon 
completion cf ~ h e  100-hour secuence.  
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38. Arcing 

38.1 I f  t h e  point  of cu r ren t  ( a t  r a t e d  opera t ing  vol tage)  and. 
vol tage  t h a t  can appear across  a  c e l l  o r  in terconnect  f r a c t u r e  is  i n  t h e  
',ARC TEST' zone i n  Figure 38.1,  t h e  module o r  panel  s h a l l  comply with 
t h e  provisions of paragraphs 38.2-38.10: In  determining t h e  vol tage ,  
t h e  value is t o  be t h e  maximum t h a t  can be achieved consider ing  t h e  
s p e c i f i e d  use of bypass d iodes ,  i . e .  - V a s  defined i n  paragraph 37.5. L 
Also s e e  paragraph 41.7. 

38.2 Under condi t ions  of simulated c e l l  o r  i n t e r c o m e k t  f r a c t u r e ,  
t h e r e  s h a l l  be no i g n i t i o n  of the  module o r  panel .  

38.3 Simi lar  modules o r  panels under t e s t  a r e  t o  be connected i n  
s e r i e s  t o  achieve an open-c i rcu i t  vol tage  across the  f r a c t u r e  equal t o  
t h a t  which is  present  i n  t h e  normal use of t h e  modules o r  pane .1~ with 
t h e  s p e c i f i e d  bypass diodes.  A l l  t h e  modules and panels  a r e  t o  be 
i r r a d i a t e d  a t  80 mw/cm2 minimum a t  2 0 ~ - 3 0 * ~ .  

Method B 

38.4 A s i n g l e  module o r  panel is  t o  be used with a sepa ra te  power 
supply as  described i n  paragraph 38.6 connected i n  s e r i e s  t o  provide t h e  
remainder of t h e  source.  The module o r  panel under t e s t  i s  t o  be 
i r r a d i a t e d  a t  80 rn~lcm' minimum a t  2 0 ~ - 3 0 ~ C .  

Method C 

38.5 A s i n g l e  module o r  panel is  t o  be used t o  provide t h e  marer ia l  
f o r  t h e  i g n i t i o n  at tempt.  However, a l l  power i n  t h e  a r c  is t o  be 
provided by an ex te rna l  power supply as  described i n  paragraph 38.6 
connected i n  s e r i e s  with only pass ive  por t ions  of t h e  module's c i r c u i t .  
C e l . 3 ~  a r e  t o  be jumpered i f  necessary t o  involve s p e c i f i c  por t ions  of 
the  module o r  i n s u l a t i o n  system. 

38.6 In  reference  t o  paragraphs 38.4 and 38.5 ,  t h e  power supply is 
t o  be a constant  vol tage  supply with a s e r i e s  connected cur ren t  l i m i t i n g  
r e s i s t o r .  The parameters of t h e  t o t a l  system a r e  as fol lows:  

Open-Circuit Voltage - Adjusted t o  t h a t  which is  present  across  t h e  
f r a c t u r e  i n  t h e  normal use of t h e  modules o r  panels  with t h e  spec i -  
f i e d  bypass diodes.  

Short C i r c u i t  Current - Not l e s s  than 80 percent  nor more than t h e  
r a ~ e c  module o r  panei s h o r t - c i r c u i t  c u r r e n t ,  when t h e  cu r ren t  
l i m i t i n g  r e s i s t o r  is  adjussec  s c  cha t  xhe vclcag~ ac rass  t h e  nodnle 
o r  p m e i  under t e s t  i s  zero .  
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Methods A and B 

38.7 A l l  bypass d iodes ,  e i t h e r  included with t h e  module o r  panel o r  
descr ibed i n  t h e  markings s h a l l  be included i n  the  t e s t  c i r c u i t .  

A l l  Methods 

38.8 The system load is  t o  be a s h o r t  c i r c u i t .  

38.9 Any connect ion(s)  wi th in  t h e  module. o r  panel may be broken 
( f r a c t u r e d ) .  The breaks a r e  zo be chosen t o  achieve a worst case  kondi- 
r i o n  of'rnaximum open c i r c u i t  vol tage  and/or maxi.mum s h o r t  c i r c u i t  
current a t  one of t h e  chosen. break p o i n t s .  

Exception: Any e l e c t r i c a l  csnnecrion made wieh wire of c i r c u l a r  croEs 
s e c t  ion  o r  f l e x i b l e  braided const ruct ion  t h a t  i s  mechanically secured t o  
its connection po in t s  is  nor to be 1 3 r ~ k e ~ ~ .  D~&ii:ltJ fir s t rmdcd  wiro 
s h a l l  not have any process pe;formed on i r  which reduces i t s  f l e x i -  
b i l i t y .  Solder  coatiiig of a por t ion  of the  w i r s  a t  t he  conmct ion  
p o i n t s  is acceptable .  

- 
38.10 An a r c  is t o  be drawn across t h e  breaks ,  t h e  a r c  is t o  be 
ac ross  t h a t  material of che module o r  panel with which it might conxact 
i n  t h e  use of che module o r  panel .  The a rc ing  s h a l l  be continued f o r  15 
minutes a t  each loca t ion  t e s t e d .  
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FIGURE 38.1 CURRENTS AND VOLTAGES FOR ARC TEST 
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39. Mechanical Loading 

39.1 Modules and panels and any mounting hardware furnished 
therewith s h a l l  withstand, without evidence of s t ruc tura l  or mechanical 
f a i l u r e ,  t he  loading specified i n  Figure 39.1. Where loads a re  t o  be 
applied t o  t h e  front  and rear  surfaces,  they are  t o  be applied 
simultaneously. The design load s h a l l  be 30 psf (146.5 Kgs/mZ) downward 
(posi t ive)  o r  upward (negative); o r  a t  the  option of the organization 
responsible for  the  product a specif ied greater  load. Modules which are  
intended t o  be ins t a l l ed  such tha t  they form a par t  of a building wall 
of roof s t ruc ture  and serve as primary members of tha t  s t ructure,  sha l l  
h a m  A maximum deflect ion of L!240 when subjected t o  1.5 times the 
design Load. (L = the clear  span lengrh af the  deflccced mombez.) 

39.2 For detorminotion of compliance with paragraph 33.1 by test, 
the  t e s t  loads s h a l l  be applied as shown in Figure 39.1 for  a period of 
30 minutes. Alternatively,  compliance with paragraph 39.1 may be 
determined by engineering analysis. Downward and upward loads sha l l  not 
be applied simultaneously. 

39.3 A l l  glazing materials s h a l l  be of such strength as to 
withstand the  loads specified in paragraph 39.1. 
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40. D e t a i l s  

March, 1984 

40.1  The e l e c t r i c a l  r a t i n g  of a  module o r  panel s h a l l  include t h e  
vo l t age ,  c u r r e n t ,  and power r a t i n g s  s p e c i f i e d  in Table 40.1. 

TABLE 4 0 . 1  

ELECTRICAL RATINGS 
Vb l t a g e  Current Power 

Open c i r c u i t  vo l t age  Short c i r c u i t  cu r ren t  Maximum power a t  NOCT - 
Operating. vo l t age  Current a t  r a t e d  

operating vo l t age  
Xaximum system vo l t age  

41. Details 

$1.1 A module o r  panel s h a l l  have a p l a i n ,  i e g i b l e ,  pernanent 
marking t h a t  inc ludes :  ( 1 ) - t h e  manufacturer 's  name, trademark. o r  o t h e r  
d e s c r i p t i v e  marking by which t h e  o rgan iza t ion  responsib le  f o r  t h e  pro- 
duct  can be i d e n t i f i e d ;  ( 2 )  t h e  model number o r  t h e  equivalent ;  ( 3 )  t h e  
e l e c t r i c a l  r a t i n g ;  and (4)  t h e  d a t e  or other d a t i n g  per iod  of manufac- 
t u r e  not  exceeding any t h r e e  consecutive months. Items (1) and ( 2 )  of 
t h e  marking s h a l l  be located  so  t h a t  they w i l l  be r e a d i l y  v i s i b l e  a f t e r  
rhe  module o r  panel has been i n s t a l l e d  as  inrended. 

Exception No. 1:  The mmufac tu re r ' s  i d e n t i f i c a t i u r ~  [nay be i n  a 
t r aceab le  code i f  t h e  producr is  i d e n t i f i e d  by t h e  brutd  o r  tradomnrk 
owned by a p r i v a t e  l a b e l e r .  

Exception No. 2 :  The da te  of manufacture may be abbreviated;  o r  may be 
i n  a  n a t i o n a l l y  accepted conventional code o r  i n  a  code affirmed by t h e  
manufacturer,  provlded chat  the  cude: 

A .  Does not  r epea t  i n  l e s s  than 10 yea r s .  

B .  Does not  r equ i re  reference  t o  t h e  production records of t h e  
manufacturer to.  determirle when the product was mtianufaccur~d. 

4 1 . 2  I f  a module o r  panel is  manufactured a t  more than one f a c t o r y ,  
it s h a l l  have e marking ind ica r ing  its point  of manufacture. 
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41.3' The output power wiring terminals ,  l eads ,  connectors ,  o r  o the r  
connection means of a module o r  panel s h a l l  be i d e n t i f i e d  by a permanent 
marking: 

and 

41.4 I f ,  during t h e  temperature t e s t ,  t h e  temperature on a f i e l d -  
i n s t a l l e d  lead  o r  on any p a r t  of  t h e  wir ing  compartment t h a t  the  lead 
might contac t  is more than 6 0 ' ' ~  ( 1 4 0 ~ ~ ) ~  t h e  module o r  panel s h a l l  be 
marked with one of t h e  statements indica ted  i n  items (a )  o r  (b)  below o r  
t h e  equivalent .  The marking s h a l l  be located  a t  o r  near the  points  
where f i e l d  connections w i l l  be made, and located  so  t h a t  it w i l i  be 
r e a d i l y  v i s i b l e  during i n s t a l l a t i o n .  

( a )  "For f i e l d  connections, use No. AWG wires insu la ted  f o r  
a minimum of ~ S O C " ,  

(b) "For f i e l d  connections, use No. AKG wires insu la ted  f o r  
a minimum of 90°c". 

41.5 If t h e  pressure  wire connectors of a module o r  panel a r e  not  
acceptable  f o r  use with aluminum wi re ,  o r  i f  t h e  module o r  panel 
manufacturer intends rhe  use of only copper wire ,  the  module o r  panel 
s h a l l  be marked, a t  o r  adjacent  t o  t h e  t e rmina l s ,  with t h e  statement 
I t  Use copper wire only", "CU onlyt1 o r  the  equ iva len t .  This marking may 
be combined with t h a t  required by paragraph 41.4.  

41.6 I f  t h e  pressure  wire connectors of a module o r  panel a r e  
acceptable  f o r  accommodating both copper and aluminum wire and i f  the  
manufacturer intends such use,  t h e  module o r  panel s h a l l  be marked 
(independent of any marking of t h e  te rminal )  with the  statement "use 
aluminum o r  copper wire", "AL-CU", o r  t h e  equivalent:  This marking may 
be combined with t h a t  required by paragraph 41.4. 

41.7 A module o r  panel s h a l l  be marked ( a )  r e l a c i v e  t o  the minimum 
acceptable  diode bypassing, o r  (b )  t o  make re fe rence  t o  manufacturer ' s .  
l i t e r a t u r e  where information on diode bypassing can be found. If opt ion  
(b)  is chosen, t h e  manufacturer s h a l l  provide t h i s  l i t e r a t u r e  with the  
modules o r  panels .  

Exception: Harking and/or l i t e r a t u r e  need not  be provided i f  t h e  system 
d i r e c t  vo l t age  rac ing is  equal t o  t h e  l i m i t  vo l tage  ( V  ) used f o r  t h e  L 
Hct ,Spct  Eildurance Test and che vol tage  used f o r  the  Arcing Tes t .  See 
paragrzphs 3 7 . 5  and 38.1  re spec t ive ly .  

. . 
&l. E 4 no+dl~, o r  penei s + i l  be marked re:si;i-r co  r h e  mexirr~rn 
e l e d r r i c a l  r a r i x g  of 2 2  a c c e ~ ~ e b l e  s e r i e s  fuse [ f o r  ? r s t e c t i o n  a g s i n s t  
bzckfeed).  

, 
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41.9 4 module o r  panel s h a l l  be marked r e l a t i v e  t o  i t s  f i r e  r e s i s -  
t ance  r a t i n g  as a roof covering.  A module o r  panel s h a l l  be marked " ~ o t  
F i r e  ~ a t e d " ,  unless  it complies with t h e  requirements f o r  f i r e  r a t i n g .  
I f  a module o r  panel is f i r e  r a t e d  and i f  i ts  use is so  intended b y , t h e  
manufacturer ,  it s h a l l  be  marked accordingly,  f o r  example - "?lodules 
mounted f r e e  s tanding 6 inches above a Class B roof c o n s t i t u t e  a Class C 
roof I f .  

41.10 A module provided as  a p a r t  of a p a n e l . s h a l 1  be provided wi th  
a l l  of t h e  markings which would be requi red  f o r  i t s  exis tence  as  a 
s e p a r a t e  e n t i t y .  

41.11 A te rminal  of a module o r  panel ( f o r  example, a wire-binding 
screw, a pressure  wire ~ o l m e c t o r ,  o r  a nut-on-stud) intended t o  accommo- 
d a t e  an equipment grounding conductor s h a l l  be i d e n t i f i e d  by being 
marked " G " ,  "GR", ".GRoLPJD", "G~IOUNDING", o r  t h e  l i k e ,  o r  s h a l l  have a 
green-colored p a r t .  No other terminal  s h a l l  be so i d e n t i f i e d .  

41.. 12 If a marking is used t o  i d e n t i f y  an equipment grounding 
t e rmina l ,  it s h a l l  be located  on o r  adjacent  t o  the  t e rmina l ,  o r  on a 
wi r ing  diagram a f f i x e d  t o  t h e  module o r  panel near  t h e  t e rmina l .  

41.13 I f  a green-colored p a r t  i s  used t o  i d e n t i f y  t h e  equipment 
grounding t e rmina l ,  it s h a l l  be r e a d i l y  v i s i b l e  during and a f t e r  
i n s t a l l a t i o n  of t h e  equipment grounding conductor and t h e  por t ion  of t h e  
te rminal  t h a t  is green s h a l l  not  be r e a d i l y  removable from the. remainder 
Of che te rminal .  

41.14 Tne su r face  of a lead of a module o r  panel intended f o r  t h e  
c o w e c r i o n  of a11 equipment grounding conductor s h a l l  be i d e n t i f i e d  by 
i n s u l a t i o n  colored  green,  o r  green with yellow s t r l p e c s ) .  No ocher lead 
s h a l l  be so  i d e n t i f i e d .  

41.15 A module o r  panel found 'acceptable f o r  s t r u c t u r a l  loads 
g r e a t e r  than che minimum, see  paragraph 39.1,  may be marked with t h e  
design load.  

42.  I n s t a l l a t i o n  and Assembly I n s t r u c t  ions 

L2.1 I n s t a l l a t  ion  i n s t r u c t  iovs shall be provided descr ib ing t h e  
method of e l e c t r i c a l  and mechanical i n s t a l l a t i o n  and the  e l e c t r i c a l  
r a t i n g s  of t h e  module o r  panel .  D e t a i l  on t h e  acceptable mounting 
s t r u c t u r e ,  spacings ,  e t c .  s h a l l  be included f o r  any module o r  panel 
provided wi th  a f i r e  r a t i n g  i f  t h e  f i r e  r a t i n g  i s  a funct ion  of t h e s e  
parameters.  

42 .2  The i n s t a l l a t i o n  i n s t r a c t i o n s  s h a l l  include a s tateme2t 
. - ,  . a d v i s i n g  rhac a r i l : ; c > ~ l i > -  ccncentrszed sunlighc s h a l i  not b e  d i r ~ c t a d  

on t h e  ncduie o r  z a n e l .  
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42.3  Assembly i n s t r u c t i o n s  s h a l l  be provided with a product shipped 
i n  subassemblies, and s h a l l  be d e t a i l e d  and adequate t o  t h e  degree 
requi red  t o  f a c i l i t a t e  t o t a l  assembly of t h e  product .  

PRODUCTION LINE TESTS 

43. Factory  electric Voltage withstand Tes t  

43 .1  Each module o r  panel s h a l l  withstand f o r  one minute without 
e l e c t r i c a l  breakdown as  a rou t ine  production l i n e  t e s t ,  t h e  a p p l i c a t i o n  
of a t e s t  p o t e n t i a l  between p a r t s  involving a r i s k  of e l e c c r i c  shock and 
access ib le  metal p a r t s .  The t e s t  period may be reduced t o  one second i f  
t h e  p o t e n t i a l  shown below i s  increased t o  120 percent  of t h e  value 
described.  

43.2 'The t e s t  p o t e n t i a l  i s  t o  be 2 V + 1,000 v dc .  "v" i s  t h e  
r a t e d  maximum acceptable  system d i r e c t  vol tage .  

Exception: I f  the  module o r  panel system vol tage  r a t i n g  is  30 v o l t s  o r  
l e s s ,  t h e  t e s t  p o t e n t i a l  i s  t o  be 500 v o l t s .  

43.3 The t e s t  equipment is t o  include a means of i n d i c a t i n g  t h e  
t e s t  vol tage  t h a t  is  being appl ied  t o  t h e  product under t e s t .  This may 
be accomplished by sensing t h e  vol tage  a t  t h e  t e s t  leads o r  by an 
equivalent  means. The t e s t  equipment is a l s o  t o  include a means of 
e f f e c t i v e l y  i n d i c a t i n g  unacceptable performance. The i n d i c a t i o n  is t o  
be (1) audible  i f  it can be r e a d i l y  heard above t h e  background no i se  
l e v e l ;  ( 2 )  v i s u a l ,  i f  it commands t h e  a t t e n t i o n  of t h e  opera to r ;  o r  (3)  
a device t h a t  automatical ly r e j e c t s  an unacceptable product .  I f  t h e  
ind ica t ion  of unacceptable performance is  audible o r  v i s u a l ,  t h e  
i n d i c a t i o n  is  t o  remain a c t i v e  and conspicuous u n t i l  t h e  t e s t  equipment 
is  manually r e s e t .  

43.4 The t e s t  p o t e n t i a l  mentioned i n  paragraph 43.2 may be. obtained 
from any convenient source having a capaci ty  of a t  l e a s t  500 VA.  

Exception: The capaci ty  may be lower i f  t h e  means of indicari-ng the  
vol tage  i s  located  i n  t h e  output  c i r c u i t  - t o  maintain t h e  p o t e n t i a l  
ind ica ted  i n  paragraph 43.2 except i n  case  of breakdown. The vol tage  of 
t h e  source is t o  be continuously ad jus tab le .  

43.5 The t e s t  equipment is  t o  i n d i c a t e  unacceptable performance 
w i t h i n  0 .5  second i f  t h e  leakage cur ren t  a t  t h e  t e s t  volt,age exceeds 50 
microamperes. 

L 3 . 6  The t e s t  i s  zo be conducted when the  module i s  complete and 
rasdy f o r  packing, o r  when it i s  complete except f o r  covers o r  o t h e r  
~ e r t s  chat may i n t e r f e r e  wizh t h e  performacce of t h e  zesz .  
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44. Continuity of Grounding Connection 

4 4 . 1  Each module o r  panel provided with a connection f o r  grounding 
a c c e s s i b l e  conductive p a r t s  s h a l l  be subjec ted  t o  a  rou t ine  production 
l i n e  t e s t  t o  demonstrate e l e c t r i c a l  con t inu i ty  between t h e  grounding 
connection and a l l  access ib le  conductive p a r t s .  

44.2 Any appropr ia t e  i n d i c a t i n g  device ,  ohmmeter, low vol tage  
b a t t e r y  and buzzer combination o r  t h e  l i k e  may be. employed f o r  the  t&st 
descr ibed i n  paragraph 44.1 .  
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GENERAL 

1. scope 

1.1 These requirements cover permanently connected power 
conditioning units which change dc electric power from 
residential photovoltaic arrays to ac electric power intended for 
use in parallel with a single phase electric utility (utility 
interactive). The power conditioning units covered by this 
standard are rated up to 600 volt dc, input; 10 kilowatt, 
600 volt, ac or less, single phase output and are intended to be 
installed in accordance with the National Electrical Code. 
Additional requirements may be needed for: (I) power conditioning 
units which are intended to be used with energy storage systems 
and (2) power conditioning systems not intended to be connected 
to the electric utility. 

2. Glossary 

2.1 For the purposes of this standard, the following definitions 
apply 

2.2 ELECTRIC SHOCK - A part that involves a risk of electric. 
shock is a part at which: 

A. The potential between the part and ground, or any 
other simultaneously accessible part, exceeds 

1. 30 volt rms ( 4 2 , 4  volt peak), or 

2. 60 volt dc, or 

3. 24-8 volt dc interrupted at a rate of 
10-200 hertz, and, 

the current through a 1500 ohm noninductive resistance 
exceeds 5 milliamperes, or at which 

Be the potential between the part and ground, or any 
other simultaneously accessible part, exceeds: 

1. 42.4 volt peak but is not more than. 
450 volt peak, and the capacitance between 
the parts exceeds 0.l.F; or 

2. 450 volt peak but is not more than 
15 kilovolt peak, and the product of 
capactance in microfarads times the potential 
in volts exceeds 45A. 



2.3 ENCLOSURE -. That portion of a power conditio.ning un i t  t h a t  
(1) renders  a l l  o r  any p a r t  that may otherwise present a r i s k  o f  
electric shock. o r  injw ta persons inaccessible, o r  (2) prevents 
propogatiol+. of flame, sparks. and molten m e t a l  initiated by 
e l  e c t r f  eal distuzbances. occurring within,. 

2 . 4  FIELD..-WIRING TEXMIXAL - Any terminal t o  which a supply, 
load, o r  o.ther wire. is intended t o  b e  connected by an i n s t a l l e r .  

2.5 LNE PARTS. - Denotes m e t a l c  o r  otfier conductive. par ts  w i t h &  
the u n i t  that, in normal use,. have a. potential .  difference with 
respect to. earth ground or. any otlhex. conductive. part.. 

2.6 LOW-VOLTAGE, LIMITED-ENERGY CIRCIJXT' - A circuit involving a 
po ten t ia l  of not more than 30 vol ts  nns - 42.4 volt peak fo r  
nonsinusafdal waveforms - and supplied by a (1) primary bat tery,  
(2) standard Class 2 txansfonner, o r  (3 )  combination of a 
tfansformer and a fixed impedance that as a wit, complies w i t h  
a l l  the performance requirements f o r  a Class 2 transformer. 

2-7 SAPETY CIRCUIT -- A n y  primary o r  secondary c i r c u i t  t ha t  is.' 
r e l i e d  upen. ts-reduee risk of f i r e r  e%ec.tric shock, o r  in jury t o  
persons, An in ter lock circuit,. f o r  example, i s  to. be considered. a 
safety cizcuit;, 

2.8 SECONDARY CIRCUIT - A secondary, c i r c u i t  is' a circuit '  
s u ~ p l i e d  from. a secondary- winding o f  an i so l a t i ng  transformer- 

3.-. . Components. 

3.1 A component used as a p a r t  of a power conditioning un i t  
covered by this standard shahl comply with the standard o r  other 
requirements f o r  that component and s h a l l  be used in  accordance 
with i ts  recognized raking and other limitations of use, A 
component need not comply with a spec i f i c  requirement that: 

A. Involves. a feature o r  charac te r i s t i c  not  needed. hi 
the  application of the component in fhe. product. covered 
by this standard,. er 

B. Is superseded by a requirement in this standard, 

4 .  Units of Measuxement 

4. b I f  a value f o r  measurement i s  fofbowed by a value i n  other 
uni t s  i n  parentheses, the  second value m y  be only approxisate. 
The f i r s t  stated value i s  the requirement. S I  units a r e  i n  
accordance with t h e  Aiieriean National Standard =or Netric 
Tractice, mSI/AST!4 E 3 8  0. 
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CONSTRUCTION 

5 .  General 

5.1 A power conditioning unit shall employ materials found by 
investigation to be acceptable for the use, and shall be made and 
finished with the degree of uniformity and grade of workmanship 
practicable in a well-equipped' factory. 

6. Frame and Enclosure 

General 

6.1 A power conditioning unit shall be provided with an 
enclosure that shall house all live or current-carrying parts. 
The enclosure shall protect the various parts of the power 
conditioning unit against mechanical damage from forces external 
to the overall power conditioning unit. The parts of the 
enclosure that are required to be in place to comply with the 
requirements for risk of fire, electric shock, injury to persons 
shall comply with the applicable enclosure requirements specified 
in this standard. 

6.2 The frame or chassis of a power conditioning unit shall not 
be relied upon to carry current during normal operation. 

Exception: As provided in the exception to paragraph 14.11. 

6.3 A part, such as a dial or nameplate that is, in effect, a 
part of the enclosure shall comply with the enclosure 
requirements. 

Access Covers 

6.4 An enclosure cover shall be hinged if it gives access to a 
fuse or other overload-protective deviser the functioning of 
which requires renewal, or if it is necessary to open the cover 
in connection with normal operation of the power conditioning 
unit. The cover shall not depend solely upon screws or other' 
similar means requiring the use of a tool to hold it closed, but 
shall be provided with a spring latch or catch, or a hand 
operable captive fastener. 
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Exception No. L: A cover is not required t o  be provided with a 
hinge i f  the only over1oad;protective devices enclosed are: 
(1) supplementary types i n  control  circuits., provided the  
protect ive device and the c i r c u i t  Loads are within the same 
anclosure, ( 2 )  supplementary types ra ted  2 amperes. o r  Less f o r  
loads n o t  exceeding 1 0 0  volt-amperes, 13) extractor  fuses  having 

integraL enclosure, o r  (4)  protective devices connected in a 
Low%Ltage:, limited-=ergy cijrcuit, 

Exception No. 2: A c o v e  is nok required t o  be provided w i t h  a 
hinge for an enclosure that contain no user-serviceable o r  
-operable p a r t s  and which is provided with- a marking in 
accordance with paragraph 5 0.5 .. 
6:.5 A door o r  cover  giving access t o  a fuse or thermal cutout 
s h a l l  (1) shut  c lose ly  against  a 1/4- inch (6  -4-mm) rabbet o r  the  
equivalent, ( 2 )  have turned flanges f o r  the f u l l  Length of four 
edges, o r  (3) have aagle  strips fastened to it. Flanges o r  angle 
s t r i p s  s h a l l  E i f  closely with the outside o f  the walls of the box 
pmper  and s h a l l  overlap the edges of the box no t  less than 
l /2 inch (12.7 mm). A s t r i p  used to provide a rabbet and an angle 
s t r i p  fastened t o  9 e  edges of a door s h a l l  be secured a t  not 
less than two p o h t s ,  not  mote. than 1-1/2 inches (38.1 mm) from 
eacb. end o f  each sttip and at. p o i n t s  ' between these end fastenings 
not. more than 6 inches (151 m m )  apart.. A construction t h a t  
affords equivalent protection o r  a combination of flange and 
rabbet is acceptable. See  Figures 6.1 and 6.2 .. 
Exception: See Exception No- 3 t o  paragraph 6 . 4 .  



FEGURE 6.1 
RABBET 

FIGURE- 6.2 
MEASUREMENT OF O V E R W  ---------- 

\ 
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Cast Metal 

6.6 The thickness of cast metal for an enclosure shall be as 
indicated in Table 6.1. 

Exception: Cast metal of lesser thickness may be employed if, 
upon investigation (consideration being given to the shape, size, 
arid function of the enclosure) , it is Eound to have adequate 
mechanical strength. 
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sheet Metal 

6.7 Unless inves t iga ted  and found acceptable f o r  the 
appl ica t ion ,  the thickness of a sheet-metal enclosure s h a l l  no t  
b e  less t h a w  that  spec i f ied  in Tables 6.2 and 6 . 3 ,  except that 
uncoated steel. s h a l l  n o t  be  less than 0  -032 inch ( 0 . 8 1  m) thick, 
zinc-coated steel shall not be less than 0 - 0 3 4  inch ( 0 . 8 6  mm) 
thick, and nonferrous m e t a l  shall  not  be less than 0 . 0 4 5  inch 
(L. 14 mm) thick a t  po in t s  a t  which a wiring system is to b e  
connected, U 

6.8 Tables 6.2 and 6-3, are ba,sed on a uniform deflection o f  the 
enc1osure surface f o r  any given load concentzated at the cen te r  . 
of the surface regardless  of metal thickness,  

6.9 With reference t o  Tables 6 . 2  and 6.3, a supporting frame is  
a s t r u c t u r e  of angle o r  channel o r  a folded r i g i d  sect ion of 
shee t  metal t h a t  is r i g i d l y  at tached t o  and has e s s e n t i a l l y  Me 
same outs ide  dimensions a s  the enclosure surface and t k a t  has the  
t o r s i o n a l  r i g i d i t y  t o  resist the bending moments t h a t  may be 
applied v i a  the  enclosure surface when it is deflected.  
Csnstruction t k a t  is  considered t o  have equivalent  re inforcing 
say  be accomplished by designs t h a t  w i l l  produce a s t ruc tu re  t h a t  
is as r i g i d  as  one b u i l t  with I franc of =cjles o r  channels. 
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TAELE 6.2 
THICKNESS OF SHEET METAL FOR 

ENCLOSURES, CARBON STEEL OR STAINLESS STEEL 
- 

With Supporting 
W~thout Support~ng Frame a Equivalent Minimum 

~ m n w ~  ~ e i n f o n i n ~ '  Thicknos, lnch (mm) 

Meximum Maximum Maximum Maximum 
width,b ~en0m.C width.b Length Uncoated  as^ coated 

I d u s  (em) Inchea (cm) lnchg (em) lncha (cml 

4.0 4 10.21 Not limited 6.25 ( 15.91 Not limited 0.020" (0.5 1 01023~ (038) 
A75 (1211  5.75 ( 14.6) 6.75 ( 17.1) 815 ( .21.0) 

6.0 ( 152, Not limited 9.5 ( 24.1) Not limitad 0.026' (0.66) 0.029~ (0.741 
7.0 1 17.8) 8.75 1 22.2) 10.0 ( 2541 12s ( 3181 

8.0 ( 20.3) Not limited 120 ( 3051 Not limited 0.032 (0.81) 0.034 (0.881 
9.0 ( 2291 11 5 ( 29.2) 13.0 ( 33.0) l a 0  ( 40.6) 

125 1 31.81 Not limited 19.5 1 49.51 Not limited 0.042 (1.07) 0.045 11.141 
14.0 ( 35.61 18.0 ( 45.71 n.o r u 3 1  25.0 ( 63.5) 

18.0 ( 46.7) Not limited 27.0 ( 68.6) Nor llmited 0.053 (136) 0.066 (1.42) 
20.0 ( 50.0) 250 ( 63.5) 29.0 ( 73.71 38.0 ( 91.4) 

220 ( a .9 )  Not limited 33.0 ( 8j.8) &t limited - 0.080 (1st) 0.083 (1.60) 
2S.O ( 6311 31.0 ( 78.7) 3S.O ( 8831 43.0 (10911 . . 

25.0 " ( 6351 Not limited 39.0 ( 99.1 1 Not limited 0.067 11.70) .0.070. ('1.78) 
29.0 ( 73.7) 36.0 ( 91.4) 41.0 (104.1) 51.0 (129.5) 

330 ( 83.8) Not limited 51.0 (129.5) Not limited 0.080 (2.031.' 0.084 (2131 
38.0 (103.4) 47.0 (118.4) 64.0 (1373) 66.0 (167.61 

4&0 !lOS.71 Nat limited 04.0 (162.61 hlar: l im i td  0.093 (2.36) . 0.097 . (2.46) 
47.0 (119.4) 59.0 (149.91 68.0 (172.71 84.0 (213.4) 

S t 0  (1321) Not limited 80.0 (203.2) Not limited . 0.108 (2.741 1 (282) 
60.0 (162.4) 74.0 1188.0) 84.0 1213.4) 103.0 1261.61 

830 (160.0) Not l im i td  97.0 (246.41 Not limited 0.123 (3.12) 0.126 (3201 
73.0 (18S.4) 90.0(228.61 103.0 (261.6) 127.0 (32261 

a ~ w r 9 m p i t ~  6..7 'and 6.8 ' F O ~  Oanels that am not su0Port.d along one slde; for axampla. 
side panels of boxes. the length of the unurooorted slde.shal1 be 
llmited to the dimenslonr spe~lfl+. 

%he wiwfdth &.the smaller dlmsnslon of a rectangular skaet metal . . 
plwe that is part ot an mclosure. Adjacent surfacas of an %heat stoat for an enclosure intended for outdoor urn shall not 
anclosure may have supports in common and be made of a single ba ~au than 0.034 incn (0.86 mm) thick If metal coated and not 
sM. less than 0.032 Inch (0.81 mm) thlck If uncoated. 
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TABLE 6 -3; 
THICKNESS OF SHEET METAL FOR 

ENCLOSURES. ALUMINUM. COPPER; OR' BRASS 

~ s u e p o r t i ~  Wi th  SupOortlng F n n n  or 
Cnmt ~ i ~ r  ~ . l n f t a c f ~ '  

- - Mlnlmurn 
Nluimum llkximum Murimurn Muinme Tkicknas 

-," -t= we," w, Inch 
I lehs lanl l r r k a  (cml lmha (em) Im*s (em) (mmt 

3.S 7 )  Narlimiad 7.0. (' 17.8) Not limit.$ 0JXzSu 
35 t: 83).  40' ( ' 1 0 a  ( 2?Sl 9 s  ( 24.11 (058) 

. . . . -. . . . . 

&@ f 1- Natlimitd 1U.U I ZS.4) Not limitd aazS 
so\ 1 . 1 2 7 )  ao. c. l S 2 l  10s  ( zan 1 ( 3431 (0114) 

- - 

(15f). Norlknind 14.U' ( m) Notlhidsd 0838 
as (16.s) ILO ( iaa ( a 1 1  1a.o ( a n  (091 

arr ( -1 Notlimitd 14a ( 4831 Motlimibd W4S 
ss (24.11 i ~ s ( 2 9 t b  a.a (a 2s.o ( w  (t.14) 

-- -- A 
( 3al NatIlmitae t 7 . 1  Not limibd aeSB 

i4u. t a s )  iao 1 as) 30.0 r 7- 31.0 r 94.0) (9.47) 

( -1. .Net limiard 60.0 (18241 Not 1tmh.d 0109s' 
240' ( 7Z7) 380- 1 91.d 64.0. (18281 78.0 1198.1). (241 ) 

3?.&. (. 944) Norlimibd 87.0 (227.0) Mot limidsd ~ P P  
420 (106i7): S3.0 (1346) 9 Z O  1238.1) 114.0 (289.BP ( Z l O l  

(1321) Not limitad 1Zlo (3124) W IimiW 
640 (152.4) 74.0 (188.01 130.0 1330.2J 160.0 (406A) 

*-.-o~Ms 6.7 and 6.8 =for w a s  mat are not moportad along one r1ct.r for 
a u m e  siae p.nds. ot box& me. ~ . n g t ~  of mu 
u ~ l ~ p o m d  ad... matt b. Ilmit.6 to. tno blmanslw 
Iprlnsa 

%a ~1(4t)l is th. sma~er amrmtan ot r rrt.npulrr 
snrt metal 9 1 ~ 0  mat is mrt ot an enctoarn. Adlacant %hwt SDDDII, brass; or htuminum tor m autasuro 
m r t a ~ l o f  m mulosun m w  tuvwarooortt In ewnmon Intendad for outdoor usa slw~l l  not b. l a r  tmn 0.029 
ma oa mad. of a stnuto r t m t .  inch (0.74 mm) thick. 
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6.10 With reference to paragraph 6.9-and Tables 6.2 and 6.3, a 
construction is not considered to have a supporting frame if it 
is: 

A. A single sheet with single formed flanges -- formed 
edges ; f 

B. A single sheet that is corrugated or ribbed; 

C. An enclosure formed or fabricated from sheet metal; 
or 

D. An enclosure surface loosely attached to a frame; 
for example, .by spring clips. 

Nonmetallic 

6.11 A polymeric enclosure or polymeric part of an enclosure 
shall comply with the requirements in the Standard for Polymeric 
Materials -- Use in Electrical Equipment Evaluations, UL 746C. 
6.12 A nonmetallic part, such as a reset knob, lever, or button 
protruding through a hole in the enclosure shall be made of a 
material classified as 94V-Of 94V-1, or 94V-2 in the Tests for 
Flammability of Plastic Materials for Parts in Devices and 
Appliances, UL 94, if the hole is not larger than 0.6 square 
inch (3.9 cm2). Nonmetallic parts protruding through a hole 
larger than 0.6 square inch shall be made of materials that 
comply with the requirement in paragraph 6.11. 

6.13 If an electrical instrument, such as a meter, forms part of 
the enclosure, the face or the back of the instrument housing, or 
bath together, shall comply with the requirements for an 
enclosure. 

Exception: A meter complying with the requirements in the 
Standard for Electrical Analog Instruments -- Panelboard Type, 
UL 1437. 
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Glass Covered Openings 

6-.LQ Glass, covering axr opening shall be secured $n place so that. 
it canno.% be readily displaced in serriee ,. and shall provide 
mechanical protection for the enclosed. parts, Gfass for an 
opening not more than 4 inches. (102 mm) in any dimensions. shall 
not be. less. than. 1/16 inch. (1-6 m) thick,. and glass for. a larger 
opening,. but. not. more. than 144 square. inches ( 929 cm2) in area. 
and having no dimension greater than 1% inches (.3 05. nun) , shall 
not be Less than 1/13 inch (3 -2. mm) thick- Glass used to. cover a 
Larger azea shaI.1. not be less than.. 1/8 inch thick and.:. 

A- Shall be of a nonshattering or tempered t=e that, 
when broken, complies with the Performance 
Specifications sod Methods of Test for Safety Glazing 
Material Used in Buildings, Z97.1-1945; or 

B- Shall withstand a 2--l/2 foot-pound (3 , 3 8  joules) 
impact from a 2 inch (SO -8 nust) diameter, 1-18 pound 
(535 grams) steef sphere without tacking or breaking 
to the extent t h a t  a piece is released OK dxopped from 
its- normal posf tion, 

6,LS If threads for the connection of conduit are: tapped all the 
way through a hole in an enclosure wall., or if an equivalent 
construction is employed, there shall not be less than three nor 
more than five thxeads in the metal, and the construction of the 
enelosure shall be such that a conduit bushing can be properly 
attached- 1 f threads for the eonnectien of conduit axe not tappeC 
abf the way through a hole in an enclosure wall, conduit huh, or 
the Like, there shall not be less than 3-l/2 threads in the metal 
an& there shall ba a smooth, rounded inlet hole for the 
conductors equivalent to that provided by a standard condiiit 
bushing and that shall have as internal diameter approximately 
the same as that of the corresponding trade size of rigid 
conduit, 

6-16 Clamps and fasteners for the attachment of conduit, 
electrical metallic tubing, armored cable, nonmetallic. flexible 
tubing, nonmetallic-sheathed cable, service cable, or the like, 
that are supplied as a part of an enclosure shall comply with the 
Standk-d for Outlet Boxes and Fittings, UE 514. 

6.17 A knockout in a sheet-metal enclosure shall be reliably 
secured but shall Se capable of being renoved without unzue 
6eformation of the enclosure. 
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FIGURE 6 . 3  
PROTECTIVE PAN 

FIGURE 6 . 4  
EXAMPLE OF ACCEPTABLE BAFFLE 

A The entire component under which a barrier (flat or dimhed with 
or witnout a l ip  or other raised edge) of noncombustible material b 
to be pmvi'dcid. Tho skach ( ~ i g u r e ~ . $ b  of an acceptably endosed 
compomnt with ventilating opening showing that the protective 
brri.r is required only for those opening, through whish flaming 
pw might be emitted I f  the component or asembly doer not have 
i-. own noncombustible enclosure, the a m  to  be protected is the 
antire area occupied by tha component or assembly. 

R. Projection of the outline of the area of A that n o d s  a bonom 
barrier vertically downward onto the horizonml plane o f  the lowart 
point on the outer edga 0 d the barrier. 

C Indined line tMt tram out an arm D ir~i thd hwizontd plano of 
th. bonier. Moving around tha perimeter of the area B that neab e 
haurn barrier, thn.line po jecn  at a 3- angle from the line 
oxonding vertically at w.ry point around the paimetw of A and is 
orianasd to  trace out the largest am, except that the angle may k 
I- than 30 dsgreea it tha barrier or por(ion of tho bottom c o w  

a vertical barrier or sib panel of noncombustible material, 
ot if the horizonbl extension of the banler B to D excsedr 6 inch- 
al l lrnm 

R. M m u m  outline of the barrier, axeapt that the examson 8 t o  0 
need not e x d  6 in* or 1 a mm (flat or dbhed wi l l i  oo without 
8 lip or othw nised edg.1. The bottom o f  the ban* may ba ffat or 
fwmd in any manna provided that way point o f  a m  D is at or 
M o w t h .  lowwt &nt on the outer dp of the barrier. 

2 X  BUT NEVER LESS THAN 
I INCH (25.5 mm) 

FIGURE 6.5 
CROSS SECTIONS OF TOPCOVER DESIGNS 

SLANTED OPENINGS 

VERTICAL OPENINGS 

990853 
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/ 

6.18 A knockout shalL be provi'ded with a f l a t  surrounding surface 
adequate f o r  proper sea t ing  of a conduit bushing and s h a l l  be  
loca ted  so t h a t  i n s t a l l a t i o n  of a bushing a t  any knockout l i k e l y  
t o  be used during i n s t a l l a t i o n  w i l l  no t  r e s u l t  i n  spacing between 
uninsulated l i v e  p e s  and t h e  bushing of less than- the requirements 
i n  this standard, 

6-1.9 In. measuring a spacing between an d n s u l a t e d  Live a& and. 
a bushing i n s t a l l e d  in: a knockout as  mentioned. i n  paragraph 6-18 
it is t o  be assumed tha t .  a bushing having. the dimensions specif ied 
in Table 6.4 is. i n  place, i n  cony&ct;iorr-with a. s ing le  locknut  
i n s t a l l e d  on. t h e  outs ide  o f  t h e  enclosure, 

T U G  6 . 4  
KNQCKOtfi O l  HdLE SIZES AND DIMENSlONSOF BUSHINOS. -- 

Eurhing Oifmneiom 
T d m  Siza K n # k o u t a +  Ovaall 

718 aZ 
l a 3 2  nz 
T-zum-  3 4 s  
1-23/32 439 
1ant saos 
2-tsm su 
5 7 8 1  
swu set 
41m 1048 

44/s 1 1 7 s  
Sl /I3 la03 
96/g f429 
w4 ms 

3s sa 
0 1 -  10.7 
33/84 1 3 1  
sne . l a :  
Psmz 1&1 
fllD 152s 
36. 1%1' 
1ytIs. ma 
l W l &  w 

1 25.4- 

1-1/16 
1-3/16 303 
1 51.8 

6.20 F o r  an enclosure no t  providedwith conduit openings o r  
knockouts, spacings n o t . l e s s  than t he  minimum required i n  this: 
standard. sh&L be provided between uninsulated l ive .  p a r t s  and. a 
conduit. bushing i n s t a l l e d  a t  any locat ion l i k e l y  t o  be used 
during i n s t a l l a t i o n -  Penna.nent marking on. the encfosure, a template, 
o r  a fu l l - sca le  drawing furnished with the. power conditioning u n i t  
m a y  be used t o  l i m i t  such a location.  
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6.21 A plate or plug for an unused conduit opening or other hole 
in the enclosure shall have a thickness not less than 
(1) 0.014 inch (0.36 mm) for steel or 0.019 inch (0.48 mm) for 
nonferrous metal for a hole having a 1/4-inch (6.4-mm) maximum 
dimension and (2) 0.027-inch (0.69-mm) steel or 0.032-inch 
(8.1-m) nonferrous metal for a hole having a 1-3/8-inch 
(34.9-mm) maximum dimension. A closure for a larger hole shall 
have a thickness equal to that required for the enclosure of the 
power conditioning unit or a standard knockout seal shall be 
used. Such plates or plugs shall be securely mounted. 

Ventilating Openings 

6.22 The enclosure of a, power conditioning unit shall be designed 
and constructed to minimize the possibility o.f emission of flame, 
molten metal, flaming or .glowing particles, or flaming drops. 

6.23 The requirement in paragraph 6.22 necessitates a complete 
noncombustible bottom or a construction employing individual 
noncombustible pans under components, groups of components, or 
assemblies, as specified in Figure 6.3. 

Exception: Ventilation openings may be provided in the bottom 
panel or protective pans if baffle plates are provided to prevent 
materials from falling directly from the interior of the unit 
onto the supporting surface or any other location under the unit. 
The dxawing in Figure 6.4 illustrates a type of baffle that meets 
this requirement. 

6.24 Openings in the top of the enclosure shall be so located and 
of such size that entry of foreign objects is prevented. Openings 
directly over uninsulated live parts shall not exceed 0.187 inch 
(4.7 mm) in any dimension unless the configuration is such that 
direct entry to uninsulated live parts is prevented. See 
Figure 6.5 for examples of top surface openings that prevent 
direct entry. 

5.25 The thickness of perforated sheet steel and sheet steel 
employed for expanded-metal used to cover an opening in the 
enclosure mesh shall comply with the requirements of Table 6.5. 

Exception: Thicknesses less than specified in Table 6.5, but not 
less than specified in Table 6.6 may be used, if' (1) the 
indentation of the material will not affect performance or reduce 
spacings to live parts below the minimum values given in 
Section 19, and (2) provided that either (3) the protected 2 opening has an area o'f not more than 72 square inches (464.5 cm ) 
and no dimension greater than 12 inches (304.8 mm), or (4) the 
width of the protected opening is not greater than 3-1/2 inches 
(88.9 mm) . 
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6.5 
MIIYUUIIY.IWICKN&S O f  EXPANDED METAL 

T A U S  6.6 
MIWMUM THICXN- OP EXPANDED 

M ~ B C  MESH. - =Grr?r?- 
I d -  (mm). Inch- ~mmt 

a m  coat) QOU ~ ~ 8 1 )  

7.. Access ib i l i ty  of Live P a r t s  

7.1 A n  opening in  the enclosure o r  guard shall have a minor 
dimension less than 1 inch (25.4 nnn) , s h a l l  n o t  pennit  the 
probe i l l u s t r a t e d  in Figure 7.1 t o  contact  an uninsulated l i v e  
part involving a r i s k  of eLeckric shock when the probe iS 
i n s e r t e d  t h m u g h t h e  opening to its maxirmmr depth fn a s t r a i g h t  
o r  articulated pos i t ion-  

7.2 A door o r  covez that provides access t o  a Live part  
involving a r i s k  of electric shock shall be securely held in 
place  so that it can be opened o r  removed only by using a tool .  

Exception: A.door o r  cdver tmt  provfdes access t a  a l i v e  part 
that does not involve a r i s k  of e l e c t r i c  shock. s h a l l  be securely 
held i n  p l a c e ,  but need no t  be secured so that it is, necessary t o  
use a tool.  t o  open o r  remove it. 

7-3 Sheet-metal screws threading d i r e c t l y  i n t o  metal shall ndt 
be used t o  a t t a c h  a cover, a d o s r , . o r  o ther  p a r t  t h a t  i s  removed 
t o  i a s t a l l  field wiring o r  fo r  operation 05 the  power 
condit ioning un i t .  Sheet metal scrsws nay t*cad in to  sheet-metal 
nu ts  t ha t  a r e  pe-manently mounted a ~ d .  grotsctee '  against  
corrosion,  a~ld mackize scre+,.~s a-?d self-tappinq zachise scrsvs aav d 

thread d loec t ly  I z to  sheet-netal walls. See 2srsgrzph 16.3. 
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FIGURE 7.1 
ACCESSIBILITY PROBE 
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7 - 4  A handle, knobr o r  o ther  p a r t  intended t o  be user-operable 
o r  -accessed s h a l l  be arranged so that it: can be operated from 
outs ide  the  enclosure, 

7-5 A guaxb o r  baf f re: t h a t  can: be removed-. without. using- a t o o l  
s h a l l  be removed when determining iE a 2- is exposed to  contact. 
by persons. A pa r t  that can: be contacted by t h e  .?robe i r l u s t r a t ed  
in Figure 7-1 when inser ted  through an opening Fn a 
permanently-attached. guard sr baf f le  is considered t o  be exposed 
to. contact by persons, - 

8- Pratectioa of  Sexvice Personnel 

General 

8 -1 These. requirements apply t o  l i v e  parts..used in. c i r c u i t s  
o ther  than low-voltage# limited-energy c i r c u i t s  -. 

8 . 2  Live. pa r t s  ' sha l l  be so. amranged and covers sa. Located a s  t o  
reduce t h e  rksk of e l e c t r i c  shock w h i l e -  covers are being removed 
an& replaced- 

8,-3 'Ax u i n s u l a t e d  Live p a z t  isvoLving. a r i s k  of e l e c t r i c  shack. 
an& a moving p& that involves a risk aE ira5ury to persons. shall. 
be  located,. guzded,  o r  -dosed sa as to prevent uiiiatentional 
contact  by smice personnel adjusting o r  rese t t ing  controls., 
o r  the '  like, o r  performing mechanical semice functions t h a t  may, 
be performed with the eqpipment energized, such a s  lubricat ing a 
motor, ad.justing the. s e t t i n g  of a c o n t r ~ l  w i t h  'or without marked 
d i a l  s e t t i ngs , ,  r ese t t ing  a t r i p  mechanism, o r  operating a manual, 
swf tch, 

8 -4  A component that may require examination, resett if ig 
adjustment, servicing, o r  maintenance while energized sha l l  be so 
located and mounted w i t h  respect t o  other  components and with 
respect  t a  gltounded metal parts that i t  is accessible for 
e l e c t r i c a l  service functions without subjecting the  serviceperson 
to the r i s k  of elecqtric shock o r  injury t o  persons- Access t o  
such components is not t o  be impeded by other components o r  by 
wiring in the  d i rec t ion  of access- 

8.5 Protection against  the  r i s k  of e l e c t r i c  shock and injury t o  
persons may be obtained by mounting control components so t h a t  
unimpeded access t o  each cornpanear is provided by an access cover 
o r  ?anel i n  the outer ca.binet, 

8 .6  A l i v e  heat s i n k f o r  a.solid-state.component, a l ive  relay 
frame, and the l i ke ,  which may ke inistzksn f o r  dead inecal sha l l  
be par2sd t o  ?revect contact 5 y  the sezvlcs?erson or  5e aarked 
i n  accordance with ga ra~ra9n  5 0 . 3 .  
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9. Mounting 

9.1 Provision shall be made for securely mounting a power 
conditioning unit in position. Bolts, screws, or other parts used 
for mounting a power conditioning unit shall be independent of 
those used for securing components to the frame, base, or panel. 

Exception: Mounting holes may not be required for a floor 
supported or freestanding type power conditioning unit. See 
Stability, Section 33. 

9.2 Keyhole slots.for mounting screws may be provided if there 
is at least one round 'hole for accommodation of a permacent 
mounting screw. Keyhole slots shall be arranged to prevent 
wall-mounting screws from projecting into a compartment 
containing electrical parts and reducing spacings to less than 
than those specified in Section 19. 

10. Corrosion Protection 

10.1 Iron and steel parts shall be protected against corrosion 
by enameling, galvanizing, sherardizing, plating, or other 
equivalent means. This requirement applies to all enclosing cases 
whether of sheet steel or cast iron, and to all springs and other 
parts upon which proper mechanical operation may depend. Bearing 
surfaces should be of such materials and design as .to inhibit 
binding due to corrosion. 

Exception: The following need not be protected against corrosion: 
(1) bearings, or the like, where such protection is 
impracticable, (2) minor parts, such as washers, screws, bolts, 
and the.like; if the failure of such unprotected parts would not 
be likely to-result in a risk of fire, electric shock, or injury 
to persons, or the operation of the equipment being affected 
adversely, (3) a decorative grille that is not required to form a 
part of the enclosure, and (4) parts made of stainless steel 
(properly polished or treated, if necessary). 

11. Mechanical Assembly 

11.1 A power conditioning unit shall be assembled so that it will 
not be adversely affected by the vibration of normal operation. 

11.2 A switch, a fuseholder, a lampholder, or other component 
shall be mounted or assembled securely, and shall be prevented 
from turning or shifting in its mounting panel. 

Exception: The requirement that a switch be prevented from 
turning or shifting may be waived provided all four of the 
following conditions are met: 
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Pi- The- switch is a. plunger, s l ide ,  o r  o ther  type t h a t  
does not. tend t o  ro t a t e  when operated, A toggle switch 
'is considered t o  be. subject  t o  forces that: tend to- turn 
the switch during normal operation of the switch. 

B- Xeaxrs; f o r  mounting the- switch make. it unlikely t h a t  
operation o f ,  the: switch will. Loosen the switch, 

Ce Spacings are no+ reduced below the minimum 
acceptable values i f  the switch ro ta tes -  

D- NO-' operatLon. of the s w i t c h  is, .by mechanical 
means ra ther  than by. direc t .  contact by.- persons* 

11 -3 W i t h  reference t o  the requirements. i n  paragraph L1-Z:,. 
f r i c t i o n  between surfaces is. not acceptable as the. sole  means t o  
prevent s h i f t i n g  o r  turning of l i v e  p a t s  or. a. device having a 
sing1 e-hole mounting means but a properly applied lock washer is, 
acceptable- 

12- Switches and Controls 

12-1 A. .switch o r  athe= control. device shaU have current, 
voltage and frequency 'ratings; a p ~ r o p r i a t e  f o r  the Load when the 
power cendi.tionihg. unit. is operated normally o r  s h a l l  be 
investigated f o r  t he  application,. 

Exception: A switch ra ted  not  less* than twice the full-la 
cuxrent rating of the Load is acceptable for, control l ing 
a l ternat ing  current inductive load having a power fac tor  
than 75 percent, o r  the switch shaPL be investigated fo r  
application.. 

lad. 
an 
l e s s  
t he  

13-. ~ i e l d ' w i r i n g  Connections 

Genera1 

13 -1 A power conditioning un i t  shall have provision f o r  
permanent connect ion.of .a  wiring system tha t  is i n  accordance 
with the  National E lec t r i ca l  Code, AX!3f/NFPA No. 70-1981 is. 
acceptable for  the  equipment- 

13-2 The provision fo r  making field-wiring connections are  t o  be 
made sha l l  be located so t ha t  the connections may be readi ly 
insgected a f t e r  the power,conditioning unit is  ins ta l led  as  
intended. 
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13.3 A field-wiring compartment intended for connection of a 
wiring shall.have sufficient space for the wires intended to be 
used. 

13.4 An outlet box, terminal box, wiring compartment, or the 
like, in which connections to the power conditioning unit circuit 
will be made in the field shall be free from any sharp edge, 
including screw threads, a burr, a fin, a moving part, or the 
like, that may abrade the insulation on conductors or otherwise 
damage the wiring. 

13.5 An opening for the entry of a conductor or conductors of a 
low-voltage, limited-energy circuit shall be provided with an 
insulating bushing. The bushing may be mounted in place in the 
opening or may be within the enclosure so that it may be properly 
mounted when the equipment is installed. 

13.6 The opening mentioned in paragraph 13.5 may be acceptable 
for permanent connection of a wiring system. See paragraph 13.1. 

13.7 A bushinu or rubber or rubber-like material provided in 
accordance wiGh paragraph 13.5 shall .be 1/8 inch <3.2 mm) or more 
thick, except that it may be not less..than 3/64 inch (1.2 mm) 
thick if the metal around the hole is eyeletted or similarly 
treated to provide smooth edges. A hole in which such a bushing 
is mounted shall be free from sharp edges, burrs, projections, or 
the like, that might .damage the bushing. 

Wiring Terminals 

13.8 Wiring terminals shall be provided for the connection of 
field-wiring conductors. 

'13,.9.~ield-wiring terminals shall be suitable for the connection 
of conductors having an ampacity not less than 125 percent of the 
rating of the power c'onditioning unit. 

13.10 . A wiring terminal shall be provided with a pressure 
terminal connector securely fastened in place -- for example, 
firmly .bolted or held b.y a screw. 

Exception: A wire-binding screw may be employed at a w i r i n g  
terminal intended for connection of a No. 10 AWG or smaller 
conductor if upturned lugs or the equivalent are provided to hold 
the wire in position. 



13 ..11. R wiring tegmina1'. s h a l l  b e  prevented from turning or ,  
shifting in posit ion by a ineans other. than f r i c t i o n  between 
surfaces... T h i s  may be accomplished. by twa .  screws or r ive ts ;  by. 
square shoulders or mortises; by a daweL pin. Lug or  offset:  by a 
connecting strap' o r  clip fi-tted i n t o  an adjacent pa r t s  o r  by an. 
eqpivalent method - 
U -12 & wirs-bkding screw at. a field-wiring terminal shall. 
nee. be smaller khan. NO. 1.0.- 

Exoogfion Na.. L: A No. A screw may be used a6 a terminal intended 
only f o r  the connection o f  a N o  - 14 AWG o r  smaller conductor. 

Exception No. 2:  A No. 6 screw may be used f o r  the connection of 
a N o  - 1 6  AWG o r  smaller con t ro l -c i rc l i t  conductor- 

A wire-binding screw shalb thread in to  m e t a l .  

13.- 1 4  A t e m i ~ 5  plate tapped. for a. wire-binding screw shalL 
b e  of metal n o t  Less than 0.050 inch. (l..2T m). thick, 

Ekception Nu- L:: H p l a t e  n o t  Less than 0.030. inch ((3.76: mm) thick 
is acceptable i f  the tagpod threads have adequate mechanical 
strenqth as determined by the Terminal Torque T e s t ,  Section. 4?- 

EXception No, 2: A p la t e  less than 0.030. inch thick is acceptable 
in a Low-v01tage, limited-energy circuit.: if the. tapped 'threads 
have adequate mechanical s t rength as determined by the  Terminal 
Torque T e s t ,  Section. 46.  

U.,IS There shall be two o r  more f u l l  threads: i n  the metal of 
a terminal. plate,  The m e t a l  may be extzuded at the. tapped hole t o  
provide at l e a s t  two- f u l l  threads. 

Exception: Two f u l l  threads are not required f o r  a t e e d l  in  a 
low-voltager limited-energy c i r c u i t ,  i f  a lesser number of 
threads  has adequate mechanical strength a s  determined by the 
Te .mina l  Torque Test, Section 46 ,. 

13 . 16 Upturned lugs, a cupped washer, o r  the equivalent sha l l  
be. capable of retaining-a sol id  or stranded conductor of the s ize  
specified i n  Table 13.1 under t h e  head of  the screw or  washer. 
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TABLE 13.1 

CONDUCTOR AND WIRE BINDING SCREW SIZE 

Size of 
Terminal 
Screw, No. 

Wire 
Size, 
AWG 

13.17 A power conditioning unit with (1) a provision for 
grounding the input circuit or (2) a rated output of 125 volts; 
or 125/250 volts, three-wire,. or less; and employing an 
Edison-base lampholder, or a single-pole switch or 
overcurrent-protective device other than an automatic control 
without a marked off position in the grounded circuit, shall have 
one terminal or lead identified for the connection of the 
grounded conductor of the grounded circuit. The terminal intended 
to be grounded shall be the one that is electrically connected to 
the screw shell of a lampholder and to which no switch or 
overcurrent protective device of the single-pole type other than 
an automatic.control without a marked off position is connected. 

13.18 A terminal intended for connection of a grounded 
conductor of a power conditioning unit input or output circuit 
shall be made of or plated with metal substantially white in 
color and shall be readily distinguishable from other terminals; 
or proper identification of that terminal shall be clearly shown 
in some other manner, such as on an attaohcd wiring diagram. 

Equipment Grounding Connection 

13.19 A power conditioning unit shall be provided with a 
properly identified, separate, equipment grounding terminal. The 
grounding terminal shall be reliably connected to all exposed 
dead metal parts as described iwparagraph 14.1. 

13.20 The equipment grounding terminal shall be capable of 
securing a conductor size equal to the largest of the input or 
output field wiring conductors which are to be used to connect 
the power conditioning unit. 
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13-21 A terminal. . screw intended for: the  connection. of an 
equipment grounding conductor shall have a. green colored head 
that is  hexagonal,. s lo t t ed ,  or both.. A. pressure. w i s e :  connector 
intended f o r  connection of such a conductor shall b e  p la in ly  
iden t i f i ed ,  such as being marked "Gr. * "GRrWd "Grouad,'"' 
"Grounding.,." o r  the. equivalent, o r  .by a inarkfng on: a: w , i r i n g  
diagram provided. on t h e  power conditioning unit- The. grounding. 
terminal s h a l l  be: so: located that it is- un1ikel.y t t o  be removed 
during nomal  servicing of .  the power conditioning uni t -  

Bonding Grounding., 

f 4 - 1  If accessible  to. the  user or. se rv iceperso~ ,  noncurrent 
carrying me- part, such as the enclosure, cemponenk mounting 
bracket,. capacitor bodyr transformer core, o r  the like,.  which is 
liable t o  become energized by a n  e l e c t r i c a l  fault shall be 
rea l i ab ly  .bonded. t o  the. field-equipment grounding terminal.,. 

14.2 M e t a l  parts as. desa ibed .  below need. not. comply with the 
requirement. of paragraph 14-1. 

A, Adhesive attached metaL foif, markings, screws, 
handles, and the like, w h i c h  are located on the outside 
o f  the enclasmre and isolated front elec-isal- 
components; o r  xking by grounded metal p a r t s  su that 
they are not  Liable t o  become energized- 

B- Isola ted  metal P-S~ such as small assembly screws, 
and the l ike ,  which are pasitiveLy separated from. 
w i r i n g  and uninsufated l i v e  p a t s .  

C. Panels and covers which do no t  enclose usinsulated 
live parts i f  w;bri,ng is posi t ive ly  separated from the 
panel o r  cover so that it is not Liable t o  become - - 
energized. 

D. Panels and covers which are insulated from 
elec=ical crzrnponents and wiring by an insula t ing  
ba r r i e r  of vulcanized f iber ,  varnished cloth, 
phenolic composition, o r  s imilar  material  not l e s s  than 
1/32 inch (0.8. m) thick and re l i ab ly  secured. i n  place. 
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14.3 A component bonding conductor shall be of copper, a copper 
alloy, or other material acceptable for use as an electrical 
conductor. Ferrous metal parts in the grounding path shall be 
protected against corrosion by enameling, galvanizing, plating, 
or other equivalent means. A separate bonding conductor or strap 
shall (1) be protected from mechanical damage or be located 
within the outer enclosure or frame, and (2) not be secured by a 
removable fastener used for any purpose other than bonding for 
grounding unless the bonding conductor. is unlikely to be omitted 
after removal and replacement of the fastener. 

14.4 The size of a conductor or a strap employed to'bond an 
electrical enclosure or component shall not be smaller than the 
conductors supplying power to the electrical enclosure or 
component. 

14.5 The bonding shall be by a sositive means, such as by 
clamping, riveting, bolted or screwed connection, or. by welding, 
soldering, or brazing with matgrials baving a softening or 
melting point greater than 850 F (455 C). The bonding connection 
shall penetrate nonconductive coatings, such as paint or vitreous 
enamel. Bonding around a resilient mount shall not depend on the 
clamping action of rubber or similar material, other than as 
indicated in paragraph 14.10. 

14.6 A bolted or screwed connection that incorporates a star 
washer under the screwhead, is considered, acceptable if it 
penetrates nonconductive coatings. 

14.7 Where the bonding means depends upon screw threads, two or 
more screws or two full threads of a single screw engaging two 
full threads in the metal may be used. 

14.8 Metal-to-metal hinge-bearing members for doors or covers may 
be considered as a means for bonding the door or cover for 
grounding providing a multiple-bearing, pin type hinge is 
employed. 

14.9 Splices shall not be employed in conductors used to bond 
electrical enclosures or components. 

14.10 If the continuity of the grounding system relies on the 
dimensional integrity of a nonmetallic material, the material 
shall be acceptable for the purpose when investigated for 
dimensional stability. 
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14.11 The q a p m e n t  grounding connection, t h e  enclosure, the 
frame, and a component'mounting panel s h a l l  n o t  carry cur ren t  
except dur ing  an electrical fault- 

Exception: An e~cIasure, frame, chassis o r  panel, incLuding 
boLted j o i n t s  may carry the cur ren t  of  a Low-voltage, 
Limited-energy c i r c u i t ,  Current s h a l l  n o t  nornally be  c a r r i e d  
through the field-equipment grounding- means, t h e  metaIlic raceway 
o r  o t h e r  power c a n d i t b n i n g  unit grounding means, o r  the earth 
ground * 

15,. -put Circuit Grounding 

15-1 If a means f o r  grounding t h e  photovo~ltaic a r ray  c i r c u i t  is 
provided within a power condi t ioning uni t ,  one of the: methods 
ou t l ined  below i n  items A-C shall be employed- The operat ing and 
i n s t a l l a t i o n .  in s t ruc t ions  s h a l l  specify which! method o.f 
p ro tec t ion  is. provided and. shall descr ibe what connections,, if. 
any., are to.  be. made for. proper. i n s t a l l a t i o n -  See  paragraph 51 -4 - 

A, SsEd grounding o f  the input  circuit as spec i f i ed  in 
paragraphs 15 -2-LS - 4..- 

8- Grounding: 0.f the input. c i r c u i t  through a. bleeder 
r e s i s t o r  as; spec i f i ed  in paragraph 15 -5.- 

C. Other means o f  pro tec t ion  which h a s  been evaluated 
and found t o  provide t h e  equivalent  peotection as 
i t e m  A 62 5. 

Grounding 

15.2 A power conditioning u n i t  employing a means f o r  solictly 
grounding the photovoltaic array c i rcui t  in accordance with 
i t e m  A o f  patagraph 15.1, s h a l l  be provided with a tenninal f o r  
t h e  connection of  the  grounding e lec t rode  conductor t o  input  
c i r c u i t  conductor intended t o  be grounded, The t e m i n a l  s h a l l  
comply. with-paragraphs P3.9-13.16 and shall be capable of 
securing a conductor of t h e  same s i z e  a s  required f o r  the input  
conductors. A soldering lug o r  o the r  connection means t h a t  
depends upon solder  is not acceptable. The terminal s h a l l  be 
i d e n t i f i e d  "Grounding Electrode Terminal." 

15.3 The t e r n i n a l  f o r  connection of the  grounding electrode 
conductor s h a l l  be i n t e g r a l  with the  ceminal assembly intended 
f o r  connection of the  input  c i r c u i t  conductor intended t o  be 
grounded. 
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Exception: The terminal may be integral with the 
equipment-grounding-terminal if a bonding jumper consisting of a 
bus bar or conductor is connected directly from the input circuit 
grounding terminal to the equipment-grounding-terminal assembly. 

15.4 If the input circuit' grounding terminal is insulated from 
the power conditioning unit enclosure, a jumper consisting of a 
separate screw, strap, or other means shall be provided to.bond 
the power conditioning unit enclosure to the insulated terminal 
assembly. Except for steel or brass screws as noted in the' note 
to Table 15.1, the bonding means shall be copper or aluminum and 
shall have a cross section area as specified in Table 15.1. When 
an insulated terminal assembly is provided, the construction 
shall. be such that when the bonding means is not used, at least 
the minimum acceptable spacings will be maintained. Instructions 
for bonding the insulated terminal assembly to the power 
conditioner enclosure shall be provided in the operating and 
installation instructions. See paragraph 51.4. 

TABLE 15..1. 

SIZE OF BONDING JUMPER 

Ampere 
Rat ing  S i z e  of Bonding Jumper (~in&nn] Cross Sec t ion  of Main Bonding Jumper 
Not Copper, AWG Aluminum, AWG i n  Square Inches ( m 2 )  Minimuma 
Exceeding o r  MCM (nun2) or MCM (mm2) Coppa r Aluminum - 

9 0 8 (8.4) 6 (13.3) 0.013 (8.4Ia 0.021 (13.6)a 

100 6 (13.3) 4 (21.2) 0.02i ( 1 3 . 6 1 ~  0.033 ( 2 1 . 3 ) ~  

a A  No. 8 o r  l a r g e r  b r a s s  o r  No. 10 o r  l a r g e r  steel screw may be used. 
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Resis t ive Circui t  Grounding 

15-5 A power conditioning u n i t  employing a means f o r  grounding 
the photovoltaie asray ek rcu i t  thxougfa: a bleeder r e s i s t o r  i n  
accordance w i t h  i t e m  B o f .  paragraph. .f 5 I sha l l  have a paralleL 
combination of a resistos.  an&. a surge protector  having a su i tab le  
dc voltage r a t i n g  for t h e  application connected . to: the  grounding 
demode- .conduc tor  tennind- Based on the. maximum open c i r c u i t  
de v d t a g e  r a t i n g  of .  the power conditioning un i t s  the r e s i s to r ,  
during a fauLt condition, shall: (I) 1imi.t the Leakage current  to. 
ground to 5 milliampere o r  less and ( ' 2 )  have a power dissapation 
n ~ t .  g r ea t e r  than 50 percent of its rating. The oeher end uE Lhe. 
p a r a l l e l  r e s i s t o r  and surge eembinatian shall .  be connected. to.: 
( 3 )  one. side of the input c i r c u i t  for a power conditioning un i t  
intentied t o  be connected t o  a ,  two-wire photovoltaic power souree 
o r  ( 4 )  the neutral  conductor for .  a power conditioning. u n i t  
intended to be. connected. t o  a three-wire photovoltaic~ power: 

EG- Internal Wieing. 

General - 
16-L T h e  i n t e r n a l  w i r i n g  of a power conditioning unit sba3.I 
consis t .  a6 general -use w i r e .  o r  appf iance  wiring material  
acceptable fo r  the application,. when  considered w i t h  respect t o  
the tenmeratwe, voltaqe, and conditions of service. to. w h i c h  the  
wiring is likely to be- subjected. 

16.2  Appliance w i r i n g  material  of one o r  more of the types. 
specified in  Table 1 6 - l  may be used f o r  in te rna l  wiring when 
considered with respect  t o  the requirement in  paragraph 16.1- 
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TABLE 16.1 
APPLIANCE-WXRING MATERIAL 

Type of Insulation Nominal Thickness of Insulation, 1ncha 
600-Volt Applications 300-Volt Applications 

Thermoplastic 1/32 1/32 b*c 

Rubber 

Neoprene 

1/32 plus an impregnated-braid 1/64 plus impregnated-braid cover 
cover 

1!32 without a braid cover 

'. 1/64 plus an impregnated-braid 
cover 

1/32 without a braid cover 

Silicone Rubber 1/32 plus an impregnated-braid 1/64 plus an impregnated-braid 
cover cover 

1/32 without a braid coverd 11 32 wit.hout a braid c0ver.d 

Cross-linked 
synthetic polymer 1/64 

a 
The minimum acceptable thickness is 0.028 inch (0.71 mm) for 1132-inch-thick insulation; 
the minimum thickness is 0.013 inch (0.33 nun) for 1164-inch-thick insulation. 

b 
May be not less than 0.013 inch (0.33 mm) only for short, moving pigtails or coil leads 
in a small device, provided such leads make nomore than casual contact with parts of 
opposite polarity and with ungrounded parts. 

C 
May be not less than0.007 inch (0.18 am) only if routed away from live parts of opposite 
polarity and protected from mechanical damage both during installation of field wiring 
and while the equipment is in operation. 

d 
Only if routed,away from live parts of opposite polarity and protected from mechanical 
damage both during installation of field wiring and while the equipment is in operation. 
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16.3 Appliance wiring material having an insula t ion  thickness 
o the r  than those  spec i f i ed  in Table 1 6 . 1  may be used provided t h e  
insulation, when considered w i t h  respect  t o  temperature, voltage,  
and ceolditions of semice, is equivalent  t o  one of those  
s~ecif ied h. t h a t  table- 

i6.4 InsuLating tubing o r  s leeving may be used. f o r  a s h o r t  length 
of insulated conductor, e-g., a s h o r t  c o i l  lead,  o r  the l i k e ,  if: 

A- Not subjected t o  compression, repeated f lexure,  o r  
sharp bends ; 

B, The conductor covered with the  tubing o r  sleeving is 
we9..L roundod tu~d free Prom sharp ecl9e.s; 

C, A shrinkable tubing used i n  accordance with the 
manufacturer's ins t ruc t ions ;  and 

D. Not subjected t o  a temperature or. voltage higher 
than that for which the tubing o r  s l e e v h g  is rated. 

16.5 Where wiring extends from the cabinet t o  a hiaged door o r  
o t h e r  p a r t s  t h a t  are subjec t  to movement i n  use, stranded 
conductors shall. he employed, and the arrangement s h a l l  preclude 
twis t ing  o r  s t r e s s i n g  of conductors as a r e s u l t  of the movement. 
The wiring shall be routed o r  protected t o  reduce t h e  l ikel ihood 
o f  damage t o  t h e  insulat ion.  The conductors shall be secured so 
that stress w i l l  no t  be t ransmit ted t o  terminals o r  splices.. 

Protect ion of Wiring 

16.6 Internal wiring s h a l l  n o t  be accessible  from outs ide  t h e  
ericlesure. a s .  accordance w i t h ,  paragraph- 7.1. 

16 ,? Wires witm an anclosure, compartment, raceway, o r  -the 
l i k e ,  s h a l l  be Located o r  protected t o  prevent contact  w i t h  any 
sharp edse, burr ,  fin, moving p a r t ,  o r  t h e  Like, that can damage 
tbe c~ndiictar insu la t ion  . 
16.8 Mounting screws and nuts  s h a l l  be. designed o r  located so 
that sharp edges w i l l  no t  damage wiring, A screw s h a l l  have a 
f l a t  o r  b lunt  end. The end of t h e  screw s h a l l  have no burrs ,  
f i n s ,  o r  sharp edges that  may abrade w i r e  insu la t ion ,  and sha l l  
not p ro jec t  more than 3/16 inch (4 .8  m) i n t o  a wireway. 

1 6 . 9  A hole t.hrouqh which insulated wires pass i n  a sheet  metal 
w a l l  within t h e  c v e r z l l  enclosure of a 2ower conditioning un i t  
s h a l l  Se provided with sinooth, r o u ~ d e d  surfacss  upon which the  
w k e s  may'lsear, t3 prs ien t  abrasion of tke  insulaticr . .  
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Electrical Connections 

16.10 A splice or connection shall be mechanically secure and 
shall make reliable electrical contact. 

16.11 A soldered connection is considered to be mechanically 
secure when the lead is: 

A. Wrapped one full turn around a terminal, 

B. Bent at a right-angle after being passed through an 
eyelet or opening, except on printed-wiring boards 
where components are properly inserted and wave- or 
lap-soldered, or 

C. Twisted with other conductors. 

16.12 A stranded internal wiring connection shall be such 
that loose strands of wire will be prevented from contacting dead 
metal parts or other live parts not always of the same potential. 
This may be accomplished by the use of a pressure terminal 
connector, a soldering lug, a crimped eyelet, soldering of all 
strands together, or other reliable means. 

16.13 An open-end spade lug secured by a screw or nut,shall 
be secured by additional means, such as upturned ends on the lug, 
or bosses or shoulders on the terminal, to hold the lug in place 
if the screw or nut loosens. 

16.14 Aluminum conductors, insulated or uninsulated, used as 
internal wiring, such as for interconnection between 
current-carrying parts or in.a component winding, shall be 
terminated at each end by a method suitable for the combination 
of metals involved at the connection points. 

16.15 With reference to paragraph 16.14, a wire-binding screw 
or a pressure wire connector used as a terminating device shall 
be acceptable for use with aluminum under the conditions 
involved -- for example, temperature, heat cycling, vibration, 
and the like. 

16.16 A splice shall be provided with insulation equivalent 
to that of the wires involved unless permanent spacings will be 
maintained between the splice and other metal parts. 

A. Splicing devices such as pressure wire connectors 
may be employed if insulated acceptably for the voltage 
and temperature to which they are subjected. 

B. Insulating tubing or sleeving used to cover a splice 
shall be used in accordance with paragraph 1 6 . 4 .  



September, 1 9  8 2 

C- Two l a y e r s  of thermoplastic tape,. of two l aye r s  of 
f r i c t i o n  tape, o r  me- l a y e r  of  f r i c t i o &  t a p e  and one 
Layer of rubber tape,  may be used. on a sp- l ice  if the  
vo l t age  involved is less than 250 v o l t s *  Thermoplastic 
tape.  wrapped over  a sharp edge is not. acceptable- 

Exception: SpLices. w i t h i n  coil  windings- 

17-1 A currefic-carryirly p u r t  s h a l l  b e  of silver, copper, copper 
aLloy, aluminum o r  o t h e r  m e t a l  i n v e s e g a t e d  an& found t o  be 
acceptable  f o r  the appl ica t ion-  

Ekception: Iron o r  s t e e l  provided w i t h  an.acceptable  
couos ion-res i s tan t ,  coating,  o r  stainless steel may be used f o r  a 
cusrent-carrying part %£.'acceptable in accordance with 
p z a g r a p h  3-1- 

17 - 2  Uninsulated l i v e  parts. and components: that have .uninsulated 
l i v e  parts shall be secured to. prevent tun ing  or. shifting: in 
pos i t ion  i f  such displacement resdts in a reduct ion of spacings: 
be%o.w the minimum values specified in  Sect ion 19. 

18:- Separation of Circuits 

18. L Unless, provided w i t h  insu la t ion  rated f o r  the highest 
vol tage i w o l v e d r  insu la ted  i n t e r n a l  w i r ~ n g  conductors oE 
d i f f e r e n t  c i z c u i t s  shall be separated by b a r r i e r s  o r  s h a l l  be 
segregated from each other ,  Internal.  wiring conductcrs s h a l l  be 
sepaxated from u n h s u l a t e d  l i v e  p a r t s  connected t o  different 
circuits, 

18.2 Segregation of insulated conductors may be accomplished by 
clamping, routiny, or equivalent m e a n s  t h a t  will maintain-' 
permanent separation. 

18-3 Fie ld- ins ta l led  conductors of  the input  c i r c u i t ,  output  
circuit and con t ro l  c i r c u i t s  s h a l l  be separated by b a r r i e r s  from 
each o the r  and i n t e r n a l  wiring o r  uninsulated l i v e  p a r t s  not  of 
t h e  same c i r c u i t -  

Exception: Control c i r c u i t  conductors may be routed together with 
r e l a t e d  input  o r  output conductors provided t h a t  afP conductors 
are or  w i l l  be insulated for the  maximum voltage of e i t h e r  
c i r c u i t .  
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18.4 A barrier used to provide separation between the wiring of 
different circuits, .shall be metal or of a rigid insulating 
material secured in place. A barrier of insulating material shall 
not be less than 0.028 inch (0.71 mm) thick. 

19. Spacings 

General 

19.1 Uninsulated parts of different circuits shall be spaced from 
each other as if they were parts of different potential, in 
accordance with the requirement in paragraph 19.7. The spacings 
shall be the largest of those required for the individual 
circuits, using the opposite polarity potential of each circuitto 
determine its spacings requirement. 

19.2 Enameled or film-coated wire is considered to be an 
uninsulated live part in judging spacings. 

19.3 The spacings specified in Table 19.3 do not apply to the 
inherent spacings of a solid state component or a component where 
specific requirements exist for that component. Examples of such 
components are snap switches, lampholders, motors, or clock 
motors, or the like. Spacings from such a component to another 
component and to the enclosure, and spacings at component 
terminals used for field-wiring shall comply with the 
requirements in Tables 19.1-19.3. 

Exception: A component connected in a circuit which is used in 
lieu of direct grounding the input circuit. 

TABLE 19.1 

SPACINGS AT FIELD-WIRING TERMINALS 

Minimum Spacings, Inch (mmId 
Between ~ield-Wiring 
Terminals and Other- 
Uninsulated Parts Not 

Between Field-Wiring Always of the Same 
Potential Involved, Terminals, Through Air Potential 

Volts Peak or Over Surface Over Surface Through Air 

71 or less 1/8 (3.2) 1/8 (3.2) 1/8 (3.2) 
72-353 1/4 (6.4) 1/4 (6.4) 1/4 (6.4) 
354-848 1/2 (12.7) 1/2 (12.7) 3/8 -(_9.5) 

)ver 
an isolated dead metal part is interposed. 
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TABLE 19--2 

SPACINGS BETtJlEEM AN UNMSULATED LIVE PART 
AND A LMETAL Essaosum OR O ~ R  

ACCESSIBLE DEAD METAL PART fNffiUBU!lG A 
FITTIXG FOR CONDUIT OR ARMORED CABLE 

Potent ia l  Difference Mini_m~m- Spacings Through Air and 
Volts Peak 

... - 
Over. Surf ace, Inch (mu) 

TABLE 19.3 

SPACINGS IN AC AND DC' POWER CIRCUITS 

Potentiiel Difference .Minimum Spacingsp Inch (mm) 
in Volts Peak. O V e f  Surf ace Through A i r  

SL or. less 
9'2-L77 
17 8-35 s i132: (2-4.j 3/32 (2-4) 
354-848 2 ( f 2 , Y )  3/$: (9.5.) 

%n printed-wirinq boards.,. t h e i r  connectors, and board-mounted 
e l e c t r i c a l  coxxpo~ents, wired on the load side of l i n e  f i l t e r s  o r  
similar voltage peak reduction networks and components, a 
minimum spacing of 0.0230 inch (0,580 rwn) plus 0,0002 inch 
(0,005 mm) per v o l t  peak sha l l  be maintained over surface and 
through a i r  between an uninsulated g a r t  and any other 
uninsulated p a r t  not of the same potent ial ,  

19..4 Opposite po la r i ty  spacings: a re  not specified for a c ixcu i t  
beyond an intpedance. that limits the product of the current  
through and the voltage across this impedance to a (I). value. not 
exceedinq the wattage ra t ing  of the: impedance, and (2.J l eve l  not 
exceeding 15 w a t t s ,  when a dixect she* is applied across. the 
remainder of the. cf r c u i t -  

F ie ld  Wiring, Terminals 

19.5 The spacings between field-wiring terminals of opposite 
polar i ty  and the spacings between a field-wiring terminal and any 
other  uninsulated metab par t  not of the same potent ial  sha l l  not 
be l e s s  than indicatsd i n  Tables 1 9 . 1  and 19.2 .  
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19.6 A spacing at a field-wiring terminal is to be measured with 
the appropriate fittings or bushing installed and wires connected 
as in actual service. See paragraph 6.19. 

AC and DC Power Circuits 

19.7 In ac and dc power units these spacings between uninsulated 
live parts of different potential, and between an uninsulated 
live part and a dead metal part shall not be less than indicated 
in Tables 19.2 and 19.3. If an uninsulated live part is not 
rigidly fixed in position (by means other than friction between 
surfaces) .or if a movable dead metal part is in proximity to an 
uninsulated live part, the construction shall be such that at 
least the minimum acceptable spacing will be maintained with the 
movable part in any position. 

Secondary Circuits 

19.8 The minimum spacings specified in Tables 19.2 and 19.3 apply 
in all secondary circuits supplied by a transformer winding of 
200 volt-amperes or a higher capacity (maximum available power) 
at a potential higher than 100 volts. The spacings in all other 
secondary circuits are judged on the basis of the dielectric 
voltage-withstand test mentioned in paragraph 40.1. 

19.9 Spacings are not specified for in an isolated internal 
secondary circuit after: 

A. A reliable impedance that limits the available power 
to less than 200 volt-amperes under all conditions; or 

B. A fuse or nonautomatic-reset overcurrent-protective 
device having a current rating in amperes not exceeding 

where : 

Vm, is the open-circuit voltage of the secondary in 
question in volts rms with the primary connected to 
maximum rated voltage. 

Maximum available power' is measured using a variable resistor 
connected in place of the circuit in question. For a transformer 
having multiple secondary windings, all measurements on a 
secondary-winding circuit are to be made w i t h  all other ,windings unloaded. 

Safety Spacings 

19.10 Tf short circuiting a spacing defeats the intended 
function of a safety circuit, that spacing shall comply with 
Tables 19.4 and 19.5. 



TABLE: 19 9 4 

M I N I M U M  SPACINGS I N  LOW-VOLTAGE EIVITB3-BNERGY SAZETY 
AND ISOLATED LIHITED EMFRGY SAFETY CLRCUTTS 

Low-Voltage I s o l a t e d ' F i m i t e d  
C l a s s  2 Energy circuits 

Spacings Between Uninsu la ted  Live Part4 - Inch mrn Inch " mm 

A. and Exposed I s ~ ~ l a t e d  ( I n s u l a t e d )  Pea4 T h 0 ~ g - h  FIir . 1/8 3.2 1/8 3.2 
Metal Part Over puyfsce 1/8 3 , ?  4/4 6 4  

. and. Grounded Dead Metal P a r t '  Other  T h r w g h  A i r  1/32 0 .8  1/16 1.5 
Than t h e  Enc losure  Over S u r f a c e  1/32 0.8 1/16 1 . 6  

C .  and Wall of ~etal1.i.c ~ a c l s s u z e b  T h r ~ u g h  A i r  1/8 3 . 2  1/4 6.4 
Over 6 u r f a c e  1/8 3 ? ?  ?/4 6.4 

1). and Uninaulated Live  Part  o f  
Opposi te  P o l a r i t y  

E .  and Uninsu la ted  Live P a r t  o f  
Same P o l a r i t y  

Through A i r  1/32 0 , ~  1/16 1.6 
Oyer Sur face  1/32 0,a 1/16 1.6 

Through A i r  1/32 l ~ , a  1 /32  0 .8  
Over S u r f a m  1/32 'Q,.0 1/16 1 .6  

. o f  Field-Wiring Terminals  Regardleg8 Through A ~ F  1/4 6 , 4  i / 4  6 , 4 
, of ' P o l a r i t y  and A l s o  Betwe+sn F i e ld  Over Sur face  1/4 6 p 4  4/4 6.4  

Wiring Terminal  and Dead Metal P a r t  
-- Iiacluding th ,e  ~ n c l o s u r e b  
an c i r c u i t  d e r i v e d  from an  i s o l a t e d  e e ~ o p d a r y , w & ~ d i n g  of a tvaqsf'ormer haying a 

c a p a c i t y  o f  n o t  more than  200 volt-ampeyes or  q potectia4 not exceeding 100 v o l t s ,  
rms . 

b~nclud. ing  f i t t i n g s  f o r  connec t ion  of c o n d u i t  or armored . c a b l e .  



TABLE 19.5 

MINIMUM SPACINGS IN SAFETY CIRCUIT FOR 
OTHER THAN LOW-VOLTAGE CLASS 2 AND 
ISOLATED LIMITED ENERGY CIRCUITS 

Potential Involved, Volts rms .(Peak) 
212 or Less 213-424 425-848 
Inch - mm Inch mm Inch mm ---- 

Between any uninsulated! live Through 1/8b 3.2b 1/4 6.4 3/8 9.5 
part and an uninsulated live air 
part of opposite .polarity, an 
uninsulated grounded dead 
metal part other than the 
enclosure, or an exposed dead Over 1/4 6.4 3/8 9.5 1/2 12.7 
metal part which is isolated Surf ace 
(insulated).a 

Between any uninsulated live 
part and the walls of a metal Shortest 1/2 12.7 1 12.7 1/2 12.7 
enclosure, including fittings Distance 
for conduit 0.r armored cable. c 

a ~ h e  spacing between uninsulated live parts of the same polarity shall not be 
less than 1/32 inch (0.8 mm) through air and 1/16 inch (1.6 mm) over the 
surf ace. 
b ~ h e  spacing between wiring terminals regardless of polarity and between a 
wiring terminal and a grounded or an exposed dead metal part shall not be less 
than 114 inch (6.4 mrn) 'if short-circuiting or grounding of such -terminals may 
result from projecting strands of wire. 

 o or the purpose of this requirement, a metal piece attached to the enclosure is 
considered to be a part of the enclosure if deformation of the enclosure is 
liable to reduce the spacing between the metal piece and uninsulated live 
parts. 
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20-1 Urrinsulated Live pasts- sha l l .  be: mounted on a mater ia l  that 
h a s  been invest igated and found t o  be. acceptable f o r  the. 
app l i ca t ion  and s h a l l  be. classed.  94V-Q o r  94V-1 i n  accordance 
with the:. Standard f o r  Tes t s  f o r  Flammability of  P las t i c .  Materials 
for Parts,  i n  Devices and Appliances, U L  94.- The. use of a materiaL 
classed 94V-2 requires t h e  use of an enclosure w.itf.,out 
v e n t i l a t i n g  openings- 

Exception: This requirement does no t  apply t o  a ma te r i a l  
supporting only l i v e  parts cameececi in  low-voltage, 
l imited-enerm cirrcuits where de ter iora t ion  of the mater ia l  does 
n o t  r e s u l t  i n  a r i s k  of f i re  o r  electric shock. 

20.2 E l e c t r i c a l  in su la t ion  grade vulcanized ffbez may be used f o r  
an insu la t ing  bushing,. a washer, a separator ,  o r  a b a r r i e r ,  but 
not  a s  the s o l e  suppoft of  an uninsulated l i v e  p a r t  if shrinkage, 
c u r r e n t  leakage, o r  warpage may introduce a risk of fire. o r  
electric. shock. 

20.3 Polymeric materials used t o  support u n i n s d a t e d  l i v e  p a t s ,  
shall have adequate mechanical stxength and r i g i d i t y ,  res i s tance  
t o  heat ,  r e s i s t ance  t o  flame propagation, d i e l e c t r i c  s t rength ,  
and o the r  proper t ies  acceptable f o r  t h e  appl icat ion i n  accordance 
with the Standdgd far Palymexic Materials -Short T e ~ m  Prapcrty 
Evaluations, UL 746A; Standafd far Polymeric Materials a- Louj . 
T e r n  Property Evaluations, UL 746B; and the Standard f o r  
Polymeric Materials -- Use i n  E l e c t r i c a l  Equipment Evaluations, 
UL 746C. 

Barriers. 

20.4 A n  insu la t ing  b a r r i e r  of vulcanized f i b e r ,  thermoplastic o r  
o t h e r  mater ia l  employed in l i e u  of required spacings s h a l l  not be 
less. than 0.028 inch (0.71 mu) thick. and s h a l l  be so located o r  
of such material that it w i i l  not  be advazsely affected by 
arcing. 

Exception No. 1: Vulcanized f i b e r  not  l e s s  than 0.013 inch 
( 0 . 3 3  mm) th ick  may be used (1) i n  conjunction w i t h  an a i r  
spacing of not l e s s  than 50 percent of t h e  minimum acceptable 
through-air spacizg, ( 2 )  between a beat  s ink  and a rnetal mountinq 
surface,  including the  enclosure, o r  an i so la t ed  secondary 

... c r r c u i t  =ate& 50. v c l t s  n s  o r  less. 
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Exception No. 2:  An i n s u l a t i n g  m a t e r i a l  having a th ickness  less 
than t h a t  s p e c i f i e d  i n  paragraph 20.4 o r  Exception No. 1 may be 
used i f , ,  upon i n v e s t i g a t i o n ,  it i s  found t o  be acceptable  f o r  t h e  
a p p l i c a t i o n  and i s  equiva lent  i n  a l l  r e spec t s .  

Coi l  I n s u l a t i o n  

20:s I n s u l a t i o n  requi red  i n  p lace  of spacings between a 
magnet-coil winding and o t h e r  uninsula ted  l i v e  p a r t s  o r  grounded 
dead metal  p a r t s ,  s h a l l  comply with paragraph'20.4.  

Exception: The type and th ickness  of crossover-lead i n s u l a t i o n  
and i n s u l a t i o n  under c o i l  te rminals  secured t o  t h e  c o i l  winding 
.may be less than t h a t  s p e c i f i e d  i n  paragrap'h 20.4 i f :  

A. The i n s u l a t i o n  i s  a t  least C.013 inch  (0.33 mm) 
t h i ck ;  o r  

B. The c o i l  withstands t h e  d i e l e c t r i c  voltage-withstand 
t e s t  s p e c i f i e d  i n ' e i t h e r  i tem 1 o r  2 :  

1. Applicat ion of t h e  test  p o t e n t i a l  i n  
accordance wi th  paragraphs 40.1 and 40.2 
between coi.1-end l eads  a f t e r  breaking t h e  
inner  c o i l  l ead  where it e n t e r s  t h e  l a y e r ,  o r  
an equiva lent  oppos i te  p o l a r i t y  t e s t .  

2. Applicat ion of t h e  induced p o t e n t i a l  t e s t  
descr ibed  i n  paragraph 40.3. 

20.6 A s l o t , i n  a molded bobb in . fo r  guiding t h e  crossover-  o r  
s t a r t - l e a d  -- unspl iced a t  t h e  windings -- of a magnet-coil i s  t o  
be f i l l e d  wi th  an i n s u l a t i n g  m a t e r i a l  un less  (1) t h e  s l o t  
provides a graduated spacing t o  t h e  winding, inc reas ing  t o  t h e  
end t u r n s ,  and (2)  t h e  magnet-coil winding withstands t h e  induced 
p o t e n t i a l  test  i n  paragraph 40.3. 

21. Capaci tors  

2 1 . 1  A capac i to r  used f o r  EM1 e l imina t ion  o r  power-factor 
c o r r e c t i o n  s h a l l  be housed wi th in  an enclosure  of metal providing 
s t r e n g t h  and p ro tec t ion  no t  less than t h a t  of uncoated steel 
having a th ickness  of 0.020 inch  (0.51 mm) t o  p r o t e c t  t h e  p l a t e s  
a g a i n s t  mechanical damage t o  reduce t h e  r i s k  of t h e  emission of 
flame o r  molten material r e s u l t i n g  from breakdown of a capac i to r .  

Exception: The con ta ine r  may be of t h i n n e r  s h e e t  metal o r  may be 
of  m a t e r i a l  o t h e r  than metal ,  i f  mounted i n s i d e  a power 
condi t ioning  u n i t  having an enclosure  t h a t  complies w i t h  t he  
requirements i n  paragraphs 6.1-6.11. 
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21.2 A. container  of. an e l e c t r o l y t i c  capacitor: having a thickness 
less. than that required by paragraph 2 1 . 1  shall e m ~ l o y  an 
adequate means. f o r  venting. 

21- 3 A means.,. such. as- a bleeder r e s i s t o r ,  s h a l l  be- provided to: 
d r a i n  the. charge s to red  kr a capaci tor  ta. the ex ten t  that ,  the 
p o t e n t i a l ,  V, measured between the t e m i n a l s  or' the capaci tor ,  
L minute a f t e r  the capaci tor  has been disconnected from. its 
source o f  energy is. L e s s  than SO. vo l t s -  and the: energy s tored,  J, 
is less thaa 20 joules. as d e t e d n e d  by the. f o l ~ o w i n ~  r e l a t i o n ,  
in which C is. in microfa;r=ads.: 

Exception: The requirement. does not. apply if eRe. power 
condit ioning u n i t  .i.s marked a s  spec i f ied  in paragraph 50.7. 

2 L 4  A. capadi tor  employing a dielectric: medium more combustible 
than askare l  s h a l l  no t  cause o r  increase  a risk of f i r e  o r  
e lec . tx ic  shock and s h a l l  not. vent o r  rupture and e ~ e i  dielec . t r ic .  
medium. e i t h e r  under. condit ions of  n o d  o r  abnonna.1 use, 

22, Fuses and. ,F'useholders- 

21-1 A fuse. having onLy a ac ra t ing may be used i n  a: de eipcuit  
provided t h a t  it is invest igated and found. t o  be acceptable. f o r  
the appl icat ion-  

22.2 Plug-type and ex t rac to r  type fuseholders s h a l l  not  be used 
in c i z c u i t s  which may be energized from both d i rec t ions ,  such as 
t h e  a l t e r n a t m g  e f e n t  ourput of the power candi t ieniag 

22.3. The screw s h e l l  of a plug-kme fuseholder and the outermost 
terminal  of an extractor-type fuseholder s h a l l  be  connected 
toward the load, - 

23- DC. Isolation From the. U t i l i t y  

23.1 A power conditioning unit shall be designed t o  pro tec t  
a g a i n s t  d i r e c t  cur rent  flowing from the PV array i n t o  the u t i l i t y  
supply during (I) normal operation and, (2) a component 
malfunction o r  failure within the  power conditioning unit .  
Devices, such a s  an i s o l a t i o n  transformer having separate primary 
and secondary windings, a blocking capaci tor  o r  a d i r e c t  current  
sensor with a high-speed disconnect switch may be used. 

Exception: A pcwer conditioning u n i t  marked i n  accordance w i t h  
saragrapn 3 0.4, 
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24.  Motors 

24.1 Each motor s h a l l  be pro tec ted  from overheat ing due t o  any 
cond i t ion  of load up t o  and incl.uding s t a l l e d  r o t o r .  

Exception No. 1: A motor used f o r  a ir-handl ing on ly ,  such a s  a 
d i rec t -d r ive  blower motor o r  a v e n t i l a t i n g  fan  need be p ro tec ted  
only  a g a i n s t  locked-rotor condi t ions .  

Exception No. 2: A shaded-pole motor having a d i f fe , rence  of 
1 ampere o r  l e s s  between no-load and locked-rotor  c u r r e n t s  and 
having a 2 t o  1 o r  smaller  r a t i o  between locked-rotor and no-load 
c u r r e n t s  i f  it i s  protec ted  a g a i n s t  locked r o t o r  only.  

2 4 . 2  The p ro tec t ion  requi red  by paragraph 24.1 may be 
accomplished by one of t h e  following: 

A. Thermal p r o t e c t i o n  complying wi th  requirements i n  
t h e  Standard f o r  Thermal P r o t e c t o r s  f o r  Motors, UL 547. 

B. Impedance p ro tec t ion  complying wi th  appropr ia t e  
requirements i n  - the Standard f o r  Motor-Operated 
Appliances, UL 73. 

C. Other p ro tec t ion  t h a t  t e s t s  show is  equiva lent  t o  
t h e  p ro tec t ion  mention i n  i tem A. 

25. Printed-Wiring Boards 

General 

25.1 A pr inted-wir ing board i n  a power condi t ioning  u n i t  s h a l l  
comply with t h e  Standard f o r  Printed-Wiring Boards, UL 796. For a 
power condi t ioning  u n i t  with openings i n  t h e  enclosure ,  the board 
s h a l l  be c l a s sed  94V-0 o r  94V-1, i n  accordance with t h e  Standard 
f o r  T e s t s  for ,F lammabi l i ty  of  P l a s t i c  Mate r i a l s  f o r  P a r t s  i n  
Devices and Appliances, UL 94. The use of a material c l a s s e d  
94V-2 r e q u i r e s  t h e  use of  an enclosure without v e n t i l a t i n g  
openings. 

Exception: This requirement does no t  apply t o  a p r in ted  wir ing 
board connected only i n  low-voltage, l imited-energy c i r c u i t s  and 
where d e t e r i o r a t i o n  o r  breakage of t h e  bond between t h e  conductor 
and t h e  base m a t e r i a l  does n o t  r e s u l t  , in a r i s k  of f i r e  o r  
e l e c t r i c  shock. 
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25.2 A r e s i s t o r ,  capac i tor ,  inductor, o r  o the r  p a r t  that is 
mounted on a pr in ted-c i rcu i t  board t o  form a pr in ted-c i rcu i t  
assembly s h a l l  be  secured so that it cannot be displaced t o  cause 
a r isk o f  fire o r  electric shock by a force l i k e l y  t o  be exerted 
on it d u i n g  assembly o r  normal operation a s  determined during 
the impact test, spec i f i ed  in paragraph 32.2- 

Conformal Coating 

25:- 3 A conf onnal 6aatFng. empl~.yed on: the surface. of a 
printed-wiring board and intended t u  be .used. f o r  the. acceptance 
af reduced spacbgs.  shalL be acceptable f o r  t h e  appl icat ion by 
being inves. t igated on the printed-wiring board. material.  in  
accordance with the Standard f o r  Polymeric. Materia1.s - U s e  i n  
E l  ectrical Equipment Evaluations, UL 746C.. 

26, Component Evaluation 

General 

26.1 A component, r e l i a b i l i t y  evaluation shall be conducted on. a. 
circuit w h i c h  is: used. in l i e u  of direct grounding of  the input 
c i r c u i t  when .a s:inqle-mode component: f a u l t  r e s u l t s  in loss: in 
p ro tec t ion  which the: c i r c u i t  is intended to. provide, 

Evaluation. Program 

26.2 There a r e  two phases required .to evaluate  the  r e l i a b i l i t y  
o f  e l e c t r o n i c  components o r  circuits, 

Phase A 

26.3 A fault  ana lys is  and failure-mode t a b l e  of  a l l  components 
s h a l l  be es tab l i shed  which i d e n t i l i e s  the c r i t i c a l  components; 
that is, those components the malfunction of which may r e s u l t  i n  
l o s s  i n  protect ion whrch the  circuit is intended t a  provide, Tf 
the f a a t  i n  a component o r  c i r c u i t  r e s u l t s  in an acceptable 
shutdown, o r  i n  no appreciable e f f e c t  on performance as  confirmed 
by test ,  Phase B may be omitted, 

26.4 The failure-mode information may be made up a s  shown i n  
Table 26.1. 

Phase B 

26 .5  The maximum s t r e s s  applied t o  c r i t i c a l  components s h a l l  nc t  - . .  exceed 5 0  pe rces t  o r  =as naximum r a t s e  valces,  such as 
t snperaturz ,  v ~ l t a ~ e ,  aze 9cwer. T k i s  a ~ 9 l i o s  t o  r e s i s t o r s ,  
c q a c i t c z s ,  s c l i d  s = a t s  eanponents,  =slays ,  z2i  572 l i k s .  



TABLE 26.1 
FAILURE-MODE INFORMAT ION 

-7 -- 
S t r e s s  Levels ,  

~ a n u  f ac  t u r e r  ' s Percent  Rated 
p a r t a  Name, Cat. No., Thermal & Schematic F a i l u r e  F a i l u r e  (Thermal & 
Name and ~ a t i n j x s ~  - - - E l e c t r i c , a l  Referencec  unction^ Modee ~f f e c t  ~ 1 e c t r i c a l ) g  

Name - Include each e l e c t r o n i c  component i n  t h e  c i r c u i t  t o  be i nves t i ga t ed .  

bt4anufacturer 's  Name, Cat. No. , and Rat ings - To be provided t o r  e a c h  coinponent. 

'schematic Reference - Each component i s  t o  be i d e n t i f i e d  a s  R 1 ,  C l ,  and t h e  l i k e .  

d ~ u n c t i o n  - Describe t h e  func t ion  o f  each component. 

e F a ~ l u r e  Mode - Inc lude  open- and s h o r t - c i r c u i t  c a t a s t r o p h i c  f a u l t s  f o r  each component. 
A1B t e rmina l s  are to be included on mul t ip le - te rmina l  devices .  

'Fai lure  E f f e c t  - The system e f f e c t  caused by t h e  f a u l t  is t o  be s t a t e d .  

%he thermel end e l e c t r i c a l  stress l e v e l s  a r e  t o  be expressed a s  a percentage of t h e i r  nominal 
r a t e d  va lues  a s  s p e c i f i e d  by t h e  manufacturer.  Node vo l t age  f o r  a l l  normal modes of ope ra t i on  
a r e  t o  be i nd i ca t ed  on t h e  schematic diagram. Th i s  a s s i s t s  i n  v e r i f i c a t i o n  of t h e  i nv iv idua l  
component stress levels. 

N 
I-' 
I-' 
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Phase C. 

26.6 To fu r the r  demonstrate. r e l i a b i l i t y ,  the  Environmental tests 
spec i f i ed  i n  Sect ion 43' and the. Voltage. Transient  and S- ta t i c  
Discharge. tests spec i f i ed  in Section. 44 s h a l l  be conducted, 

2.6-7' To.ve r i fy  t h a t  the c i r c u i t  is not  adverse1.y a f fec ted  by 
voltage.  t r a n s i e n t s  and static df scharge, the  tests specif ied i n  
Section 45 s h a U .  be conducted. 

PROTECTTON. AGAINST INJURY. TO PEHSONS 
I 

27. General 

27.1 ff operation,  maintenance, o r  reasonably foreseeable misuse 
of  a power conditioning u n i t  involves a r i s k  of Fn juq-  t o  
persons., protect ion sha l l  be. provided t o  reduce the r isk, .  

27-2 Among t h e  f a c t o r s  t o  be  considered i n  judging We 
a c c e p t a b i l i t y  of an exposed moving p a r t  are (I) degree of 
exposure necessary t o  perform its intended function,  
(2) sharpness of the moving part ,  ( 3 )  U e l i h o o d  of unintent ional  
contac tp  ( 4 )  speed of the moving pa r t ,  and ( 5 )  l ikelihood t h a t  a 
p u t  sf. the body would b e  endangered o r  t h a t  c lothing would be 
entangled by the moving park, These f ac to r s  a r e  t o  be considered 
w i t h  r e spec t  t o  both iatended operation o f  the power conditioning 
u n i t  and reasonably foreseeable misuse. 

27-3 The adequacy of a .guard ,  a re lease ,  an in te r lock ,  o r  the  
l i k e ,  and whether such a. device i s  required a r e  t o  be determined 
from a study of t h e  complete power conditioning un i t ,  its 
operat ing c b r a c t e r i ' s t i c s ,  and the l ikelihood. of a risk of  i n j u y  
t o  persons r e su l t ing  from a cause o the r  than gross neglf gence.. 
T h e  inves t iga t ion  is t o  incfude consideration of t h e  r e s u l t s  of a 
breakdown o r  malfunctiomr of  any one component; but not  e r e :  than 
one component at. a the , .  unless: one event contr ibutes  t o  
another. If the study shows th tma l func t ion  of a component c&i 
r e s u l t  in a risk of. ixsjuy t o  persons, that component is t o  be 
inves t iga ted  f o r  r e l i a b i l i t y -  

28. Enclosures and Guards 

2 8 . 1  A p a r t  capable of causing a r i s k  of in jury  t o  persons s h a l l  
be enclosed. 

28.2 An opening i n  a guard o r  ecclosure around a moving pa r t  t h a t  
may involve a r i s k  of injury t o  ?ersoris s h a l l  have a minor 
6iinension i e s s  than 1 inch ( 2 5 . 4  mm) , 2nd s h a l l  not ?e-znlt the  
?robe i l l u s t r a t e d  in Fiqure 7 . 1  t o , c c n t a c t  the p a r t  when the 
2rcbe i s  inse r t sd  through &e o2eniaq t o  i t s  naxL.nrm 2egth i n  a 
a t=z i ,=h t  c r  zrficzl=t=e z o s i t i c n .  - 
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28.3 An enclosure ,  an opening, a frame, a guard,  a knob, a 
handle,  o r  t h e  l i k e ,  s h a l l  not  be s u f f i c i e n t l y  sharp  t o  cause a 
r i s k  of i n j u r y  t o  persons i n  normal maintenance o r  use. 

28.4 A guard o r  por t ion  of an enclosure  a c t i n g  a s  a guard f o r  a 
p a r t  t h a t  may involve a r i s k  of i n j u r y  t o  persons s h a l l  be e i t h e r  
( I)  mounted t o  t h e  assembly so t h a t  t h e  p a r t  cannot be opera ted  
wi th  t h e  guard o r  por t ion  of t h e  enclosure  removed, ( 2 )  secured 
t o  t h e  assembly using f a s t e n e r s  r e q u i r i n g  a t o o l  f o r  removal, o r  
(3 )  provided with an i n t e r l o c k  t o  reduce t h e  r i s k  of con tac t ing  
t h e  p a r t .  

29. Enclosure Mounting 

29 .1 . I f  mounting i n s t r u c t i o n s  furn ished  wi th  a power condi t ioning  
u n i t  s p e c i f y  mounting hardware t h a t  is n o t  r e a d i l y  a v a i l a b l e  
commercially, t h e  manufacturer s h a l l  provide t h e  hardware wi th  
t h e  power condi t ioning  u n i t .  

30. Mate r i a l s  

30.1 I f  t h e  breakage o r  damage of  a p a r t ,  such a s  an enclosure ,  a 
frame, a guard, o r  t h e  l i k e ,  may r e s u l t  i n  a r i s k  of i n j u r y  t o  
persons,  t h e  m a t e r i a l  s h a l l  have such p r o p e r t i e s  as t o  meet t h e  
demand of expected loading cond i t ions ,  

I 
31. Moving P a r t s  

31.1 A r o t a t i n g  member, such a s  a fan  b lade ,  breakage of which 
may r e s u l t  i n  a r i s k  of i n j u r y  t o  persons,  s h a l l  be enclosed o r  
guarded t o  reduce t h e  r i s k  of i n j u r y  t o  persons.  

31.2 A r o t a t i n g  o r  moving p a r t  t h a t  may involve a r i s k  of i n j u r y  
t o  persons i f  it 'should become disengaged shall be provided wi th  
a p o s i t i v e  means t o  r e t a i n  it i n  p lace  under ' cond i t ions  of use.  

32. Impact 

32, l  A power condi t ioning  u n i t  employing a p a r t  a s  mentioned i n  
paragraph 30.1  s h a l l  be t e s t e d  a s  descr ibed  i n  paragraph 32.2; 
and, fol lowing the test,' s h a l l :  

A. Not permit  a probe, a s  i l l u s t r a t e d  i n  F igure  7 . 1  and 
app l i ed  i n  accordance wi th  paragraph 28.2, t o  con tac t  
an uninsula ted  l i v e  p a r t  or  a moving p a r t  t h a t  may 
involve a r i s k  of i n j u r y  t o  persons; and 
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B. Comply w i t h  t h e  d i e l e c t r i c  voltage-withstand 
requirements in Section 40 with the. po ten t i a l  applied. 
between live par ts ;  and accessible.  dead. metal parts.,. 

32.2 The power condit ioning u n i t  is to be subjected to  three 
impacts using a smooth steel sphere* 2 iaches  ( S O .  8 nun) i n  
diameter and weighing 1.18 pounds (0.5 kg). The sphere is t o  b e  
allowed. t o  f a l l  v e r t i c a l l y  from rest through a d is tance  of 
5 1  inches  (1295 ml t o  s t r i k e  the p a r t  being tes ted.  For a p a r t  
n o t  able t o  be struck from above by the f ree-fal l ing sphere, the 
sphere  is t o  be- suspended by a cord and allowed t o  f a l l  a s  a 
pendulum through the required v e r t i c a l  distance. 

33'- S t a b i l i t y  

33.1 A power condit ioning u n i t  s h a l l  no t  t i p  over but  s h a l l  
r e t u r n  t o  its normal a t - r e s t  pos i t ion  when: 

A, Tipped thzough an angle  o f  1 0  degrees in  the. 
d i r e c t i o n  of l e a s t .  s t a b i l i t y  from an. a t - r e s t  posi t ion 
on a. h o t i z s n t a l  surface, 

B:, Placed o a  a p l a n e  incl ined at an angle, of  1 0  degrees 
f r o m .  the b r i z o n t a l , .  o r  

C, Posit ioned in accordance w i t h  the  manufacturer ' s 
ins t ruc t ions ,  i f  any, under t h e  normal operating 
condit ion most l i k e l y  t o  cause t i p  over and subjected 
t o  an externally-applied hor izonta l  force of 2 0  percent 
of  the weight of the. power conditioning u n i t  o r  
SO pounds (22.7 kg) , whichever is. less. See 
paragraph 33,.3- 

Exception: A power conditioning u n i t  provided w i t h  instxuctions 
indica t ing .  t h a t  it is t o  be fastened t o  the f l o o r  o r  wall need 
n o t  be subjected t o  W s  t e s t ,  

33.2 Sf a p a t t  o r  su r face  o f  the power conditioning u n i t  n o t  
normally i n  contact  with the  horizontal  supgorting surface 
touches the supporting surface before the  u n i t  has been t ipped 
t o  an angle of 1 0  degsees, the t ipp ing  is t o  be continued u n t i l  
the surface o r  plane of the surface of the  power conditioning 
u n i t  o r i g i n a l l y  in contact  with t h e  horizontal  supporting surface 
is at an angle of 1 0  degrees from the horizontal  supporting 
surf  ace. 
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33.3 The f o r c e  s p e c i f i e d  i n  i tem C i n  paragraph 33.1 i s  t o  be 
app l i ed  i n  a  hor i zon ta l  d i r e c t f o n  a t  t h a t  p o i n t  on t h e  power 
condi t ioning  u n i t  most l i k e l y  t o  over turn  t h e  power condi t ioning  
u n i t ,  bu t  no t  appl ied  more than 5 f e e t  (1.5 m )  above f l o o r  l e v e l ,  
The l e g s  o r  p o i n t s  of support  may be blocked t o  prevent  t h e  power 
condi t ioning  u n i t  from s l i d i n g  during t h e  a p p l i c a t i o n  of t h e  
force.  

34. Switches and Controls  

34.1 I f  un in ten t iona l  opera t ion  of a  switch may involve a  r i s k  of 
i n j u r y  t o  persons,  t h e  a c t u a t o r  of t h e  switch s h a l l  be loca ted  o r  
guarded so  t h a t  such opera t ion  i s  unl ike ly .  

34.2 I f  requi red ,  t h e  a c t u a t o r  of a switch may be guarded by 
recess ing  r i b s ,  b a r r i e r s ,  o r . t h e  l i k e .  

35. U t i l i t y  F luc tua t ion  

35.1 A power condi t ioning  u n i t  s h a l l  be provided wi th  a  means t o  
automat ica l ly  disconnect  i t s  ou tpu t  from a l l  ungrounded 
conductors t o  t h e  u t i l i t y  supply under t h e  cond i t ions  of u t i l i t y  
f l u c t u a t i o n s  and s h a l l  no t  reconnect u n t i l  t h e  u t i l i t y  i s  
res tored .  See .Section 42- 

35.2 The disconnect ion c o n t r o l  s h a l l  be a  c o n t r o l  employing 
con tac t s  t h a t  provide phys ica l  sepa ra t ion  between t h e  output  of 
t h e  power condi t ioning  u n i t  and t h e  u t i l i t y  supply when opened. 

36. S t a t i c  Load 

36.1 When mounted a s  recommended by t h e  manufacturer,  a  power 
condi t ioning  u n i t  intended t o  be f a s t ened  t o  a  suppor t ing  
s t r u c t u r e  s h a l l  be loaded a s  descr ibed i n  paragraph 36.2 f o r  
1 minute with a fo rce  equal  t o  t h r e e  times t h e . w e i g h t  of t h e  
power condi t ioning  u n i t  but  not  less than  20 pounds (89 N ) .  A s  a  
r e s u l t  of t h i s  loading,  t h e r e  s h a l l  be no permanent deformation, 
breakage, d i s l o c a t i o n ,  cracking,  o r  o t h e r  damage t o  t h e  u n i t  o r  
i t s  mounting hardware. 

Exception: A power condi t ioning  u n i t  intended f o r  f l o o r  mounting. 

36-2 The f o r c e  i s  t o  be app l i ed  through t h e  approximate c e n t e r  of 
g r a v i t y  of t h e  power condi t ioning  u n i t ,  is  t o  be increased  
gradual ly  s o  as t o  reach t h e  r equ i red  value i n  5 t o  10 seconds, 
and i s  t o  be maintained a t  t h a t  value f o r  1 minute. 
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37, Surface Temperatures 

3.7.1 D u h g  the  temperature test  described i n  Section 39, the 
temperatue o f  a surface that may be contacted s h a l l  no t  be  inore 
than the value: spec i f i ed  in Table. 39 -1, The r e s u l t s  of a test.  
that is conducted, at. a. room temperature of other .  than 25% (770F) 
are to. be corrected. t o  2.S0c. 

TABLE 37.. L 

MAXIIYUM ACCEPTABLE S.URFACE TELWERATURES 

c 
Metall ic,  Nonmetallic, 
Degrees Degrees 

Location o r  Type o f  S u f a c e  C - I? - C - F - 
Handle. o r  h o b  and. o t h e r  surfaces  t h a t  60 14.0. 8 5. 185: 

axe intended t o  be contacted during 
apexation 

A surface which may be subjected to  7Q. E 8 .  9 5  203 - 

c.aeal contact  
aA mate-metal that is  p la ted  o r  c l a d  w i t h  metal 

. 

having a thickness. o f  0 - 005 inch (0, I3 mm) ox less is t o  be 
judqed a s  a nonmetallic p a r t ,  

PERFORMANCE 

3.8,. General 

38.1 A r e p ~ a s e n t a t i v e  sample of a power conditionislg u n i t  shall 
be subjected to the tests  described in Sections 39-42, Unless 
otherwise specif ied,  the power conditioning unit is t o  be 
energized from a supply t h a t  simulates the current-voltage 
c h a r a c t e r i s t i c s  and time response of a photovoftaic array 
simulator,  and t h e  tests are to be conducted at t he  maximum and 
minimum rate& i n p u t  voltages. The output of the power 
condit ioning u n i t  is t o  be connected t o  a u t i l i t y  supply voltage 
a s  def ined i n  Table 38.1,. 
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TABLE 3 8 .1  

VALUES OF OUTPUT VOLTAGES 

Rated Output Voltage, AC Test  Voltaae. AC 

12 0 
Rated vo l t age  

240 
Rated vol tage  

277 
Rated vo l t age  

480 
Rated vol tage  

600 

38.2 The supply t h a t  s imula tes  t h e  photovol ta ic  a r r a y  s imula tor  
descr ibed  i n  paragraph 38.1 s h a l l  have r a t i n g s  i n  accordance wi th  
t h e  power condi t ioning  u n i t  inpu t  r a t i n g .  

39. Temperature 

39.1 Under t h e  fol lowing condi t ions ,  t h e  u n i t  s h a l l  n o t  reach a  
temperature a t  any p o i n t  high enough (1) t o  cause a  r i s k  of f i r e ,  
( 2 )  t o  damage any m a t e r i a l  used, (3 )  s h a l l  n o t  cause a  p r o t e c t i v e  
device t o  opera te ,  and ( 4 )  t o  exceed t h e  temperature rises 
s p e c i f i e d  i n  Table 39.1. 

A. The power condi t ioning  u n i t  d e l i v e r i n g  maximum r a t e d  
output  power, 

B. Simulated u t i l i t y  f l u c t u a t i o n s  sp .ec i f ied  . in  
Sect ion  42, and 

C. Ambient temperature as s p e c i f i e d  i n  paragraph 39.7. 

39.2 During t h e  normal temperature test ,  t h e  power condi t ioning  
u n i t  s h a l l  be connected a s  s p e c i f i e d  i n  paragraph 38.1 and 
mounted a s  i n  normal s e r v i c e  t o  allow normal convect ive cool ing.  

39.3 A power condi t ioning  u n i t  designed f o r  mounting o r  support  
i n  more than  one p o s i t i o n  o r  i n  a  confined l o c a t i o n  s h a l l  be 
t e s t e d  i n  a  manner r ep resen t ing  t h e  most severe condi t ions .  An 
ad jacen t  mounting or  support ing su r face  s h a l l  c o n s i s t  of 1-inch 
t h i c k  sof t -p ine  boards. 
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T A B U  39.1 
WXIMUM I'EMPSRATURE RISES 

Dearees 
C. 

-' 
F - 

65 If7 

Vater fa l s  and Comonents 

L, A surface upon which the.  power conditioning 
u n i t  may be. wunted trl  service-,. and surfaces 
t h a t  may be adjacent  to- the. power coadition- 
tng u n i t  when s o  souuted 

Z Any poin t  on o r  wi thfa  a t e r s i n a l  box o r  
coqar tment .  of a p a t a r  condftioning. u t r i t  
where. f i e ld -  i n s t a l l e d  conductors may. 
rest 

3, Fie ld  wiring terminaLg 

4, Ciass 105 c o i l  f n s d a t f o n  systems of a 
r e l ay ,  solenoid,, etc,, 

Thermocouple method 
.Resistance method 

5 . .  CIass 130 &oi l .  i n su l a t ion  systems of a. 
r e l ay ,  a solenoid, etc.., 

Thennocouple u& thud 
Resfseance mthod  

6 Class 105 transformer insu la t ion  
systems;: 

Thcwtocoupf a method 
R e s i s  t ancs  methad 

7, Class. l30 transformer insu la t ion  
systems : 

Thennocoup l h  method. 
Reeietanaa mcehed. 

8- Class 155 transformer insu la t ion  
sys temg ; 

Thermocoup le method 
Res.fstance method 

9, Class  180 transformer fnsufat ion 
systems: 

Thennocoup le method 
Resistance method 

LC- Class 200 transformer insu la t ion  
sys  t a m  : 

Thennoc oup l e  met hod 
Resi.stance mthod 

IL, Class 220 transformer insu la t ion  
systoms : 

Thermocouple method 
?.esistanct netkod 
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TABLE 39.1 
MAXIMUM TEMPERATURE RISES (CONT'D) 

Degrees 
Materials and Components - C F - 
12. Class A motor coil insulation 

systems: 

A. In an open motor: 
Thermocouple method 
Resistance method 

B. In a totally-enclosed .motor: 
Thernocoup le method 
Resistance method 

23. Class B motor coil insulation 
systens : 

A. In an open motor: 
Thermocouple method 
Resistance method 

B. In a totally-enclosed motor: 
Thermocouple method 
Resistance method 

14. Varnished-cloth insulation 

15. Fiber employed as electric insulation 

16. Polymeric materials 

27. Wood and other combustible material 

18. Rubber- or thermoplastic-insulated 
wire and cord 

19. Other types sf Cnaulated wire 

20. Fuses 

22. Fuse Clips 

22. Capacitor: 
. Electrolytic 

Other than electrolytic 

23. Sealing compound 

24. Semiconductor devices 

25. Buses and connecting straps 
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( N m S  FOX TABLE 39-1) 

a ~ t  a p o i n t  on the  s u r f i c e  o f '  a c o i l  &ere t h e  temperature i s  a f f e c t e d  
by an e x t e r n a l  source o f  h e a t ,  t h e  temperature, . r ise.  rneasured by neans 
af a thermocouple may be 5 ' ~  (9OF) h igher  than  t h a t  speci f ied , .  i f  t h e  
temperature rise of  t h e  c o i l  a s  measured by t h e  r e s i s t a n c e  method .is 
n o t  more than t h a t  spec i f i ed ,  

bThe temperature 1imit .at ions on polymeric and on rubber and thermoplastic: 
f o r  wire and cord i n s u l a t i o n  do n o t  apply  t o  a material. t h a t  has  been. 
2nves:tigated and found t o  be. accevtab le. f o r  a. higher.  temperature.. 

s h o r t  l e n g t h  o f  rubber- o r  thermoplas t ic- insula ted  f l e k i b l e  cord  
ins ide .  the: power condit ioning:  unit: may be exposed. t o  a temperature 
o f  more than 60°c (14O0F) if. supplementary i a s u l a t i o n  acceptab.le f o r  
t h e  measured temperature and of: adequata d i e l e c t r i c .  p r o p e r t i e s -  i s  
eaployed. on each i n d i v i d u a l  conductor.. 

d ~ o r  i n s u l a t e d  conductors,  r e fe rence  is t o  b e  made t o  t h e  Natfoual  
E l e c t r i c a l  Code.NE'PA No. 70-1981. The maximum allowable temperature 
rtse is n o t  to exceed 2.5% (45'~) l e s s  t h a n : t h e  temperature l i m i t .  
o f  t h e  w i r e  except  a s  no ted  in. footnotec. 

e 
A c a p a c i t o r  t h a t  opera tes  a t  a temperature rise of more than 40°C (92%) 
fOP e l e c t r o l y t i c  and more than 6 5 ' ~  (117'~) f o r  o t h e r  types  may b e  judged 
on t h e  b a s i s  o f  its auuked temperature L i m i t ,  I n  any case ,  t h e  measured 
temperature  s h a l l  not exceed t h e  temperature r a t i n g  of  ehe c a p a c i t o r  based 
OR a 2s0c ambient temperature, 

f 
Unless a t h e m s e t t i n g  compound, t h e  maximura s e a l i n g  compound temperature,  
when c o r r e c t e d  t o  a 2S0c (77'~) ambient temperature, is 15'6 (27'~) l e s s  
t h a n  t h e  so f ten ing  p o i n t  o f  t h e  compound as d e t e n n i ~ e d  i n  accordance wi th  
the T e s t  f o r  Sof ten ing  Po in t  by t h e  Ball and Ring Apparatus ASTM, E28-1972. 

%he- l i m i t a t i o n  does: n o t  apply  t o  a m a t e r i a l  t h a t  has  been inves t iga ted  
and. found accep tab le  f o r  a h igher  temperature l i m i t ,  



221  September, 1982 

39.4 A thermocouple junction and' the adjacent thermocouple lead 
wires are to be held securely in good thermal contact with the 
surface of which the temperature is being measured. Usually 
adequate thermal contact will result from securely taping or 
ceinenting the thermocouple in place, but if a metal surface is 
involved, brazing or soldering the thermocouple to the metal may 
be necessary. 

39.5 Coil. and winding temperatures are to be measured by 
thermocouples located on exposed surfaces, except that the 
resistance method may be used for a coil that is inaccessible for 
mounting thermocouples, such as a coil (1) immersed in sealing 
compound, (2) wrapped with thermal insulation, such as asbestos, 
or (3) wrapped with more than. two layers of material, such as 
cotton, paper, or rayon, more than 1/32 inch (0.8 mrn) thick. In 
an alternating-current motor, the thermocouple is to be mounted 
on the integrally-applied insulation of the coil wire. 

39.6 The temperature rise of a winding by the resistance method 
is determined by comparing the resistance of the winding at a 
temperature to be determined with the resistance at a known 
temperature according to the formula: 

in which: 

~t is the temperature rise of the winding in degrees C; 
R is the resistance of the coil at the end of the test 

in ohms; 
r is the resistance of the coil at a known temperature 

in ohms ; " 
tl is the room temperature in degrees C at the beginning 

of the test; 
t2 is the room temperature in degrees C at the end of 

the test; and 
k is 234.5 for copper, 225.0 for electrical conductor 

grade (EC) aluminum; values of the constant for other 
conductors are to be determined. 

39.7 All values for temperature rises in Table 39.1 are based on 
an assumed ambient temperature of 25% (77O~). However, tests may 
be conducted at any ambient temperature within the range of 
10-40°c (50-104~~) . 
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39.8 Thermocouples are ta c o n s i s t  of wires no+ l a r g e r  than 
No, 24 AWG and not  smal ler  than No* 30 AWG. When themocoupleo 
a r e  used in, d e t e d n i n g  temperatures i n  e l e c t r i c a l  equipment, it 
is comon p rac t i ce  to  employ thermocoupLes cons is t ing  o f  
iqo. 30 AWG i r o n  and constantan w i r e  and a potentiometer type 
instrument. Such equipment is t o  b e  used whenever r e fe ree  
temperature measurements by thennocouples a r e  necessary. T h e  
aexmocouples and related ins t runents  a r e  t o  b e  accurate and 
ca l ib ra ted  i n  accordance w i t h  good laboratory practice-.  The 
thennocouple w i s e  is t o  conform w i t h  the requirements f o r  special 
thermocouples as Listed in the t a b l e  o f  limits of e r r o r  of 
thennocouples in Temperature Xeasuremenr- Thennocouples, 
ANSI MC96.1-1975 .. 

39.9 A tempera tue  i s  considered to b e  constant.  when three 
successi.ve readings taken a t  in te rva ls .  o f  1 0  percent of the  
previously elapsed durat ion o f  the test ,  but  no t  less than 
15 minutes:, i nd ica te  no further increase* 

Dielectric Voltage- Withstand 

General 

40,L While still kr a heated conditiou:, a power conditioning unit 
shall withstand for 1 minute without breakdown. the appl ica t ion  o f  
a p o t e n t i a l  of: 

A. O x i e  thousad vol . ts  plus twice the maxim~.m ratafl 
voltage between (I.) the input  circuit  and dead m e t &  
par ts ,  (21 the output  c i r c u i t  and dead m e t a l  p a r t s ,  and 
3 the input  and output circuits. 

Exception:. I t e m  (3) is. n o t  appl icable  t o  power 
condit ioning uni ts  net provided with a transformer o r  
capac i tor  ne two~k i s o l a t i n g  the i n p u t  f m m  the outpck 

B. One thousand volts  betwoen l i v e  and dead metal parts 

C. Five hundred v o l t s  between a secondam c i r c u i t  
operating a t  50 v o l t s  o r  l e s s  and dead metal parts; 
1000 v o l t s  p l u s  twice the maximum rated secondary 
c i r c u i t  voltage between a secondary c i r c u i t  operating 
at mors than 50 v o l t s  and dead metal parts. 
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D. One thousand v o l t s  p lus  twice t h e  r a t e d  vol tage  
between t h e  te rminals  of a capac i to r  used ac ross  t h e  
a c  o r  dc power c i r c u i t  f o r  FMI e l imina t ion  o r  power 
f a c t o r  co r rec t ion ;  and between t h e  t e rmina l s  of a 
c a p a c i t o r  connected between t h e  ac  o r  dc power c i r c u i t  
and t h e  enclosure.  

40.2 To determine whether a power condi t ioning  u n i t  complies with 
t h e  requirements i n  paragraph 40,.1, t h e  power condi t ioning  u n i t  
i s  t o  be t e s t e d  using a 500 volt-ampere o r  l a r g e r  capac i ty  
t ransformer,  t h e  output  vol tage  of which can be var ied .  A 
d i r e c t - c u r r e n t  source is t o  be used f o r  a d i r e c t - c u r r e n t  c i r c u i t .  
A 60-hertz e s s e n t i a l l y  s i n u s o i d a l  vol tage  i s  t o  be used f o r  
t e s t i n g  a l t e rna t ing-cur ren t  c i r c u i t s  and f o r  t e s t i n g  between t h e  
i n p u t  and output  c i r c u i t s .  The app l i ed  p o t e n t i a l  is  t o  be 
increased  from zero u n t i l  t h e  requi red  t e s t  l e v e l  i s  reached, and 
i s  t o  b e - h e l d  a t  t h a t  l e v e l  f o r  1 minute. The inc rease  i n  app l i ed  
p o t e n t i a l  i s  t o  be a t  a s u b s t a n t i a l l y  uniform r a t e  as rap id  a s  i s  
c o n s i s t e n t  with c o r r e c t  i n d i c a t i o n  of i t s  value by a vol tmeter .  

Exception: I f  a vol tmeter  is  connected ac ross  t h e  ou tpu t  c i r c u i t  
t o  d i r e c t l y  i n d i c a t e  t h e  t e s t  p o t e n t i a l ,  t h e  t ransformer may be 
r a t e d  less than 500 volt-amperes. 

Induced P o t e n t i a l  (Crossover Lead) 

40.3 Each of t h r e e  s e p a r a t e  magnet-coil-winding samples s h a l l  
withstand without  breakdown t h e  t e s t  mentioned i n  paragraphs 20.5 
and 20.6 after cons tan t  temperatures have been reached a s  t h e  
r e s u l t  of opera t ion  under t h e  cond i t ions  s p e c i f i e d  i n  t h e  
Temperature T e s t .  While s t i l l  heated,  t h e  c o i l  winding s h a l l  be 
subjec ted  t o  an a l t e r n a t i n g  p o t e n t i a l  of t w i c e  t h e  r a t e d  vo l t age  
a t  any acceptable  frequency -- t y p i c a l l y  twice r a t e d  o r  h igher  f o r  
60 seconds. The requi red  t e s t  vol tage  i s  t o  be obta ined  by 
s t a r t i n g  a t  one-quarter o r  less of t h e  f u l l  va lue  and inc reas ing  
t o  t h e  f u l l  value i n  n o t  more than 15 seconds. 

41.  Harmonic Dis to r t ion  

4 1 . 1  The t o t a l  rms of t h e  harmonic vol tages  excluding t h e  
fundamental de l ive red  by a power condi t ioning  u n i t  connected t o  a 
u t i l i t y  l i n e  s h a l l  no t  exceed 5 percent  of t h e  fundamental rms 
output  vol tage  r a t i n g .  Also, t h e  rms v o 1 t a g e . i ~  any s i n g l e  
harmonic s h a l l  not. exceed 3. percent .  of. t h e  nominal fundamental 
rms ou tpu t  vo l t age .  r a t i n g .  These measurements. are t o  be 
made with t h e  power condi t ioning  u n i t  d e l i v e r i n g  1 0 0  percent  
of i t s  r a t i n g  i n t o  a s imulated u t i l i t y  wi th  an impedance of 
0.32 ohms r e s i s t a n c e  and 0'.14 ohms induct ive  reac tance .  
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42- U t i l i t y  Fluctuat ions  

42. L T h e  power condit ioning u n i t  s h a l l  disconnect from the 
simulated u t i l i t y  souxce within. 1.0. minute af ter  Lhe output  
vo l t age  and frequency o f  t h e  simulated u t i l i t y  source a r e  
adiusted t o  each condi t ion spec i f ied  i n  paragraph 42.2. and 

UTILITY PLUCTUATIONS 
- .- 

Simulated U t i l i t y  source- 
Cnnr3.i. t. i n n  Frequenay 

A 80. percent of nominal output. rating Rating 
B; 106 percent of nominal output. r a t i n g  Rating 
C. Nominal output  r a t ing  96.7 percent 

of norxirial 

D N o m i n a l  output. r a t ing  
output  a t i n g  

163.3 percent 
of nominal 
output rating 

E u - 
a~tility abrubtly disconnected w i t h  a switch t o  simulate u t i L i t y  

42.2 The output  of a power condition& unit shall  be  connected 
t o  an adjus tab le  r e s i s t i v e  load i n  p a r a l l e l  w i t h  a simulated 
u t i l i t y  source having an output r a t ing  of a t  l e a s t  1 0  k i lowat t s  
and an adjustable  output voltage and frequency. owing this test, 
t h e  input  t o  the power conditioning unit may .be ad 'us ted  so that 
the power conditioning u n i t  may de l ive r  from 0 to 100 percent of 
its output rating. The r e s i s t i v e  load may be adjusted t o  
d issapa te  from 0 t o  125 percent of the power condit ioning u n i t  
power m a g .  Foor each combination of power output-loading 
se lec ted ,  the frequency and voltage of the simulated u t i l i t y  
source a r e  to  be i n i t i a l l y  adjusted t o  t h e  nominal output r a t lngs  
of the power conditioning u n i t  and then varied as specified i n  
condi.tions A-E. o f  Table 42.. 1. 

42.3 Following d i s c o ~ e c t i o n ,  the simulated u t i l i t y  source 
vol tage and frequency a r e  to  be res tored t o  the rated output 
values of the  power conditioning un i t ,  and: 
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A. A power condi t ioning  u n i t  provided wi th  a manual 
r e s e t  c o n t r o l  s h a l l  remain disconnected from the 
simulated u t i l i t y  source.  

B. A power condi t ioning  u n i t  with an automatic reset 
c o n t r p l  s h a l l  no t  reconnect t o  t h e  s imulated u t i l i t y  
source u n t i l  t h e  u t i l i t y  vol tage  and frequency are 
r e s t o r e d  t o  va lues  between those  s p e c i f i e d  i n  
items A-D o f .  Table 4'2.1. 

43.. Environmental 

43.1 I n  accordance wi th  paragraph 26.6, a c i r c u i t  u t i l i z e d  i n  
l i e u  of d i r e c t  grounding s h a l l  be subjec ted  t o  t h e  environmental 
t e s t s  s p e c i f i e d  below. 

A. Three samples of t h e  c i r c u i t  assembly s h a l l  be 
condi t ioned f o r  48 hours t o  85-100 pe rcen t  r e l a t i v e  
humidity a t  32.0+2. - O ~ C  (89.6+3.. -  OF) . 
B. Three s.amples of t h e  c i r c u i t  assembly s h a l l  be 
condi t ioned f o r  3 hours t o  a 40.0+2.0°c (104.3+3.60F) - 
ambient a i r  p lus  opera t iona l  ambient. 

C. Three samples of t h e  c i r c u i t  assembly s h a l l  be 
subjec ted  t o  5 cyc les  of thermal shock c o n s i s t i n g  oE 
4 hours a t  a temperature of 40.0+2.0°c (104.0+3.6O~) 
ambient p l u s  opera t iona l  ambient-followed by a hours a t  
minus 35.0+2. - OOc (minus 31.0+3.6'~) - . 

43.2 Following t h e  above tests, t h e  c i r c u i t  assembly is t o  be 
i n s t a l l e d  i n  t h e  power condi t ioning  u n i t  and the power 
condi t ioning  u n i t  i s  t o  be opera ted  under t h e  appropr ia t e  
cond i t ions  n e c e s s a r y . t o  determine t h a t  t h e  c i r c u i t  cont inues t o  
provide i ts  intended p ro tec t ion .  
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44, Voltage Transient  and S t a t i c  Discharge 

General 

44.L A power conditioning unit containing a c i r c u i t  u t i l i z e d  in  
lieu of  direct grounding t he  iiiput circuit i i i  accordance w i t h  
paragraph 26. L s h a l l  be subjected t o  the t e s t s  spec i f i ed  i n  
paragraphs 44.2-44.7. During these tests the power conditioning 
u n i t  i s  t o  be connected as spec i f ied  i n  paragraph 38.L and a 
resistive load is t o  be connected t o  the output  terminals. T h e  
load is  t o  be adjusted t o  allow the power conditioning u n i t  t o  
d e l i v e r  maximum r a t ed  power, Following the appl ica t ion  of the 
ex te rna l ly  induced t r a n s i e n t s  and t h e  s t a t i c  discharges spec i f ied  
in paragraphs 44.2-44.6, the power conditioning u n i t  is t o  be 
operated under the appropriate conditions necessary t o  determine 
t h a t  the c i r c u i t  continues t o  provide i ts intended protection.  
During the appl icat ion of the extraneous t r a n s i e n t s  spec i f ied  i n  
paragraph 44-7 ,  the power conditioning u n i t  is  t o  be operated 
under the appropriate condit ions necessary t o  ve r i fy  that the 
c i r c u i t  provides its intended protection.  

E x t m a l l y  Induced Transients  

24.2 Ten. random appl ica t ions  o r  t hee  control led appl ica t ions  o f  
sutge impulses at 60 second intervals is t o  be appl ied t o  the 
output  c i r c u i f  o f  one sample o f  the power condit ioning unit.. Each 
of. t h e  t en  appl icat ions .  is  to. be  random with respect t o  the phase 
o f  the 60 hertz. output voltage, If three cont ro l led  appl ica t ions  
axe employed, one appl icat ion is  t o  be at essentially zero of the 
o u Q u t  voltage wave, one a t  pos i t ive  peak and one a t  negative 
peak.: 

44 .3  T h e  impulse generator is to pmvide  a L . 2  by 50 microsecond 
full wave impulse with a c r e s t  value of 5.0 k i lovo l t . .  The 
shor t - c i r cu i t  cur rent  of.' t h e  impulse generator s h a l l  be ridt less. 
than  5 0 0  amperes ., 

44,4  Figure 44.1 shows a t y p i c a l  impulse generator. 
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FIGURE 4 4 . 1  
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1 Sparlc gap employs b o i l e r  e l e c t r o d e s  

2 12 ohm surga r e s i s t o r  1 2 2  nic l~romc  r i c e  wour~d on f l a t  lnount t o  

reduce  reactance. 

3 Ilurata HSK 1513-RKI:TOO2I(:k:22 
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Static ~ i s c h a r ~ e  

44-5 One sample af the power conditioning u n i t  is t o  be  subjected 
t o  th is  test which is t o  be conducted Li an ambient temperature 
of 23+3O~ (73+5O~), a t  a r e l a t i v e  humidity of  %O+5 percent, and a 
baromgtric prgssure of not  Less than 700 m of mgrcury (194 kPa) . 
The power conditioning u n i t  enclosure is t o  be connected t o  ea r th  
ground ~ u r i n g  th is  test. A 150 picofarad low leakage capaci tor ,  
rated 1 0 , 0 0 0  v o l t s  dc, is  t o  be connected t c z  two high-voltage 
insu la ted  leads,.  3 f e e t  (0.9 m) long. A 15QO ohm resistor is t o  
be i n s e r t e d  i n  s e r i e s  w i t h  one leadc The end. of each lead is t o  
be  a t tached t o  a 1 / 2  inch (12.7 nun) diameter m e t a L  t e s t  probe 
w i t h  a spher ica l  end mounted on an insu la t ing  rod. The  capaci tors  
a r e  t o  be charged by touching the  ends of the t e s t  leads t o  a 
source of 1 0 , 0 0 0  v o l t s  dc f o r  at least 2 seconds f o r  each 
discharge. One probe i s  t o  be touched t o  the power conditioning 
u n i t  enclosure sad the o ther  probe is then t o  be touched t o  e a r t h  
ground* 

44.6 T e n  discharges are t o  be applied t o  d i f f e r e n t  points  on the 
exposed surface of the power condit ioning u n i t  enclosure, 
recharging the capac i tors  f o r  each discharge. Five of these 
discharges a r e  t o  be made with one lead connected t o  e a r t h  ground 
and. the o t h e r  lead probed on the power conditioning unit enclosure 
surf ace followed by f i v e  discharges w i t h  the p o l a r i t y  reversed. 

Extraneous Transients 

44.7 One sample of the  power condit ioning u n i t  is t o  be  subjected 
t o  t r a n s i e n t s  generated from each of the following devices 
loca ted  a dis tance of 1 foo t  (0.3 m) from t h e  power conditioning 
unit. The  time of appl ica t ion  f o r  each condit ion s h a l l  be  a t  
Peast 2 minutes. 

A. Sequential arc (Jacob's  ladder)  generated betweell 
two 15 inches (381 mm) long, No. 14 AWG (2.1 m2) s o l i d  
copper inductors at tached r i g i d l y  i n  a v e r t i c a l  
pos i t ion  t o  the  output terminals of an o i l  brvner 
i g n i t i o n  transformer ox gas  tube transformer ra ted  
120 v o l t s ,  60  her tz  primary; 30,080 v o l t s ,  60  her tz ,  
23 milliamperes secondary. The two wires a r e  t o  be 
formed i n  a taper  s t a r t i n g  w i t h  a 1/8 inch (3.2 mrm) 
separation a t  the  bottom (adjacent t o  terminals)  and 
extending t o  1-1 /4  inches (31.8 mm) a t  the top. 

a. Energization of a transmitter-receiver u n i t  
(walkie-tzlkie)  operating between 26-27 mega her tz  
frequency aca having a 1 0 0  ini l l iwatt  cutput.  
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C. Energizat ion of an e l e c t r i c  d r i l l  r a t e d  120 v o l t s ,  
60 h e r t z ,  2.5 amperes. 

D. Energizat ion of a  switched induct ion  type so lde r ing  
gun r a t e d  120 v o l t s ,  60 h e r t z ,  2.5 amperes. 

E. Energizat ion of a  buzzer r a t e d  120 vo . l t s ,  60 h e r t z .  

45. Abnormal Operation 

General 

45.1 A power condi t ioning  u n i t  s h a l l  n o t  emit flame o r  molten 
metal  o r  become a r i s k  of f i r e  o r  e l e c t r i c  shock when subjec ted  t o  
t h e  t e s t s  s p e c i f i e d  i n  paragraphs 45.1-45.6. During t h e s e  tests 
t h e  power condi t ioning  u n i t  i s  t o  be placed on a  softwood s u r f a c e  
covered with white t i s s u e  paper and a  s i n g l e  l a y e r  of cheesec lo th  
i s  t o  be draped loose ly  over t h e  e n t i r e  enclosure.  Dead m e t a l  
p a r t s  a r e  t o  be grounded through a  3 ampere fuse .  The i n p u t  and 
ou tpu t  c i r c u i t s  of t h e  power condi t ioning  u n i t  a r e  t o  be connected 
a s  s p e c i f i e d  i n  paragraph 38.1 during t h e s e  t e s t s .  Fusing f o r  t h e  
i n p u t  and output  c i r c u i t s  s h a l l  be provided i n  accordance wi th  t h e  
i n s t r u c t i o n s  provided wi th  power condi t ioning  u n i t  and t h e  
markings on the power condi t ioning  u n i t .  Each test  is  t o  be 
continued u n t i l  f u r t h e r  change a s  a  r e s u l t  of t h e  t e s t  cond i t ion  
is no t  l i k e l y .  An unacceptable cond i t ion  i s  considered t o  e x i s t  
(1) i f  flame o r  molten metal  is  emi t ted  from t h e  enclsoure  of t h e  
equipment 'as evidence by i g n i t i o n ,  ,glowing o r  cha r r ing  of t h e  
cheesec lo th  o r  t i s s u e  paper,  o r  (2)  t h e  3-ampere f u s e  t o  ground 
opens, (3)  when t h e  i n s u l a t i o n  breaks down when t e s t e d  i n  
accordance wi th  paragraphs 40.1 and 40.2, o r  ( 4 )  l i v e  p a r t s  a r e  
made access ib le . - -  see paragraph 7.1. 

45.2. Temperature o r  cu r ren t - sens i t ive  devices  o r  systems t h a t  are 
r e l i e d  upon t o  comply with paragraph 45.1, s h a l l  comply wi th  t h e  
requirements of such .devices .  E lec t ron ic  temperature- o r  
cu r ren t - l imi t ing  c i r c u i t s  t h a t  are r e l i e d  upon s h a l l  be subjec ted  
t o  conducting a  component eva lua t ion  s tudy a s  descr ibed  i n  
Sect ion  26. 

Forced Ven t i l a t ion  

45.3 A power condi t ioning  u n i t  having forced  v e n t i l a t i o n  i s  t o  be 
opera ted  wi th  t h e  r o t o r  of a  blower motor o r  motors locked. 



September, 19 8 2 

45.4 A power condit ioning u n i t  having f i l t e r s  over ven t i l a t ion  
openings is t o  be operated with t h e  ogenings blocked t o  represent 
clogged f i l t e r s .  The test is t o  be conducted i n i t i a l l y  with the 
v e n t i l a t i o n  openings blocked approximately SO percent, then t o  
be  repeated un6er a full-blocked condition- 

Componmt Short- and Open-Circuit 

45.5 Components., such as .  capaci tors ,  diodes and. s o l i d  s t a t e  
devices ,  and the like, a r e  to  be short-  o r  open-circuited, any 
two terminals,  one a t  a time. T h i s  t e s t  is not  required: 

A, Where circuit ana lys is  ind ica tes  that no o the r  
component o r  por t ion of the c i r c u i t  w i l l  be overloaded. 

B. For components i n  low-voltage, limited-energy 
circuits, o r  o the r  circuits t h a t  need n o t  be 
inves t iga ted  in accordance w i t h  this standard.. 

45.6 During t he  test described in. paragraph 45 -5  : 

A, The. maxim- backfeed cur rent  that flows: from the. 
u t i l i t y  into the PV array as a r.aoult of a faulted. 
component s h a l l  n o t  exceed the marked m a x i m u x  u t i l i t y  
backfeed f a u l t  current.  See .paragraph 48.. 1 0. 

8. DC current f r o m  the power condit ioning u n i t  output 
teminais s h a l l  not  flow f o r  more than one per iod ,of  
the normal rated.  frequency as a. r e s u l t  of this tes t .  

46. T e r m i n a l  Torque 

46.1. To detefinine compliance w i t h  the. exception t o  
paragraphs 13.14 and 13.15, a terminal  screw s h a l l  withstand the 
torque spec i f ied  in  Table 46-1 withcut s t r i p p i n g  the threads. 
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TABLE 4 6 . 1  

TIGHTENING TORQUE POR WIRE-BINDING SCREWS 

Size  of Tightening Torque 
Terminal Wire Sizes  Newton-Meters ( N 0 m )  

Screw, t o  be Tested, o r  Kilogram-Meters 
Number A W G ~  Pound- Inches (kg m) 

6 16-22 (ST) 1 2  1 . 4  o r  0 .14 

8 1 4  (S) and 
16-22 (ST) 

1 0  10-14 (S) 
and 

16-22  (ST) 
 ST - stranded w i r e ;  S - s o l i d  w i r e .  

47. Grounding Impedance 

47.1.The impedance a t  60  he r t z  between t h e  po in t  of connection of 
t he  equipment grounding means and any o the r  metal p a r t  t h a t  i s  
required t o  be grounded (see paragraph 1 4 . 1 )  s h a l l  not be more 
than 0.1 ohm when measured i n  accordance with paragraph 47.2. 

47.2 Compliance with paragraph 47.1 i s  determined by measuring 
t h e  vol tage when a cur ren t  of 25 amperes derived from a 60-hertz 
source with a no-load vol tage  no t  exceeding 6 v o l t s  i s  passed 
between t h e  grounding connection and t h e  metal p a r t  i n  quest ion.  

RATING 

48. De ta i l s  

48.1 The input  of a power condit ioning u n i t  s h a l l  be r a t ed  a s  
follows: (1) maximum open c i r c u i t  dc ,voltage, (2)  range of 
opera t ing  dc vol tage,  (3) range of opera t ing  cur ren t ,  ( 4 )  maximum 
a r r a y  sho r t  c i r c u i t  cu r ren t ,  and (5)  maximum u t i l i t y  backfeed 
f a u l t  cu r r en t  (see i t e m  A i n  paragraph 45.6). The output  r a t i n g s  
of a power condit ioning u n i t  s h a l l  include t h e  following: 
(6 )  nominal output  vol tage ,  (7)  output  frequency, (8)  output  
cur ren t ,  (9 )  output  power, (10) maximum output  f a u l t  cu r r en t ,  and 
(11) maximum output  overcurrent  protec t ion .  



September, 1982 

MARKING 

49, General. 

General, 

43.1 All markings are requi ted to  be permanent, i.e., e i t h e r  by 
being molded, bie-stamped, saint-stenciled: stamped o r  etched 
m e t a l  that is permanently secured; o r  inde l ib ly  stamped on a 
pressure-sensit ive label secured by adhesive that, upon 
inves t iga t ion ,  is found t o  comply w i t h  the  requirements- in the 
Standard f o r  Harking and Labeling Systems, UL 969 

Content 

49.2 A power conditioning u n i t  s h a l l  be p la in ly  and permanently 
marked where it w i l l  b e  r ead i ly  v i s i b l e ,  a f t e r  i n s t a l l a t i o n ,  w i t h  
(1) the Listee's name, trademark. or other descr ip t ive  marking by 
which the organizat ion responsible for the aroduct may be 
i d e n t i f i e d  -- here ina f t e r  re fer red  t o  a s  the Listeet s name, (2 )  a 
d i s t i n c t i v e  catalog number o r  t h e  equivalent ,  ( 3 )  the e l e c t r i c a l  
r a t i n g s  spec i f i ed  in paragraph 48 -1; and ( 4 )  the day o r  o-er 
da t ing  period of manufacture not exceeding any t h r e e  consecutive 
months. T h e  r e p e t i t i o n  time cycle of a d a t e  code shall not b e  less 
than 20 y e a s .  T h e  d a t e  code shal l  n o t  require reference t o  the 
manufacturer 's records t o  determine when the power conditioning 
unit was manufactured. 

Exception No.. 1: The L i s t e e ' s  i d e n t i f i c a t i o n  may be i n  a t raceable  
code when the  power condit ioning u n i t  i s  i d e n t i f i e d  by the brand 
o r  tzademark of a p r i v a t e  labe ler ,  

Exception No. 2: The d a t e  of  manufacture may be  abbreviated i n  a 
na t iona l ly  accepted conventional code, o r  i n  a code. affirmed by 
the manufactclfer. 

49.3 If a. power conditioning u n i t  is produced o r  assembled a t  
more than one factory,  each power conditioning unit s h a l l  have a 
d i s t i n c t i v e  marking -- which may be in code -- by w h i c h  it may be 
i d e n t i f i e d  as the product of a pa r t i cu la r  factory.  

4 9 . 4  The operating pos i t ions  of a handle, knob, o r  o the r  means 
intended f o r  manual operation by the user s h a l l  be marked. 

49 .5  Wiring terminals s h a l l  be marked to  indica te  the proper 
connections fo r  L!e power conditioning un i t ,  o r  a wiring liagram 
coded t o  the  terminal inarking shall Se securely attached t o  the 
equipment. 

Sxce9tion: The t e m i n a l s  m o d  nct Se sarksd i? t h e  w i r e  
csnxectisns zra 2 l z i n l y  svlCzzt .  
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49.6 Equipment f ie ld-wir ing te rminals  s h a l l  be marked: 

A. " U s e  Copper .Conductors Only" i f  t h e  te rminal  i s  
acceptable  only f o r  connections t o  copper w i r e .  

B. " U s e  Aluminum Conductors Only" o r  " U s e  Aluminum O r  
Copper-Clad Aluminum Conductors only" i f .  t h e  te rminal  
i s  acceptable  only f o r  connection t o  aluminum wire. 

C. " U s e  Copper O r  Aluminum Conductors" o r  " U s e  Copper, 
Copper-Clad Aluminum, o r  Aluminum Conductors" i f  t h e  
te rminal  i s  acceptable  f o r  connection t o  e i t h e r  copper 
o r  aluminum wire. 

50. Cautionary Markings 

50.1 A caut ionary  marking s h a l l  be p re f ixed  by t h e  word 
"CAUTION," "WARNING," o r  "DANGER" i n  l e t t e r s  n o t  l e s s  than 
1/8 inch (3.2 mm) high. The remaining l e t t e r s  s h a l l  no t  be l e s s  
than 1/16 inch  (1.6 mm) high. 

50.2 A caut.ionary marking s h a l l  be (1) loca ted  on a ' p a r t  t h a t  
cannot be,r,emoved without  impair ing t h e  opera t ion  of t h e  power 
condi t ioning  u n i t ,  and.( .2)  v i s i b l e  and l e g i b l e  t o  t h e  opera to r  
during t h e  normal opera t ion  of t h e  power condi t ioning  u n i t .  

50.3 A l i v e  hea t  s ink  o r  o t h e r  p a r t  t h a t  (1) is l i k e l y  t o  be 
mistaken f o r  dead metal, (2)  is considered t o  render  a r i s k  of 
e l e c t r i c  shock i n  accordance wi th  paragraph 2.2, and ( 3 )  i s  no t  
guarded a s  s p e c i f i e d  i n  paragraph 8 .6  s h a l l  be marked."CAUTION -- 
Risk of  E l e c t r i c  Shock -- P l a t e s  ( o r  o t h e r  word descr ib ing  t h e  
type  of p a r t )  a r e ' l i v e .  Disconnect power condi t ioning  u n i t  before 
serv ic ing ."  The marking s h a l l  be loca ted  on o r  near  t h e  l i v e  p a r t  
s o  a s  t o  make t h e  hazard known before  t h e  p a r t  i s  l i k e l y  t o  be 
touched. 

50.4 I n  accordance with t h e  except ion t o  paragraph 23.1, a power 
condi t ioning  u n i t  no t  having an i s o l a t i o n  t ransformer ,  c a p a c i t o r ,  
o r  a d i r e c t  c u r r e n t  sensor  having a high-speed disconnect  switch 
s h a l l  be marked "CAUTION -- For Proper C i r c u i t  I s o l a t i o n "  and t h e  
fol lowing words o r  t h e  equiva lent  "Connect a minimum - kVA 
r a t e d  isolating t ransformer between t h e  out.put of t h e  power 
condi t ioning  u n i t  and t h e  u t i l i t y  power l i n e  connections.  The 
t ransformer i s  t o  be an i s o l a t i o n  type  having s e p a r a t e  primary 
and secondary windings." 
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50.5 For compliance with Exception No. 2 t o  paragraph 6.4, a power 
conditioning. unit s h a l l  be marked w i t h  t h e  following warning o r  
equivalent  "CAUTION- --. Risk of E l e c t r i c  Shock, Do Not Remove 
Cover.. No. User Serviceable: Parts: Inside:, Refer Servicing To 
Qualkf ied. Service PersonneL, ": 

50 .6  There s h a l l  be  a l e g i b l e  and durable marking f o r  each fuse 
that is used t o  meet the requirements i n  this standard, 
ind ica t ing  the ampere, voltage and "AC" o r  "DC" r a t i n g  of the 
f u s e  t o  b e  used f o r  replacement. The marking s h a l l  be located so 
that it is obvious as  t o  which fuse  o r  fuseholder the marking 
app l i e s -  In addi t ion,  the  following prominent marking s h a l l  be 
provided -- a s ing le  marking i s  acceptable f o r  a group of fuses: 
"WmING -- For Continued Protect ion Against Risk Of F i re ,  
Replace Only W i t h  Samg Type And Ratings Of Fuse," An equivalent  
wording may be used provided it contains the word "WARNING," 
i d e n t i f i e s  t h e  s p e c i f i c  risk involved, and indica tes  the  ac t ion  
t a  be taken* 

50.7 A removable panel covering a capaci tor  i n  accordance w i t h  
the exception to paragraph 21.3 shall be mazked "CAUTION -- Risk 
O f  Electric Shock" and the following o r  equivalent  wording "Wait 
~t  east - Minutes after The Input And Output C i r c u i t s  O f  The 
Power C o n h t i o n b g  U n i t  b v e  Been Disconnected Before Removing 
Panel To Allow Dischazge Of Capacitorso" The time indicated in 
the marking is t o  be  whatever time needed t o  discharge the 
capac i to r  t o  within the l imi'tations spec i f ied  in paragraph 21.3 
but n o t  g rea te r  than 5 minutes, 

50.8 A power conditionin? u n i t  s h a l l  be marked with the word 
"CAUTION" and ..the. foblowmg words "Risk Of. Ele.c.tric. Shock -- 
and t h e  following o r  the equivalent: 

A,. "Both AC and DC Voltage Sources Are Tenuinated 
Inside This Equipment. Each Circuit Must B e  ~ n d i v i a u a l l y  
Opened Before. Servicing" and 

B. "When The So la r  Array Is. ~ x p o s e d  t o  Light., I t  
Supplies a DC Voltage To This Equipment.," 

Equipment and Ins t ruc t ions  

Separation of Information 

51.1 ~ n s t a l l a t i o n  and equipment information s h a l l  be provide6 
wjth each power conditioning uni t .  

51.2 Operating and operator-servicing ins t ruc t ions  s h a l l  be 
separated Zros  servicing ins t ruc t i cns .  
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51.3 Where s e r v i c i n g  r e q u i r e s  access  t o  p a r t s  t h a t  could render a  
r i s k  of e l e c t r i c  shock, se rv ic ing  i n s t r u c t i o n s  s h a l l  be preceded 
by a warning. The warning s h a l l  be worded a s  fol lows o r  t h e  
equiva lent  "Warning -- These Servic ing  I n s t r u c t i o n s  Are For U s e  
By Qual i f ied  Personnel Only. To Reduce The Risk Of E l e c t r i c  
Shock, Do Not Perform Any Servicing Other Than That Contained I n  
The Operating I n s t r u c t i o n s  Unless You Are Qual i f ied  To Do So." 
The l e t t e r  he ight  s h a l l  be i n  accordance with paragraph 50.1. 

Operating and I n s t a l l a t i o n  I n s t r u c t i o n s  

51.4 The opera t ing  and i n s t a l l a t i o n  i n s t r u c t i o n s  s h a l l :  

A. Describe t h e  equipment i n s t a l l a t i o n ,  inc luding  
s p e c i f i c a l l y  

1. Assembly, and mounting, i f  r equ i red ,  

2. Grounding means, 

3 .  V e n t i l a t i o n  cons idera t ion;  

B. Explain- equipment markings, inc luding  s p e c i f i c a l l y  

1. Symbols; 

2. Controls ;  

3 .  Ratings; 

C. I d e n t i f y  and desc r ibe  in te rconnec t ions  wi th  

1. The photnvol ta ic  a r r a y ;  

2. The u t i l i t y ;  

3 .  Auxi l ia ry  and accessory equipment; 

D. Explain t h e  opera t ion  of t h e  equipment. 
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MANUFACTURING AND PRODUCTION TESTS 

5%- Dielectric VoL.taqe. Withstand 

52-1 Each power conditioning u n i t  s h a l l  withstand witkout 
e l e c t r i c a l  breakdown, a s  a r o u t h e  production-line-. test, the  
appl ica t ion  of a p o t e n t i a l  (1) from input  and output  wiring, 
including c o ~ e c t e d c o m p o n e n t s ,  t o  access ib le  dead metal p a r t s  
that may become energized, and ( 2 )  from input  and output  wiring 
t o  access ib le  low-voltage, limited-energy m e t  a 1  parts, including 

52.2 Other than a s  noted i n  paragraph 52.3, the po ten t i a l  f o r  the 
production-line tes t  s h a l l  be i n  accordance with e i t h e r  
Condition A o r  Condition B of T a b l e  52.L at a frequency within 
the range of 48-90 hertz. 

52.3 A power condit ioning u n i t  employing circuitry that say be 
damaged by an a l t e r n a t i n g  cur rent  p o t e n t i a l  may be t e s t e d  in  
accordance with Condition C o r  Condition D o f  Table 52 -1. 

S:2,4 The power condit ioning unit may be in a heated o r  unheated 
condition for the tes,t- 

52.5 The tes t  shaZl be conducted when the power conditioning u n i t  
is complete -- f u l l y  assembled. It. is n o t  intended t h a t  the  power 
condit ioning unit be unwired, modified,. o r  disassembled f o r  the 
test.. 

Exception No. 1: A p a r t  such a s  a snap cover o r  a f r i c t i o n - f i t  
knob that would in te r fe re .  w i t h  performance. of the test need not  
be i n  place. 

Exception No. 2: The tes t  may be performad. before f i n a l  assembly 
i f  the test  represents that f o r  the. completed power conditioning 

Exception NO. 3.:: T h e  grounding connection of a grounded iaput 
terminal  may be disconnected- 

5 2 . 6  A poser conditioning u n i t  employing a so l id-s ta te  componen 
that is not relied upon t o  prevent a r i s k  of e l e c t r i c  shock and 
t h a t  can be damaged by the d i e l e c t r i c  po ten t i a l ,  may be t e s t ed  
before the  component i s  e l e c t r i c a l l y  connected provided that  a 

as ted  at Lhe randcm sampling of each day 's  production is t- 
po ten t i a l  spec i f ied  i n  Table 52,l. The c i r c u i t r y  nay be 
rearranpee for  the  a u q c s e  of the t e s t  t o  ininiaitc the l i k e l i h c  
of scl ld-stats-com~onent 2amage shile re ta ining r e ~ r e s e n t s i i v e  - 
dielectric stress of t1s cizcuic.  



TABLE 52 . 1  

PRODUCTION-LINE TEST CONDITIONS 

Power Condition A C o n d i t ~ ~  - -- Condition - - -  C -- Condition D 
Conditioning Potential Time Potential Time Potential Time Potential Time 
Unit Rating Volts, ac Seconds Volts, ac Seconds Volts, dc Seconds Volts, dc Seconds 

250 v or less 1000 6 0 1200 1 1400 60 1700 1 

More. than 250 v 1 0 0 ~ 2 ~ ~  60 1200+2 .4va 1 1400+2.8va . 6 0 1700+3.4va 1 

%laximum marked voltage. 



5 2 . 7  T h e  t e s t  equipment f o r  supplying an a l t e rna t ing  current  
gotent$al  s h a l l  include a  transformer having an essentially 
s i ~ u s o i d c l  output. The tsst equipment s h a l l  iaclude a means of  
izd icn t ixg  the t e s t  po ten t i a l ,  an audible o r  v isua l  ind ica tor  cf 
e l e c t r i c a l  breakdown,. and e i t h e r  a. manually r e s e t  device t o  
r=stor.+ the  oqailmeat a f t + r  s l e c t r i c a i  break6cm or  an automatic 
r e j e c t  ftature of any unacceptable unit. .  

3.2.. 5. Sf:  the. output cf Lie t e s t  equipment transformer is  l e s s  than 
500 voit-unpefes , The equipment s h a l l  iacli?rie a voltmetes i n  =be 
o u t ~ u t  aizzuit to iii.rc1ctly indicat.. the. t e s t .  ? o t s n t i a l .  

- - 5 2 . 9  ir Lie o u t t u t  05 the  t e s t  equipment r-ansfermer i n  
5QO volt-=?ares o r  l a r g e r ,  the t e s t  gocencial may b e  iqdicatsd 
(1) by r voltmeter ix the prima~y cizcui t  o r  i n  a 
trr t iary-winding c i r c u i t ,  ( 2 )  by a se lec to r  switch inarked to  
indica te  the t e s t  p o t ~ n t i a i ,  o r  ( 3 )  i n  the case of i_qui?menc 
havlng a s inq le  tes t -potent ia l  oucpu=, by a marking in a readi ly  
v i s i b l e  Location to ifidicate the t e s t  po tznt la l .  When -narlcing is 
asea xichout an indica t ing  voltmeter , the s-ipment s h a l l  ixclude 
a p o s i t i v e  means, such as an indica tor  lanm, to ind ica te  thac  the  
manually reset switch has been r e s e t  follswing a  d i e l e c t r i c  
breakdown - 
52.. 10 Test  equipment, o the r  L3an t h a t  described in 
?aragrapns 52.. 7-52.9 ,  may be. used i f  found t? accomglish the 
intended factory control .  

52.11 During t h e  t e s t ,  the  switches azr t o  be ;n che an  
pos i t ion ,  both s ides  of the input  and outgut c i r c u i t s  of the  power 
conditioning unit axe t o  be connected together  and t o  one 
terminal  of the test equipment, 2nd the second t e s t - e q u i p e n t  
tsrminal  is t o  be connected t o  the acccssiblc  dead metal- 

Exfeption: The switch is not required to  be i n  the on posi t ion if 
the t e s t i n g  ineans appl ies  f u l l  test potential C ~ o m  the input and 
output wiring to  dead metal p a r t s  with the  switch not i n  the  on 
posit ion.  

53.  Electronic Controls Requiring a Component Evaluation 

53.1 The general workmanship of a l l  c r i t i c a l  components is t o  be. 
checked on 1 0 0  percent of production t o  ver i fy  e l e c t r i c a l  and 
physical  cha rac te r i s t i c s .  Any c r i t i c a l  component which is, 
unmarked, improgerly marked, out -of - to le rqce  o r  physically 
damaged (chipped o r  cracked cases,  loose leads,  and the l i k + )  a r c  
t o  be re jected.  
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53.2 Burn-in t e s t s ,  c o n s i s t i n g  of a 24-hour o r  more opera t ing  
period of t h e  power condi t ioning  u n i t  s h a l l  be conducted on 
1 0 0  percent  of production. During t h i s  test t h e  c i r c u i t  used i n  
l i e u  of  d i r e c t  grounding of t h e  inpu t  c i r c u i t  is  t o  be operated 
t o  confirm t h a t  t h i s  c i r c u i t  ope ra tes  properly.  
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APPENDIX. A 

Standards for Components 

StanCards 'znder which comDonents of  the. ?roducts c ~ v e r e d :  by t h i s  
d r a f t  s tandzrd ara ?udgzd. include the. fol lswiag:  

T i t l e  of Standards Oesignacion 

Elec,tr!-c O f Z i c 8 .  A g ~ l i a n c e s  znd S u s b e s s  ............................................. Equi2ment. 
- 1  n,ect=ical Analog instrzments --. P a n e ~ ~ o a ~ ~  ........................... .....'........... 'Pne-. - L. &.. 

Xarkiag. and. ~ a b e l i n g  Systems ........,.......,..:.. .............. ................'. Xotor-Ogeratad Agaliances -. *.-........ ...*.. O u t l e t  '3oxes. and. Z i t t l ngs .  , -.-. -, ..... 
Polymeric Matarials  -- Shor t  Term Progerty ....................................... Evaluation. 
Polymer-ic H a t e r i a l s  -- Long Term Property ........ ...... ....... Evaluation.. ... *. .. 
Polymeric   ate rials -- U s e  in Elec t z i ca l  Equipment ....................................... Evaluation. i. .. ................-..... ...-. Prfnt",d wiring Boards. .-. -. .. .. ................................... Spec ia l t y  Transf o m e r s  ...................................... Tape, I a su l a t i nq . .  
Tesrs f o r  Fianrmability of P l a s t i c  Matar ia ls  f o r  ............ P a r t s  i n  Devices a d  Appliarlces.. ......................... Thermal ? r o t e c t o r s  f o r  Motors.. ......................... Tubing, Zxt=aed In su l a t i ng  
Wire Connectors f o r  Use With Aluminum Conductors.. 



APPENDIX C 

Article 690 of the 1984 National Electrical Code. 

ARTICLE 690 - SOLAR PHOTOVOLTAIC SYSTEMS 

A. General 

690-1. Scope. The provisions of this article apply to solar photovoltaic 
electrical energy systems including the array circuit(s), power conditioning 
unit(s) and controller(s) for such systems. Solar photovoltaic systems 
covered by this article may be interactive with other electric power 
production sources or stand alone,'with or without electrical energy storage 
such as batteries. These systems may have alternating- or direct-current 
output for utilization. 
690-2. Definitions. 

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 direct-current power-producing unit. 

Blocking Diode. A diode used to block reverse flow of current into a 
photovoltaic source circuit. 

Interactive System. A solar photovoltaic system that operates in 
parallel with and may be designed to deliver power to another electric 
power production source connected to the same load. For the purpose of this 
definition, an energy storage subsystem of a solar photovoltaic system, such 
as a battery, is not another electric power production source. 

Module. The smallest complete, environmentally protected assembly of 
solar ells, optia and other components, exclusive of-tracking, designed to 
generate direct-current power under sunlight. 

Panel. A collection of modules mechanically fastened together, wired, 
and designed to provide a field-installable unit. 

Photovoltaic Output Circuit. Circuit conductors between the photovol- 
taic source circuit@) and the power conditioning unit or direct-current 
utilization equipment. See Diagram 690-1. 

Photovoltalc Power Source. An array or aggregate of arrays which 
generates direct-current power at system voltage and current. 

Photovoltaic Source Circuit. Conductors between modules and from 
modules to the common connection point(s) of the direct-current system. 
See Diagram 690- 1. 



Power Conditloning Unit. Equipment which is used to change voltage 
level or waveform or both of electrical energy. Commonly a 'power 
conditioning unit is an inverter which changes a direct-current input to an 
alternating-current output. 

Bower Conditioning Unit Output Circuit, Conductors between the 
power conditioning unit and the connection to the service equipment or 
another electric power production source such as a utility. See Diagram 
690- 1. 

Solar Cell. The basic photovoltaic device which generates electricity 
when exposed to light. 

Solar Photovoltaic System. The total components and subsystems 
which in combination convert solar energy into electrical energy suitable for 
connection to a utilization load. 

Stand-Alone System. A solar photovoltaic system that sup lies 
independently but which may receive control power from anot er e ectric 
power production source. 

E rwer 

Dlagram 0-1 Solar Photovoltalc Circuits 

690-3. Other Articles. Wherever the requirements of other articles of 
this Code and Article 690 differ, the requirements of Article 690 shall 
apply. 
6964. Installation. 

(a) Photovoltsic System. A solar photovoltaic system shall be per- 
mitted to supply a building or other structure in addition to any service(s) of 
another electricity supply system(s). 



(b) Conductors of Dlfferent Systems. Photovoltaic source circuits and 
photovoltaic output circuits shall not be contained in the same raceway, 
cable tray, cable, outlet box, junction box or similar fitting as feeders or 
branch circuits of other systems. 

Exception. Where the conductors of the diflerent systems are separated 
by a partition or ate 'connected together. 

(c) Module Connection Arrangement. The connections to a module or 
panel shall be so arranged that removal of a module or panel from a 
photovoltaic source circuit does not interrupt a grounded conductor to 
andher photovoltaic source circuit. 

8. Circuit Requirements 

690-7. Maxlmum Voltage. 

(a) Voltage Rating. In a photovoltaic power source and it3 direct- 
current circuits, the voltage considered shall be the rated open-circuit 
voltage. 

(b) Direct-Current Utiilzatlon Circults. The voltage of direct-current 
utilization circuits shall conform with Section 210-6. 

(c) Photovoltaic Source and Output Circuits. Photovoltaic source 
circuits and photovoltaic output circuits which do not include lampholders, 
fixtures or standard receptacles shall be pefmitted up to 600 volts. 

(d) Circuits Over 150 Volts to Ground. In one- and two-family 
dwellings, live parts in photovoltaic source circuits and photovoltaic out ut 
circuits over 150 volts to ground shall not be accessible while energirdto 
other than qualified persons. 
690.8. Circuit Sking and Current. 

(a) Ampacity and Overcurrent Devices. The ampacity of the conduc- 
tors and the rating or setting of overcurrent devices in a circuit of a solar 
photovoltaic system shall not be less than 125 percent of the current 
computed in accdrdance with (b) below. The rating or setting of overcurrent 
devices shall be permitted in accordance with Section 240-3, Exception No. 
1 
1. 

Exceptio~t: Circuits containing an assembly together with its overcwr- 
rent device(s) that is listed for continuous operation at 100 percent of its 
rating. 

(b) Computation of Circuit Current. The current for the individual 
type of circuit shall be computed as follows: 

(1) Photovoltaic Source Circuits. The sum of parallel module operat- 
ing current ratings. 

(2) Photovoltaic Output Circuit. The photovoltaic power source 
current rating. 

(3) Power Conditioning Unit Output Circuit. The power conditioning 
unit output current rating. 

Exception. The current rating of a circuit without an overcurrent device. 
as permitted by the Exce tion to Section 690-9(a), shall be the short- 
circuit current, and it s all not exceed the ampacity of the circuit 
conductors. 

R 



698.9. Overcurrent Protection. 

(a) Circuits and Equipment. Photovoltaic source circuit, photovoltaic 
output circuit, power conditioning unit output circuit, and storage battery 
circuit conductors and equipment shall be protected in accordance with the 
requirements of Article 240. Circuits connected to more than one electrical 
source shall have overcurrent devices so located as to provide overcurrent 
protection from all sources. 

Exception. A conductor in a photovoltaic source circuit, photovoltaic 
output circuit, or power conditioning unit output circuit having an 
ampacity not less than the maximum available current under sho~t-circuit 
or ground-fault conditions with the condition of a shorted blocking diode 
shall be permitted without an overcurrent device. 

(FPN): Possible backfeed of current from any source of supply. including a supply 
through a power conditioning unit into the photovolta~c output circuit and 
photovoltaic source circuits. must bc considered in determining whether adequate 
overcurrent protection from all sources is provided for conductors and modules. 

(b) Power tranrtcnrmsra. Overcurrent protection for a transformer 
with a source(s) on each side shall bc provided ill accordance with Scction 
450-3 by considering first one side of the transformer, then the other side of 
the transformer as the primary. 

Exception. A power transformer with o current ratin on the side 
connected toward the photovoltaic power source not f ess than the 
short-circuit output current rating of the power conditioning unit shall be 
permitted without overcurrent protection from that source. 

(c) Photovoltaic source' Circuits. Branch-circuit or supplementary 
type overcurrent devices shall be permitted to provide overcurrent protec- 
tion in photovoltaic source circuits. The overcurrent devices shall be 
accessible, but shall not be required to be readily accessible. 

690.13. All Conductors. Means shall be provided to disconnect all 
current-carrying conductors of a photovoltaie power source from all other 
conductors in a building or other structure. 
690-14. Additional Provisions. The provisions of Article 230, Part H 
shall apply to the photovoltaic power source disconnecting means. 

Exception No. 1: The disconnectin means shall not be required to be 

690-1 7. 
f suizable as service equipment and shal be razed in accordance with Section 

Exception No. 2: Equipment such as photovoltaic source circuit 
isolating switches, overcurrent devices, and blocking diodes shall be 
permitted ahead of the photovolraic power source disconnecting means. 
690-15. DlsCOnnectlon ot Photovollaic Equipment. Meads shall be 
provided to disconnect equipment, such as a power conditioning unit, filter 
assembly and the like from all ungrounded conductors of all sources. If the 
equipment is energized (live) from more than one source, the disconnecting 
means shall be grouped and identified. 
690.16. Fusee. Disconnecting means shall be provided to disconnect a 
fuse from all sources of supply if the fuse is energ~zed from both directions 
and is accessible to other than qualified persons. Such a fuse in a 
photovoltaic source circuit shall be capable of being disconnected indepen- 
dently of fuses in other photovoltaic source circuits. 



690-17. Switch or Circuit Breaker. The disconnecting means for 
ungrounded conductors shall consist of a manually operable switch(es) or 
circuit breaker(s): (1) located where readily accessible, (2) externally 
operable without exposing the operator to contact with live parts, (3) 
plainly indicating whether in the open or closed position, and (4) having 
ratings not less than the load to be carried. Where disconnect equipment 
may be energized from both sides, the disconnect equipment shall be 
provided with a marking to indicate that all contacts of the disconnect 
equipment may be live. 

Exception. A disconnecting means located on the direct-current side 
shall be permitted to have an interru ring rating less than the current- 
carrying ratin when the system is esigned so'that the direct-current 
switch cannot 5 e opened under load. 

B 
690-18. Disablement of an Array. Means shall be provided to disable an 
array or portions of an array. 

(FPN): Photovoltaic modules are energized while exposed to light. Installation. 
replacement. or servicing of array components while a modulc(s) is irradiated may 
expose persons to electric shock. 

D. Wiring Methods 

690-31. Methods Permitted. 

(a) Wiring Systems. All raceway and cable wiring methods included 
in this Code and other wiring systems and fittings specifically intended and 
identified for use on photovoltaic arrays shall be permitted. Where wiring 
devices with integral enclosures are used, sufiqient length of cable shall be 
provided to facilitate replacement. 

(b) Single Conductor Cable. Type UF single conductor cable shall be 
permitted in photovoltaic source circuits where installed in the same 
manner as a Type UF multiconductor cable in accordance with Article 339. 
Where exposed to direct rays of the sun, cable identified as sunlight- 
resistant shall be used. 
690-32. Component interconnections. Fittings and connectors which 
are intended to be concealed at the time of on-site assembly, when listed for 
such use, shall be permitted for on-site interconnection of modules or other 
array components. Such fittings and connectors shall be equal to the wiring 
method employed in insulation, temperature pise and fault-current with- 
stand, and shall be capable of resisting the effects of the environment in 
which they are used. 
690-33. Connectors. The connectors permitted by Section 690-32 shall 
comply with (a) through (e) below. 

(a) Configuration. The connectors shall be polarized and shall have a 
configuration that is noninterchangeable with receptacles in other electrical 
systems on the premises. 

(b) Guarding. The connectors shall be fonstructed and installed so as 
to guard against inadvertent contact with live parts by persons. 

(c) Type. The connectors shall be of the latching or locking type. 
(d) Grounding Member. The grounding member shall be the first to 

make and the last to break contact with the mating connector. 
(e) Interruption of Circuit. The connectors shall be capable of inter- 

rupting the circuit current without hazard to the operator. 



690-34. Access to Boxes. Junction, pull and outlet boxes located behind 
modules or panels shall be installed so that the wiring contained in them can 
be rendered accessible directly or by displacement of a module(s) or 
panel(s) secured by removable fasteners and connected by a flexible wiring 
system. 

E. Grounding 

690-41. System Grounding. For a photovoltaic power source, one 
conductor of a Zwire system and a neutral conductor of a 3-wire system 
shall be solidly grounded. 

Exception= Other methods which accomplish equivalent system protec- 
tion and which utilize equipment listed and identified for the use shall be 
permitted. 

(FPN): See Fine Print Note under Section 250- 1 .  
69042. Point of System Grounding Connection. The direct-current 
circuit grounding connection shall be made at any single point on the 
photnvoltaic output, citcuit. 

(FPN): Locating the grounding connection point as close as practicable to the 
photovoltaic source will better protect the system from voltage surges due to 
lightning. 
69043. Size of Equipment Grounding Conductor. The equipment 
grounding conductor shall be no smaller than the required size of the circuit 
conductors in systems: (1) where the available photovoltaic power source 
short-circuit current is less than twice the current rating of the overcurrent 
device, or (2) where overcurrent devices are not employed as permitted in 
the Exception to Section 690-9(a). In other systems, the equipment 
grounding conductor shall be sized in accordance with Section 250-95. 
69044. Common Grounding Electrode. Exposed noncurrent-carrying 
metal parts of equipment and conductor enclosures of a photovoltaic system 
shall be grounded to the grounding electrode that is used to ground the 
direct-current system. Two or more electrodes that are effectively bonded 
Logtthtt shall be considered ua n single e1ectrd.c in thifi sense. 

690-51. Modules. ~ o d u l e s  shall be marked with identification of termi- 
nals or leads as to larity, maximum overcurrent device rating for module r' protection and wit rated: (1) open-circuit voltage, (2) operating voltage, 
(3) maximum permissible system voltage, (4) operating current, (5) 
short-circuit current, and (6) maximum power. 
690-52. Photovoltaic Power Source. A marking, specifying the photo- 
voltaic power source rated: (1) operating current, (2) operating voltage, (3) 
open-circuit voltage, and (4) short-circuit current, shall be provided at an 
accessible location at the disconnecting means for the.photovoltaic power 
source. 

(FPN): Reflecting systems used for irradiance enhancement may result in 
increased levels of output current and power. 

G. Connection to Other Sources 

690-61. Loss of Utility Voltage. 
The E wer output from a utility 

interactive power conditioning unit shall automatically disconnected 



from all ungrounded conductors of the utility system upon loss of voltage in 
the utility system and shall not reconnect until the utility voltage is 
restored. 
690-62. Ampaclty of Neutral Conductor. If a single-phase, 2-wire power 
conditioning unit output is connected to the neutral and one ungrounded 
conductor (only) of a 3-wire system or of a 3-phase, 4-wire wye-connected 
system, the maximum load connected between the neutral and any one 
ungrounded conductor plus the power conditioning unit output rating shall 
not exceed the ampacity of the neutral conductor. 
690.63. Unbalanced Interconnections. 

(a) SinglePhase. The output of a single-phase power conditioning 
unit shall not be connected to a 3-phase, 3- or 4-wire electrica1;service 
derived directly from a delta-connected transformer. 

(b) ThresPhase. A 3-phase power conditioning unit shall be automat- 
ically disconnected from all ungrounded conductors of the interconnected 
system when one of the phases opens in either source. 

Exception for (a) and (6): Where the interconnected system is designed' 
so that significant unbalanced voltages will not result. 

Reprinted w i th  permi ssion from NFPA 70-1 984, Ma t i ona l  El e c t r i c a l  Code@, 
Copyright@ 1983, National F i re  Protect ion Association, Quincy , 
Massachusetts 02269. lhis repr in ted  mater ial  i s  n o t  the complete and 
o f f i c i a l  pos i t ion  o f  the NFPA on the referenced subject, which i s  ' 
represented only  by the standard i n  i t s  en t i re ty .  
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APPENDIX D 

GROUNDING SYSTEM RESISTANCE AND ASSOCIATED MEASUREMENTS 

BACKGROUND: 

Grounding e lec t rodes  whether they are dedica ted  rods,  bonding t o  piping,  
r e i n f o r c i n g  ba r s  i n  concre te ,  metal mesh, a l l  with o r  without t r e a t e d  
e a r t h ,  provide a conductive pa th  between a c i r c u i t  o r  s t r u c t u r a l  metal 
and t h e  surrounding e a r t h  su r face .  This conduction i s  used t o  keep t h e  
vol tage 'be tween a c c e s s i b l e  metal o r  t h e  c i r c u i t  and e a r t h  t o  a minimum, 
t o  minimize shock hazard s i t u a t i o n s .  The e f fec t iveness  of one grounding 
system a t  t h e  Mead, Nebraska Photovol ta ic  I n s t a l l a t i o n  was considered by 
measuring var ious  r e s  istarlceo . 
EARTH RESISTIVITY MJiASUREMENT: 
DATES OF TESTING: October ' l5 and 16, 1980 

Four hollow copper rods were dr iven 12 inches i n t o  t h e  depressions i n  
t h e  fuirowed s o i l  i n  t h e  corn f i e l d  immediately south-southeast  of t h e  
pho tovo l t a i c  a r ray .  The rods were hollow copper tubes ,  each 18 inches 
long by 5/8 inch diameter ,  and nominal 1/32 inch wal l  th ickness .  The 
four  rods were i n  l i n e ,  and were spaced 50 f e e t  a p a r t .  

As Associated Research Vibroground 293 e a r t h  r e s i s t a n c e  meter was 
connected t o  t h e  four  d r iven  copper rods ,  with the  cu r ren t  leads of the  
meter connected to t h e  .two ou te r  rods ,  and t h e  p o t e n t i a l  leads of t h e  
meter connected t o  t he  two inner  rods .  

See Figure D . I ,  

Although t h e  genera l  a r e a  was i r r i g a t e d ,  t h e  s o i l  i n t o  which t h e  rods 
were d r iven  was hard and dry ,  a s  t h e r e  had been l i t t l e  r a i n .  

Figure D .  1 
Earth R e s i s t i v i t y  Measurement 



[The Vibroground 293 funct ions  by c r e a t i n g  a 97 h e r t z  a l t e r n a t i n g  
cur ren t  which i s  passed through t h e  e a r t h  between t h e  ou te r  ( cur ren t )  
rods.  The vol tage  drop across  t h e  inner  ( p o t e n t i a l )  rods is  balanced 
and nul led  agains t  a source wi th in  t h e  Vibroground. The inner 
e lec t rodes  and t h e i r  junctions t o  e a r t h  a r e  not  burdened with any 
vol tage  drop due t o  current  flow. 

The balancing is done with cur ren t  as  r e c t i f i e d  by .a mechanical 
r e c t i f i e r ,  synchronized with t h e  97 h e r t z  genera tor .  The 97 h e r t z  
source,  and t h e  mechanical r e c t i f i e r ,  work t o  e l iminate  any measurement 
e r r o r s  t h a t  might be due t o  s t r a y  60 h e r t z  c u r r e n t s . ]  

RESULTS 

With t h e  meter balanced, a r e s i s t a n c e  of 0.41 ohms was indicated  between 
t h e  two p o t e n t i a l  e l ec t rodes .  

By use of t h e  formula: 

where: p is t h e  s o i l  r e s i s t i v i t y  i n  ohm-centimeters 
D is  d i s t ance  i n  f e e t  .between t h e  p o t e n t i a l  
e l ec t rodes  

and 
R is  res i s t ance  i n  ohms ( i n d i c a t i o n  of instrument) 

the re fo re  p = (50) (0.41) (191.5) 
D = 3920 ohm-centimeters 

EARTHING RESISTANCE MEASURENENT: 

COMMENTARY 

The accuracy of ground res i s t ance  measurements i s  dependent upon t h e  
placement and s i z e  of t h e  t e s t  e l ec t rodes  with r e l a t i o n  t o  t h e  grounding 
network. Therefore,  it i s  d e s i r a b l e  t o  know d e t a i l  on t h e  grounding 
network before conducting t h e  t e s t s .  In  t h e  case i n  quest ion,  except a s  
noted following, p a r t i c u l a r s  on t h e  grounding network a r e  unknown, 
the re fo re ,  es t imat ions  of i ts  nature  were made, and t h e  t e s t  e l ec t rodes  
and t h e i r  placement adjus ted  accordingly.  

The a r ray  frame i s  grounded i n  p a r t  by t h e  metal conduit t h a t  encloses 
t h e  conductors t o  t h e  con t ro l  cen te r .  This conduit  connects t o  t h e  s i t e  
s e r v i c e  ground. There is  no separa te  grounding conductor between t h e  
a r ray  f r e e  and t h e  s i t e  se rv ice  ground. The a r r a y  frame is a l s o  
grounded by v i r t u e  of i t s  r e s t i n g  on concre te  pads i n  t h e  e a r t h .  Each 
v e r t i c a l  support ing member is  connected t o  a braided metal s t r a p  t h a t  i s  
buried i n  the e a r t h  a t  each concrete pad. 



The negative terminal is  not connected t o  the  array frame o r  t o  the 
ea r th  a t  t he  array.  I t  i s  connected t o  ear th  a t  t he  control  center.  

Two hollow copper rods were driven 12 inches i n to  depressions i n  the  
furrowed s o i l  i n  t h e  cornf ie ld  immediately south-southeast (case 1) and 
east-northeast  (case 2 )  of the  photovoltaic array.  The rods were hollow 
copper tubes,  each 18 inches long by 518 inch i n  diameter, and nominal 
1 /32  inch wall thickness.  The two rods were i n  l i ne  with an array 
foot ing,  with ( i n  case 1)  the  c loser  rod 50 f e e t  from the array footing 
and t h e  f a r the r  gad 75 f ee t  from t h e a r r a y  footing,  and with ( i n  case 2) 
the  c loser  rod 63 f ee t  from the array footing and the fa r ther  rod 100 

. f e e t  from t h e  array footing. 

An Associated Research Vibroground 293 meter was connected t o  the  rods 
and ( fo r  each driven rod configuration) t o  t he  array footing and then t o  
t h e  array negative terminal. The current leads were run t o  the  f a r the r  
rod and the footing (or negative terminal) ,  and potenr ia l  leads t o  t h e  
c loser  rod and t h e  array footing (or negative terminal) .  [The two meter 
leads ran separately  t o  the  footing (or terminal) .]  Each measurement 
was conducted with the  array c i r c u i t  switches both open and closed. 
Resistances were measured between the points i n  question. 

See. Figure D. 2. 

Figure D.  2 

Earthing Resistance Measurements 



RESULTS 

Elect rode  Grounding Resis tance  (Ohms) 

Elec t rode  Configurat ion 
Array Case 
Branch C i r c u i t  
Switches (1) (2 

Frame t o  e a r t h  Open 
Closed 

Negative te rminal  Open 
t o  e a r t h  Closed 

RESISTANCE-TO-EARTH MEASUREMENT (NEAR ARRAY): 

COMNENTARY 

This t e s t  i s  intended t o  determine t h e  r e s i s t a n c e  l i k e l y  t o  be involved 
i n  s e r i e s  with a person s tanding on e a r t h  ground and touching t h e  a r ray  
s t r u c t u r e  o r  te rminal .  The r e s i s t a n c e  rep resen t s  t h a t  p a r t  of t h e  e a r t h  
path between t h e  point  of contac t  (by a person) wi th  e a r t h  and (1)  t h e  
a r ray  frame o r  (2)  t h e  negat ive  te rminal  of t h e  a r ray  c i r c u i t .  

METHOD 

A s i n g l e  hollow copper . rod  was d r iven  12 inches i n t o  t h e  s o i l ,  2 f e e t  
from an a r r a y  foot ing .  The rod was a hollow copper tube 18 inches long 
by 5/8  inch.d iameter ,  and nominal 1/32 inch wal l  th ickness .  

A p a i r  of p o t e n t i a l  and current  leads of an Associated Research 
~ i b r o ~ r o u n d  293 e a r t h  r e s i s t a n c e  meter was connected i n  t u r n  t o  (1)  t h e  
a r ray  frame and (2) t h e  a r ray  negat ive  t e rmina l ;  and t h e  o t h e r  p a i r  of  
leads ( p o t e n t i a l  and c u r r e n t )  t o  t h e  dr iven rod (two leads t o  each 
p o i n t ) .  Resistances were measured between t h e  po in t s  i n  ques t ion .  



S e e  Figure D . 3 .  

Rod \ 
fl 

Figure D .  3 

Res i s r a c e  Lu E ~ L  L11 Eleasu~e~~~ei i ts  

RESULTS 

Resistances: Negative terminal t o  ground: 620 ohms 
Frame to ground: 450 ulus  

OPEN CIRCUIT VOLTAGE AND LEAKAGE CURRENT MEASUREMENT: 

The active e l e c t r i c a l  pa r t s  of t he  a r ray  are supported on frames, 

1 frame is 3 branch c i r c u i t s  i n  p a r a l l e l .  
1 branch c i r c u i t  is 4 quads i n  s e r i e s .  
1 quad is 4 modules i n  p a r a l l e l .  
1 module is 44 c e l l s  i n  s e r i e s .  

The th ree  branch c i r c u i t s  on a frame a re  connected together v i a  blocking 
diodes and double-pole, three-posit ion (on, open, shor t ing)  switches; 
and then t o  the  control  center .  



See Figure D.4. 
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Figure D . 4  

Voltage and Current Measurements 

METHOD I 

The open c i r c u i t  vo l t age  of each branch c i r c u i t  of one frame was 
measured wi th  a dc  vol tmeter .  

RESULTS I 

The open c i r c u i t  vo l t age  of each of t h e  t h r e e  branch c i r c u i t s ,  measured 
ind iv idua l ly ,  was 190 v o l t s .  

METHOD I1 

With each of t h e  t h r e e  branch c i r c u i t  switches i n  t h e  open p o s i t i o n ,  a 
micro ammeter was connected between t h e  t h r e e  negat ive  branch c i r c u i t  
leads  (of t h e  p a r t i c u l a r  frame) connected toge the r ,  and t h e  metal 
s t r u c t u r e  of t h e  frame. No d e l i b e r a t e  impedance was introduced i n  t h i s  
c i r c u i t  (Figure D.4). The cur ren t  through t h e  meter was measured. 

RESULTS I1 

The cur ren t  was 2 .5  microamperes. 



GROUND FAULT TEST: 

COMMENTARY 

Rain had occurred  dur ing t h e  preceding n igh t ,  and puddles remained 
around and under t h e  a r r a y .  The sun was shin ing b r i g h t l y .  

METHOD I 

The s h o r t  c i r c u i t  c u r r e n t  of one frame of t h e  a r r a y  (3 branch c i r c u i t s )  
was measured. 

RESULTS I 

The s h o r t  c i r c u i t  cu r ren t  was 4.8 amperes. 

METHOD 11 

The t h r e e  branch c i r c u i t  switches a t  t h e  a r r a y  frame were placed i n  t h e  
on p o s i t i o n ,  and t h e  "frame" switch a t  t h e  con t ro l  cen te r  placed i n  t h e  
on p o s i t i o n ,  providing a c i r c u i t  ground a t  t h i s  p o i n t .  

The p o s i t i v e  te rminal  of t h e  frame was connected, v i a  an e x t e r n a l  lead ,  
t o  t h e  metal of t h e  frame, and t h e  vol tage  between t h e  frame and t h e  
11 11 ground" measured.  round" was a copper rod i n  tho  puddle of water 
approximately 15 f e e t  from t h e  frame i n  ques t ion .  See Figure  D . 5 .  

RESULTS I1 

The vo l t age  between frame and ground was 2 . 6  v o l t s .  
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APPENDIX E 

PROVISIONS OF THE STANDARD FOR DOUBLE INSULATION SYSTEMS FOR USE IN 
ELECTRICAL EQUIPMENT, UL 1097-1978, 
THAT MAY BE CONSIDERED APPLICABLE TO 
PHOTOVOLTAIC MODULES AND SYSTEMS 

INTRODUCTION: 

Double insulation systems may be viable safety subsystems for 
photovoltaic modules and panels, and for photovoltaic system 
installations. Certain of the provisions in the Underwriters 
Laboratories Inc. Standard for Double Insulation Systems, as described 
below, are considered to be applicable to double-insulated photovoltaic 
modules, and other components covered by the Underwriters Laboratories 
Inc. Proposed Standard for Flat-Plate Photovoltaic Modules and Panels. 

STANDARD PARTICULARS: 

All material, except that in parenthesis ()  is a quotation from the 
Standard for Double Insulation Systems. 

(Section 5 in Progress) 

Power-Supply Cord (For Photovoltaic Systems, a Power Supply Cord May Be 
Considered to Include Integral Module Leads and Other Inter-Module 
Wiring. ) 

5.10 Reinforced insulation is acceptable in place of double 
insulation at points inside the equipment where the power-supply cord 
contacts supplementary insulation. 

5.11 Inside the equipment, a nonjacketed power-supply cord (see 
paragraph 6.2) or the insulat.ed individual conductors of a jaclccted 
supply cord may be insulated from an accessible dead-metal part by 
supplementary insulation in any one of the following forms: 

A. An insulating liner. 

B. A coating of insulating material. 

C. A sleeve around the cord, if the sleeve is loose-fitting and 
is secured to the enclosure. 



5.12 If the nonjacketed flexible cord in a power-supply cord or one 
or more of the insulated individual conductors of a jacketed flexible 
cord in a power-supply cord contacts supplementary insulation inside the 
equipment, the cord insulation or the individual insulation and the 

'' 

supplementary insulation shall be such that they are not affected to the 
same degree by deteriorating influences such' as heat, contaminants, etc . 
The flexible cord jacket itself may serve as the supplementary 
insulation for the insulated individual conductors provided that the 
conditions of use of the equipment are not likely to stress or degrade 
the physical properties of the jacket. 

Intornnl Wiring 

5.13 Reinforced insulation is acceptable in place of double 
insulation at points inside nf the equipment where the insulated wiring 
- - including insulated splices - - coaeacrs supplemeutaiy insulation. 
5.14 Internal wiring that has basic insulation -- including an 
insulated splice -- shall be spaced 1/32 inch (0.8 mm) from an 
accessible dead-metal part. 

5.15 If internal wiring that has basic insulation -- including an 
insulated splice -- contacts an enclosure of insulating material, the 
insulation on the wire and the enclosure of the insulating material 
shall be such that they ate nor affecLed to the same degrco,by 
deteriorating influences such as heat and contaminants. 

5.16 Insulating tubing may be accepted as supplementary insulation 
between, internal wiring that has basic insulation -- including an 
insulated splice -- and accessible dead-metal parts, if all of the 
following conditions are met. 

A .  The tubing shall be loose-fitting on the conductors. 

B. The tubing shall be so fixed in position as to prevent 
relative movement between the tubing and the metal. 

C. The length of the leads shall prevent any tension during 
assembly or repair. 

D. The tubing shall not contact sharp bends, projections, 
corners, etc., nor shall it be subjected to tension or 
compression. 

E. The wiring shall not be subjec.t tn  flexing. 

F. The materials of the tubing and the insulation on the wire 
shall be such that they are not affected to the same degree by 
deteriorating influences such as heat and 'contaminants. 

G. The tubing shall be of a thickness that is acceptable for the 
application. 



Other Locations 

5.17 Reinforced insulat ion is  acceptable i n  place of double 
insulat ' ion anywhere i n  the  equipment i f  the  reinforced insu la t ion  
cons i s t s  of one or  more layers'  with a t o t a l  thickness of not liss than 
5/16 inch (8 mm).  In  a multi layer assembly, contact  between adjacent 
layers  is acceptable. 

6 .  Flexible  Cord 

6 .1  A power-supply cord s h a l l  not include a grounding conductor. 

6.2 A power-supply cord s h a l l  be a jacketed type. 

Exception: Nonjacketed f l e x i b l e  cords may be invest igated f o r  
use as a power-supply cord f o r  s p e c i f i c  equipment when the  equipment 
standard does not require  a jacketed cord. 

6 .3  Inside the  equipment, a nonjacketed f l ex ib l e  cord or  t h e  
insulated individual conductors of a jacketed f l ex ib l e  cord s h a l l  not 
contact an access ible  dead-metal p a r t .  

7 .  S t r a in  Relief 

7 . 1  I f  an accessible me ta l ' s t r a in - r e l i e f  clamp is employed, it 
s h a l l  be provided with supplementary insu la t ion  located between the  
clamp and the  f l ex ib l e  cord. 

8.  Bushings 

8 .1  A bushing of insu la t ing  mater ia l  s h a l l  be provided a t  each ,  
point  a t  which a f l ex ib l e  cord passes through a dead-metal pa r t .  A 
bushing of rubber, neoprene, polyvinyl chlor ide ,  o r  s imi la r  mater ia l  i s  
not accept.able for  t h i s  application. 

9 .  Capacitors (For Photovoltaic Systems, 
Applicable t o  System Capacitors Used 

i n  Conjunction With Certain Power 
Conditioning Units) .  

9 .1  The d i e l e c t r i c  i n  a capaci tor  s h a l l  not be depended upon as  
supplementary (protecting) insulat ion.  



11.. Spacings 

11.1 Spacings s h a l l  be i n  accordance with Table 11.1 except t h a t  
l a rger  spacings may be required a t  points a t  which carbon dust  or  other 
conductive contaminants e x i s t  o r  might accumulate. 

11.2 The spacing spec i f ied  as  the  minimum acceptable in  item 1 of 
Table 11.1 does not apply t o  the  inherent spacings of a component (such 
a s  a snap switch) of equipment. The acceptab i l i ty  of spacings on a 
component is based on the  requirements fo r  t h a t  component. 

FIQURE 11.1 
METHOD OF COVERING ENCLOSURE 

WITH FOIL FOR MEASUREMENT AND TESTS 



~1ABI.E 11.1 
MINIMUM SPACINGS 

Parts between Which S p a c i n ~  Are Measured Minimum Acceptable Spacing, 

1. Uninsulated live parts and dead metal p e N  that are separatd Not 1- than the throughair and ovar- 
by  basic insulation only (other than reinforced insulation) surface spacin- required i n  thm end-product 

standard 

2. Accessible dead metal partsa and dead metal parts separated 
from uninsulated live pam by  basic insulation only (this 
ordinarily is a spacing resulting from supplementary 
insulation) 

Not less than the through-sir and over- 
surface rpecingr required in  the endproduct 
rtandard 

3. Uninsulated live parts and dead metal partsa separated by  
double, insulation or by reinforced insulation (where 
acceptable), except as indicated i n  item 4 

Not less than twice thr through-air and over- 
surface spacings required i n  the endgroduct 
standard between uninsulated live para and 
d d  metal parts that are separated by  basic 
insulation 

4. Uninsulatad live parts and accessible dead metal partsa at r 
commutator or other location i n  which foreion materials can 
build up 

6/16 inch (8.0 mm) over surfaa 

5. ~ninsulated'l ive parts, including enameled wiro wound in the 1/32 Inch (0.8 mm) 
form of a coil and reliably held i n  place, and tha interior surface 
of insulating material that serves as supplementany insulation 

6. Outer surface of a mapped coil and the interior surface of 1/32 inch (0.8 mm) 
insulating material that serves 8s supplementary iruulation 

a 
I f  the outer surface of the enclosure conslrts wholly or partially of Insulating material. the waclnga applied to  accessible 

dead metal also apply to  metal foil wrapped tightly around and in  intimate contact with the enclosure.  he f o ~ i  is to  be 
drawn tlghtly across any ooenln9 In  the Onclosure to form a flat piano across ruoh eponlng. See Pi$urs 11.1. 



12. Internal Wiring 

12.1 Internal wiring shall be so located or restrained that 
breakage or loosening of the wire at a termination and subsequent 
displacement cannot reduce the spacings to values below those specified 
in Table 11.1. 

(Exception that exists in standard not considered applicable.) 

12.2 Compliance with paragraph 12.1 can be accomplished by any one 
or more of the following means: 

A .  The use o f  barriers. 

0 .  Relative placement of parts. 

C. Physical restraint of the conductor in addition to that 
resulting from its normal electrical connections. 

D . Other. equivalent means. 

12.4 The connection of a lead to a switch or other component likely . 
to require replacement and the connection of a lead to a conductor of the 
power-supply cord shall be so made that, if the component or 
power-supply cord is to be replaced, it shall not be necessary to do any 
of the fnllnwing: 

A. Cut a conductor. 

0 .  Disconnect a soldered and taped splice becween rwo conductors. 

C. Disconnect a soldered joint between a lead and a bus bar, 
strap, or terminal. 

12.5 A supplementary part such as an insulating barrier liner that 
is necessary to maintain the level of insulation shall be so secured to 
the equipment that it remains in place when the power-supply cord or a 
component, such as a switch, is being replaced. 

Exception: A supplementary part need not be fixed to the 
equipment if its design precludes irs being left out after servichlg ul: 
the equipment. 



PERFORMANCE 

14. Dielectric. Voltage-Withstand 
(For Photovoltaic System Components. 
the Applied voltage Would Be DC 

Not 60 Hertz AC.) 

14.1 The equipment shall withstand for 1 minute without breakdown 
the application of a 60-hertz essentially sinusoidal potential in 
accordance with Table 14.1. 

TABLE 14.1 
POINTS OF APPLICATION AND VOLTAGES 

FOR DIELECTRIC V0LTAGE:WITHSTAND TEST, 

Points between Which Potential Is to  Be Applied Test Potential in  V o l e  

1. Live parts and inaccessible deed metal parts Voltage prescribed for dielectric.voltage- 
withstand test in  the endproduct standard 

2. Inaccessible dead metal parts and accessible dead metal 
para (or for equipment with an outer enclosure of 
insulating haterial, metal foi l  wrapped tightly around 
the enclosurel -sea Figure 11.1 

2000 volts plus twice the rated voltage of 
the equipment 

3. Accessible dead metal parts (or the foi l  mentioned i n  
item 2 )  and metal foil in contact with the inner surfaces 
of insulating barrien provided to  accomplish compliance 
with paragraph 12.1 

ZOO0 volts twice the rated voltage of 
the equipment 

4. A c w i b l e  dead metal parts and: 
a. Metal foil wrapped around the powerapply  cord infide 
the inlet buhinm. &rd guards, strainrelief clamps, and the 
like; or ZOO0 volts plus twice the rated voltage of 

b. A metal rod of the same crorr.rectional dimensions as the equipment 

the cord end inserted i n  its place - 
5. Live parts and accepible dead metal parts (or the foil 3500 volts plus twice the rated voltage of 

mentioned i n  item 2) '  the equipment 



15. Insulation Resistance 

15.1 After conditioning as described in paragraph 15.4, the 
equipment shall have an insulation resistance not less than the 
following: 

A: Between live parts and accessible dead-metal parts --  
7 megohms. 

B. Between live parts and inaccessible dead-metal parts -- 
2 megohms. 

C .  Between inaccessible dead-metal parts and accessible 
dead-metal parts --  5 megohms. 

15.2 For equipment having an outer enclosure consisting wholly or 
partly of insulating material, the term "accessible dead-metal parts's 
used in paragraph l5.1 signifies metal foil tightly wrapped around the 
exterior of the enclosure; 

15.4 In preparation for the test, the sample is to be conditioned 
at 32.0f2 .OOc (91.423.6'~) for 4 hours and then placed in an enclosure , 

for 48 hours at 20.0-30.0'~ (68.0-86.0°F) and a relative humidity of 
8822 percent. The specified relative humidity can be obtained by 
placing a supply of a saturated solution of potassium sulphate inside a 
tightly closed compartment. 

15.5 The measurements of insulation resistance are to be made with 
the equipment still in the conditioning chamber. 

15.6 In determinations of insulation resistance, a direct potential 
of 500 volts is to be employed, and the value of insulation resistance 
is to be determined 1 minute after application of the test potential. 
A n  acceptable megohmmeter can be used for conducting the 
insulation-resistance test, or other similar means can be employed. The 
sample is not to be energized during this test. 

15.7 Following the insulation-resistance test, and while still 
humidity-conditioned, the sample shall be subjecte8,to the dielectric 
voltage-withstand test in Section 14. 



16. Resistance to Impact 

16.1 The equipment shall withstand the impact tests applicable to 
the end-product standard without resulting in any of the following: 

A .  Reduction of spacings below the minimum acceptable values. 

B. Making accessible to contact (1) live parts and (2) dead-metal 
parts that are insulated from live parts by only basic 
insulation. 

C. Breakage, cracking, rupture, etc. that have an adverse effect 
on the insulation. 

D. Producing any other condition that increases the risk of 
electric shock from the equipment. The equipment is to comply 
with the dielectric voltage-withstand requirements'applicable 
to the equipment after being subjected to the impact. 
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APPENDIX F 

DEVELOPMENT OF A DIFFERENTIAL 
DC GROUND-FAULT DETECTOR 

BACKGROUND: 

Ground-fault detection systems appear to be a practicable safety 
subsystem for photovoltaic power systems, to provide both shock hazard 
protection for personnel and fire hazard protection. In certain circuit 
configurations, differential type ground-fault detectors are the only 
type usable: In an effort.to demonstrate the feasibility of dc 
differential type ground-fault detectors and to advance their commercial 
development, Underwriters Laboratories Inc. constructed and field tested 
such a device. , . 

DEVICE ,DETAILS .- : 

A design for a differential type dc ground-fault detector 
incorporating a Hall Effect sensor is shown in Figure F.1. The Hall 
Effect sensor is a semiconductor device which produces an output voltage 
proportional to an applied magnetic field. In this design, the Hall 
Effect device is positioned in the air gap of a toroid around which are 
wound two coils. Each of the coils comprises a portion of one side of 
the circuit between the protected and unprotected circuit areas. The 
coils are wound so that with equal current flowing in them, their 
magnetic fluxes cancel. (This corresponds to no difference current, and 
is the condition when no ground-fault currents exist.) Thus no output 
is produced by the Hall Effect device. The Hall Effect. devi~e output 
voltage is proportional ro rhe srrength of the m a g r ~ e L i c  field, a d  its 
polarity is a function of the direction of the magnetic field. 

A difference in current between the two coils that might be caused 
by a ground fault would result in a net magnetic flux in one direction 
or the other, depending upon the relationship between the two currents. 
This magnetic flux is translated into a voltage oueput of rhe Hall 
Effect sensor. 

The particular Hall Effect device used in the ground-fault detector 
is Sprague Electric Company Type UGN-3501M. Since the Hall Effect 
voltage is low (in the millivolt range), the Sprague device also 
incorporates a linear differential amplifier, differential emitter 
follower output and a voltage regulator, all in one monolithic package. 

Under a condition of current imbalance, a magnetic flux is 
established in the toroid. If it is, for example, of south-north 
polarity, it will produce a voltage at pin 1 of the.Hal1 Effect device 
more positive than at pin 8. If the flux is north-south, the voltage at 
pin 1 of the Hall Effect device goes more negative than that at pin 8. 
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DC Ground-Fault Detector 



The output of the Hall Effect device is fed differentially, to two 
Type 741 integrated circuit operational amplifiers (IC and ICZ). 

1 
This integrated circuit normally requires both a positive and negative 
power supply, but when used as a comparator as in this circuit, the 
operational amplifiers may be properly operated by a single polarity 
supply. The 10,006 ohm potentiometer (R4) allows the sensitivity of 

the ground fault detector to be varied. A 10 ohm resistor (Rg) allows 

balancing of the current through the two coils. With the output of the 
Hall Effect device nulled (by the potentiometer connected between pins 
5, 6, and 7), the outputs of both operational amplifiers are positively 
saturated (high) and the LED in the opto-isolator does not light. 

When a circuit imbalance occurs which generates a net flux, a Hall 
Effect voltage is generated. If the voltage at pin 1 of the Hall Effect 
device is more negative than pin 8, the non-inverting input (pin 3) of 
the operational amplifier IC1 will be more negative with respect to 

the inverting input (pin 2) and this operational amplifier will go into 
negative saturation and the LED in the opto-isolator will light. If the 
voltage at pin 8 of the Hall Effect device is more negative than pin 1, 
the non-inverting input (pin 3) of the operational amplifier PC will 2 
be more negative with respect to the inverting input (pin 2) and this 
operational amplifier will go into negative saturation and the LED in 
the opto-isolator will also light. Thus, a fault of either polarity 
will result in one or other of the two.operationa1 amplifiers going into 
negative saturation and in both cases the LED in the opto-isolator will 
1 ight . 

The MOC 5010 opto-isolator has a linear op amp output which may be 
utilized to gate a triac. In this particular circuit, the triac is used 
to control a relay and an indicator LED. Upon occurrence of a detected 
ground fault, the triac fires and will remain latched on until the 
principal current is interrupted by the reset button, even though the 
fault is removed. A contactor may be substituted for relay K to 

1 
directly control some other load. 

Operation of the ground-fault detector using an array voltage 
between 150-250 volts dc is achieved by means of a voltage divider 
resistor and an integrated circuit voltage regulator to-produce a 
nominal 15 volt dc output. 

FIELD TESTS: 

This ground fault se~ssing device was field tested at the MIT-Energy 
Laboratory prototype at the Northeast Photovoltaic Residential Experimental 
Station; Concord, Massachusetts. This structure is a simulated 
residence consisting of an array mounted on a roof of a house shell. 
The array consists of eight parallel strings of 14 modules each, each 
module containing 36 cells in series. Each string has an open circuit 
voltage of 250 volts dc and a short-circuit current of 4.8 amps. 



This pa r t i cu l a r  prototype was selected s ince  it u t i l i z e s  a 
transformerless power conditioning un i t  i n t e r ac t i ve  with t h e  u t i l i t y  
supply. Neither s i de  of the  array is d i r e c t l y  grounded, t he  e l e c t r i c a l  

11 center point  of t h e  a r ray  being a t  a v i r t u a l  ground". In an array 
having a "v i r tua l  ground", a f a u l t  t o  ground is equally l i k e l y  from 
e i t h e r  the  pos i t ive  o r  negative s ide  of t he  a r ray .  I t  is therefore  
e s sen t i a l  t h a t  a ground-fault detect ion system i n s t a l l e d  in t h i s  type of 
array be capable of detect ing ground f a u l t s  of both p o l a r i t i e s .  

The to ro id  i n  t h e  ground-fault detect ion system b u i l t  is wound with 
No. 20 AWG wire. Due t o  the  current l imi ta t ions  of t h i s  t o ro id ,  it was 
necessary t o  i n s t a l l  t he  ground-fault detect ion system in one source 
c i r c u i t  ( s t r i ng )  of t he  array ra ther  than i n  t h e  e n t i r e  array.  

When the  t e s t i n g  was underway the  sky was c l ea r  with an array 
output voltage of 190 vo l t s  dc and a source c i r c u i t  current of 3 
amperes. The ground-fault detector  was i n s t a l l e d  i n  the  source c i r c u i t  
and the  various ground-fault currents abruptly introduced t o  determine 
the  maximum s e n s i t i v i t y  of the  ground-fault de tec t ion  system. The 
i n i t i a l  t e s t i n g  was conducted with t he  ground-fault detect ion system 
powered from a separate  dc power supply adjusted fo r  a 25 v o l t  dc 
output. The integrated c i r c u i t  voltage regulator  packaged with the  
ground-fault detect ion system board maintained a 14.8 v o l t  dc voltage 
fo r  the  operation of t h e  c i r c u i t  components. A s  d i f f e r ing  ground f a u l t s  
were introduced, it was found t h a t  with the  ground-fault detector  s e t  
f o r  maximum s e n s i t i v i t y ,  a ground f a u l t  of 11 milliamperes would t r i p  
t he  detector .  The detector  t r ipped when t h i s  ground f a u l t  was applied 
between the  pos i t ive  end of the  array and ground and between the  
negative end of t he  a r ray  and ground. The ground-fault detector  thus 
reacted properly t o  ground f a u l t s  of e i t h e r  po l a r i t y .  

The next phase involved operating t he  ground-fault detector  
d i r e c t l y  from the  array dc voltage.  A 500 ohm, 100 watt adjustable  
vi t reous  enameled wire wound power r e s i s t o r  was connected across the  
array.  The voltage divider  t ap  was adjusted f o r  an output voltage of 
approximately 25 v o l t s  which was supplied t o  t h e  ground-fault detect ion 
system. The ground-fault detect ion system again reacted properly t o  
f a u l t s  of e i t h e r  po l a r i t y  when powered from t h e  array.  

Next, it was sought t o  determine whether a gradually applied ground 
f a u l t  would operate t h e  detector .  For t h i s  experiment, a 200 K-ohm 
potentiometer (used a s  a v a r i a b l e ' r e s i s t o r )  was connected between t h e  
pos i t ive  end of t he  a r ray  branch c i r c u i t  and ground. The res i s tance  was 
gradually decreased and again t he  ground-fault detect ion system 
operated. This t e s t  was repeated connecting t h e  var iab le  r e s i s t o r  t o  
the  negative end of t h e  array.  Again t he  ground-fault detect ion system 
operated. 



In summation, the ground-fault detector performed well by 
responding to deliberately induced faults. No circuit interruption was 
attempted, nor was the response time measured. The device's principle 
failing was instability and erroneous responses due to temperatures 
changes when operated at higher sensitivity levels. This problem exists 
because the null point of the Hall Effect sensor shifts with 
temperature. Typically the offset voltage will vary I~V/'C which 
corresponds to a shift of 2 ~ A / ' C .  The higher sensitivity current 
imbalance detection levels referred to are in the order of 11 
milliamperes. When adjusted for sensitivities in the order of 40 
milliamperes, the device was not nearly so temperature sensitive. It is 
expected that temperature compensation circuitry will need to be 
incorporated if this device i s  to be commercialized. In this regard, it 
is noted that the requirements for ac ground fault circuit interrupters 
as contained in the Underwriters Laboratories Standard for 
Safety - Ground Fault Circuit Interrupters, UL 943-1972 call for a 
ground fault circuit interrupter to operate to interrupt the current 
through the fault when it is in the temperature range -35'~ to 66'~. It 
is expected that a comparable range would be' used $0 evaluate any ground 
fault circuit interrupters manufactured for photovoltaic system use. 

REACTION TO SENSED FAULT: . . 

When a ground fault is sensed, the fault current may be eliminated 
by either terminating the source (short-circuiting or segmenting the 
array) or by eliminating the deliberately provided low-impedance ground 
where feasible . 
UNWANTED GROUND DETECTION: 

Figure F.2 describes the circuit of a photovoltd~c array 
incorporating a differential type ground fault detector and having one 
side of the load (the unprotected circuit area) grounded. Figure F.3 
illustrates this same array with the addition of an unwanted ground at 
point B. In the event of a ground fault such as by personal contact 
with shock hazard parts of the array while the ground at point B exists, 
a low impedance path bypassing the ground fault detector would be 
established and the ground fault system is defeated. 

In contemporary ac ground fault circuit interrupters, ground fault 
protection even in the face of such an occurrence is provided, ger~ertllly 
by an oscillator circuit which causes tripping of the ground fault 
circuit interrupter when the grounded and grounding conductors are 
connected together in the protected circuit area. This facility can be 
incorporated in ground fault detectors used with solidly grounded 
photovoltaic arrays by incorporating a pulse oscillator circuit which 
creates a circulating current through earth ground and one of the 
windings around the toroid influencing the Hall Effect device upon the 
occurrence of the unwanted ground connection, see Figure F.4. As this 
circulating current is only created and thus seen by ground-fault 
detector when there is a ground on the array (protected) side of the 
detector, it does not interfere with any other operation of the device. 



Figure F .  3 

Array with one s ide grounded load 

Unwanted ground 



Figure F.4 

Pulse oscillator for detection of 
unwanted ground 



Without the establishment of an unwanted ground, the voltage pulses 
induced on the line do not cause current pulses of an unbalanced nature 
(as seen by the Hall Effect sensor) as described above and do not 
activate the ground fault detector. For a dc ground fault detector with 
a response sensitivity of 40 milliamperes, and where the resistance of 
the ground path is 5 ohms, or less,.a 200 millivolt voltage introduced 
on the line would be sufficient to produce a current imbalance which 
will create a signal at the output of the ground fault detector. 

As an experiment, an ac ground fault circuit interrupter was 
modified so that its sensing circuit was operated from a dc supply, and 
a flasher LED was incorporated as a 5 kHz pulse oscillator operating 
from the same dc supply. The pulses were coupled to the sensed circuit 
through the primary 0f.a transformer used in this particular ground 
fault circuit interrupter. When a ground was introduced on the grounded 
conductor on the protected (load) side of the ground fault circuit 
interrupter, the ground fault circuit interrupter tripped. 

The ac ground fault circuit interrupter, even as modified, is not 
capable of detecting a dc differential (fault) current, it is only 
capable of detecting the unwanted ground. If it were to be used in a dc 
circuit of a photovoltaic array, it would remain necessary to utilize a 
dc sensitive device, such as the Hall Effect item to provide the 
remainder of the necessary protection. 

REACTION TO UNWANTED GROUND: 

Upon detection of the unwanted ground, the array must be disabled 
by its being short-circuited or segmented into non-hazardous pieces. 
The option of removing the deliberately provided low-impedance ground 
to provide protection does not exist. 

UNWANTED GROUNIIS, VIRTUAL GROUND ARRAYS: 

In photovoltaic systems configured with a virtual ground, such as 
that of Figure F.5, detection of an unwanted ground at the ground point 
(physical grounding ofthe virtual ground point in this case) does not 
appear feasible, because the applied ac signal would have to traverse. 
the modules and power conditioning unit. 



Figure F.5 

Application of Ground-Fault Sensor in 
array with virtual ground 
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APPENDIX G 

CURRENT AND VOLTAGE LEVELS ASSOCIATED WITH IN-CIRCUIT ARCING 

To determine current and voltage levels of arcs with energy just 
sufficient to cause ignition of a flame indicating material. This 
material is intended to represent materials likely to be found in or 
about photovoltaic installations. 

Commentary : 

It was not practical for Underwriters Laboratories Inc. to construct a 
photovoltaic array for use in determining voltage and current level 
points of- arcs liable .to cause ignition of materials. Rather,. a power 
supply, simulating an array was used for this purpose. Because. a 
photovoltaic module, and an array comprised of such modules has an 
output characteristic akin to that of curve A in Fig. G.1, the power 
supply used for arc tests should have a similar characteristic. 

f Figure G. 1 - V  

Array I-V Characteristics 

The-first effort in providing such a power supply involved the direct 
use of a Sorensen DCR'80-10 regulated supply, 100 volts, 5 amperes max 
output. This supply also has a characteristic similar to that of. A in 
Fig. G.1, in that the output voltage is maintained at a constant value 
for all values of current up to a preset level. Attempting to draw 
additional current causes the voltage to collapse rapidly to zero.- 

An attempt to use such a supply directly in conducting the arcing tests 
was unsuccessful, in that the supply overcurrent protector would operate 
to open the circuit upon the initiation of the arcs. Thus, it was 
neces'sary to introduce a resistor in the circuit to limit current on 
short-circuit, thereby avoiding operation of the device's overcurrent 
protector. ~nfortunatel~, this also alters the supply current-voltage 
curve, so that is is less like that of the array. 



However, t h e  na tu re  of t h e  i g n i t i o n  i n d i c a t o r ,  r e a d i l y  i g n i t a b l e  
s u r g i c a l  co t ton ,  was f e l t  t o  compensate f o r  any l o s s  i n  a r c  energy due 
t o  t h e  source r e s i s t o r .  

APPARATUS 

See Figure G.2. 

Arcing P l a t e  - Perfora ted  s t e e l ,  0.041 inch t h i c k .  Perfora t ions  a r e  
c i r c u l a r ,  0.125 inch diameter ,  on 0.150 inch cen te r s .  

Cotton (Flame Ind ica to r )  - Absorbent s u r g i c a l  cot ton (Johnson & Johnson) 
oven d r i e d  a t  60°c f o r  a  minimum of 48 hours and kept  i n  a sea led  
p l a s t i c  bag u n t i l  ready f o r  use.  

Power Supply (Source) - Variable vol tage  regula ted  dc power supply, 
Sorensen DCR 80-10 Power Supply, 100 v o l t s ,  5 amperes maximum. 

Res i s to r  - Variable  wire wound. 

Arcing Wire - For c u r r e n t s  of 8 amperes and less, Nn. 30 AWG snlid 
copper wire (0.010 inch diameter) .  For cur ren t s  of 9 amperes and more, 
No. 20 AWG s o l i d  copper wire  (0.020 inch diameter) .  The heavier  gauge 
wire  was needed a t  t h e  higher cur ren t s  because t h e  th inner  wire began t o  

2 glow due t o  I R heat ing.  

METHOD 

A co t ton  pledget  approximately 1-1/2 by 1 inches was placed on t h e  
backside of t h e  a rc ing  p l a t e  and re ta ined  by a s i n g l e  s t r i p  of 3/8 inch 
wide masking t a p e .  The co t ton  was then f l u f f e d  up through t h e  
perfora t ions  t o  t h e  top  s i d e  of t h e  p l a t e  t o  a height  of approximately 
1 /8  inch above t h e  top  su r face .  The f l u f f e d  up a rea  was approximately 1 
by 5 /8  inches .  An add i t iona l  cot ton pledget  was placed on t h e  top 
s u r f a c e  of t h e  a rc ing  p l a t e ,  covering one-half of t h e  f l u f f e d  up area .  
This pledget  was a l s o  secured by masking t ape .  

The source was connected between t h e  a rc ing  p l a t e  and t h e  copper wire. 
The source vol tage  was adjus ted  t o  t h e  des i red  value ,  t h e  source 
s h o r t - c i r c u i t  cu r ren t  was adjus ted  t o  t h e  des i red  value by t h e  s e t t i n g  
of t h e  s e r i e s  r e s i s t o r  wi th  t h e  cur ren t  con t ro l  on t h e  supply s e t  t o  
maximum. The copper wiro was strokod scroEE thc arcing p l a t c  i n  thc 
f l u f f e d  up a r e a  100 times o r  u n t i l  flaming of t h e  cot ton f o r  each run of 
t h e  test .  Each time t h e  wire l e f t  t h e  p l a t e  and encountered a cot ton 
f i l l e d  pe r fo ra t ion ,  a  p o t e n t i a l  f o r  an a r c  was p resen t .  The wire made 
approximately 8 a r c s  i n  t h e  cot ton f l u f f e d  up a r e a  on each s t roke .  On 
a l t e r n a t i n g  s t r o k e s ,  t h e  wire ran e i t h e r  between t h e  top  pledget  and t h e  
f l u f f e d  up a r e a  o r  over t h e  open f l u f f e d  a rea .  The top  cot ton pledget  
served two purposes: a )  t o  g e t  t h e  a r c  t o  occur i n  t h e  immediate a rea  
of t h e  co t ton  and b) t o  provide add i t iona l  ind ica to r  mate r i a l ,  f o r  
without it, when t h e  co t ton  f l u f f  i g n i t e d  it genera l ly  f lashed s o  
qu ick ly  t h a t  it was d i f f i c u l t  t o  determine i f  flaming had occurred. 



Figure G . 2  

Arcing I g n i t i o n  of Cotton Setup 



Each open-circuit voltage and short-circuit current combination 
described in the following tabulation was used for at least one run of 
the test. II the test results appeared borderline, or if results 
between tests at various levels were inconsistent, more than one run of 
the test was conducted at the particular values of voltage and current. 

RESULTS 

Combinations of voltage and current, and whether the arc ignited cotton. 

Open Circuit Voltage Short Circuit Current 
(Volts) (Amperes ) Flame 

y. -. e b 
No, Yes, Yes 
No 

, Yes, Yes . 

No 
Yes 
Yes 
Yes 
Yes, No, No 
Yes 
No, Yes 
Yes, No, No 
Yes 

' YOE, NO, NO 
No 
Yes 
Yes, No, No, No 
Yes 
Yes 
No, No, No 
Yes, No 
No 
Yes 
No, Yes 
Yes 
No, Yuu 
No, No 
No, No 
No 
No 
No 
Yes 
Yes 
Yes 



Open C i r c u i t  Voltage Short C i r c u i t  Current 
(Volts)  (Amperes) F  1 ame 

No, No 
Yes, No, No, No 
No, No 
Yes, No, No, No 
No 
No 
No 
No 
No 
No, No 
No 
No 

A curve not  defined by an equation,  was f i t  t o  t h i s  d a t a  e s t a b l i s h i n g  a 
boundary between vol tage-current  po in t s  which would cause i g n i t i o n ,  and 
those  which would no t .  Points  of cu r ren t  and vol tage  where only one, o r  

11 1 I c o n s i s t e n t ,  r e s u l t s  were obtained were placed on t h e  ign i t ion"  o r  no 
ign i t ion"  s i d e s  of t h e  curve, a s  appropr ia te .  Majority r e s u l t  po in t s  

I1 ( e . g .  Yes, No, No, No) were a l s o  placed on t h e  " igni t ion"  o r  no 
ign i t ion"  s i d e s  of t h e  curve as  determined by t h e  major i ty  of t h e  
e n t r i e s .  Points  of equal weight may be on o r  about t h e  curve,  on e i t h e r  
s i d e .  See Figure G.3. 

CONCLUSION 

The minimum open-c i rcui t  vol tage  necessary t o  i g n i t e  co t ton  with t h e  
current  l e v e l s  used appears t o  approach 15 v o l t s .  The cur ren t  rises 
sharply  with decreasing vol tage  a t  vol tages  under 30 v o l t s ,  where a t  t h e  
current  l e v e l s  considered,  it is  extremely d i f f i c u l t  t o  produce an a r c  
t h a t  s u s t a i n s  f o r  more than a  few seconds3 
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APPENDIX H 

SUPPRESSION OF IN-CIRCUIT ARCING WITH BYPASS DIODES 

Objective: 

To determine whether or not bypass diodes are an effective means of 
suppressing in-circuit arcing. 

APPARATUS 

Twenty, Sensor Technology 7.5 volt photovoltaic modules, wire, switches, 
diodes. / 

METHOD 

The twenty 7.5 volt Sensor Technology Block I11 photovoltaic modules 
were assembled into an array, with all modules in series. See Fig. H.1. 
A bypass diode was placed in parallel with one end module, the bypass 
diode being switchable, (Switch A) in or out of the circuit. Provision 
was left to create a gap (across metal electrodes) at point B. (In an 
array, diodes would normally be placed across each module, as shown by 
the dotted lines. This was not done in this case, as.it'was felt that 
such was not relevant to this work.) 



. S h o r t - c i r c u i t  a s  load .  

Diodes n o t  i n  p l a c e ,  but which would be provided i n  
an a c t u a l  a r r a y  i n s t a l l a t i o n .  

B - Arc gap formed From s t e e l  o i l -bu rne r  e l e c t r o d e s .  

F igure  H. 1 

Test Set-Up In -Ci rcu i t  Arcing 



On a br igh t  afternoon, with t he  modules t i l t e d  toward t he  south, the  
array open c i r c u i t  voltage was 147 vo l t s  and the  array shor t  c i r c u i t  
current was 1.36 amperes. 

An attempt was made t o  c rea te  an a r c  by opening and closing gap B .  
Switch A was both open and closed fo r  t h i s  purpose. 

RESULTS 

With Switch A open, an a r c  could e a s i l y  be i n i t i a t e d  and maintained 
across Electrodes B .  The a r c  could be extended t o  114 inch i n  length. 

When Switch A was closed (placing the  bypass diode i n  t he  c i r c u i t )  t he  
a r c  was immediately extinguished and could not be reestablished.  The 
voltage across Electrode B was measured a s  8.5 v o l t s  under t h i s  
condition. 

Each of these  procedures; s t a r t i n g  t he  a r c  with Switch A open, c los ing 
Switch A and thereby extinguishing the  a r c ,  and attempting t o  r e s t a r t  
t he  a r c  with Switch A closed; was conducted f i v e  times, with t he  same 
r e s u l t s  i n  a l l  cases.  

CONCLUSION 

Module bypass diodes provide an a l t e rna t e  path fo r  current ,  thus 
preventing a voltage high enough t o  i n i t i a t e  and maintain an a r c .  
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APPENDIX I 

DEVELOPMENT OF AN ARC DETECTOR 

BACKGROUND: 

In an effort to explore the prospects for the use of an arc detection 
device,, Underwriters Laboratories Inc. personnel constructed and 
field-evaluated a high frequency response network, basically a device 
responsive to steep rises in current. The device is as follows: 

DEVICE SPECIFICS: 

Theory of Operation - References arc to the circuit of Figure 1.1. 
The input terminal of the device is connected directly to the high 
voltage point of the photovoltaic source or output circuit. The input 
signal from the photovoltaic circuit is differentiated by capacitor C 

1 
and the input impedance of the operational amplifier (op amp) and fed to 
the input of the op amp. Diodes CR and CR prevent overloading the 

1 2 
op amp input. Any pulses generated as a result of the differentiating 
process on the fast rise time currents (arc currents) are amplified by 
the op amp to approximately 3 volts. These pulses will trigger the 
retriggerable multi-vibrator (MMV). 

The ?IMV output pulse width is set by resistor R2 and capacitor C2 to 

approximately 1.5 milliseconds, 5 volts. If another puls'e from the 
differentiation process appears at the MMV input before the output pulse is 
completed-, the MMV will restart., timing another 1.5 millisecond output pulse. 
Therefore, if the MMV input pulses are spaced less than 1.5 milliseconds 
apart, the output of the MMV will be a constant 5 volts. The output of the 
MMV drives the base of transistor Q1 which is set up as a simple switch. 

The solid state time delay relay (TD) is adjusted for a 5 second delay on 
turn on. That is, if transistor Q is turned on for less than 5 seconds, 

1 
there w'ill be no output indication from the time delay relay. Upon turn-off 
of transistor Q the relay will automatically reset its timing count to 1 
zero. Therefore, the input to transistor Q1 (output of MMV) must be a 

minimum of 5 seconds in duration to fire the TD and signal that arcing is 
taking place. 1 

The 1.5 millisecond MMV output pulse width was chosen to be shorter than the 
period of the normal current variations caused by the power conditioning 
unit, maximum power tracker, etc. This makes the circuit i ~ l s ens i t i ve  to 60 
Hz components. The five second time delay is to prevent short duration .line 
variations from causing false tripping. The times chosen will allow the 
circuit to actuate on continuous input signals having a pulse repetition rate 
greater than 660 per second (1.5 millisecond period). 

The TD contacts may control a latching contactor which would disconnect the 
load from the array or perform other functions to stop the arcing condition. 



Figure I.  1 
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The a r c  d e t e c t i o n  device  was labora tory  t e s t e d  us ing a dc power supply t o  
s imula te  an a r r a y .  Under t h i s  condi t ion ,  t h e  device indica ted  when an a r c  
was present  i n  t h e  power supply c i r c u i t ,  and had no ind ica t ion  when t h e  
cu r ren t  was e i t h e r  s t eady  s t a t e  dc  o r  ze ro .  

FIELD TESTS: 

On May 27, 1981 t h e  a r c  de tec to r  device was taken t o  an a r ray  f i e l d  of 
Solarex Block I 1  photovol ta ic  modules a t  t h e  Eiassachusetts I n s t i t u t e  of  
Technology/Lincoln Laboratory f l i g h t  f a c i l i t y ,  Concord, Massachusetts. 

On t h a t  day, t h e  sky was s l i g h t l y  hazy, t h e  temperature was 8 0 ' ~  ( 2 7 ' ~ )  
2 wi th  i n s o l a t i o n  a t  approximately 80 mW/cm . The Solarex modules have 

a s i l i c o n e  rubber s u p e r s t r a t e ,  and t h e  ones involved i n  t h e  c i r c u i t  
being used had a f a i r l y  heavy l aye r  of grime on t h e  su r face .  Lincoln 
Laboratory personnel  est imated t h a t  t h i s  cut the power output  by 
approximately 10 t o  15 percent .  The photovol ta ic  source c i r c u i t  of t h e  
a r r a y  f i e l d  used i n  t h e  work had t h e  conf igura t ion  shown i n  Figure 1 .2 .  

The s i l i c o n e  rubber s u p e r s t r a t e  was removed from a s e c t i o n  of one module 
and t h e  connection between two c e l l s  broken ( see  Point  A i n  Figure  1 . 2 ) .  
The bypass diode was removed from across  t h a t ' p a r t i c u l a r  module. The 
power condi t ioning u n i t  serv ing a s  t h e  a r ray  load needs a minimum 
c u r r e n t  t o  opera te ,  s o  add i t iona l  s i m i l a r  source c i r c u i t s  were connected 
i n  p a r a l l e l  wi th  t h e  source c i r c u i t  t o  which t h e  a r c  d e t e c t o r  was 
connected. The power condi t ioning u n i t  output  was '15 amperes. 

An attempt was made t o  c r e a t e  an a r c  across  t h e  break between t h e  two 
c e l l s  by repeatedly  making and breaking t h e  c i r c u i t  with a c l i p  on t h e  
end uf a lehd.  IIowever, a s u s t a i n i n g  a r c  o r  any a r c  of reasonable 
magnitude could no t  be c rca tcd .  Measurements showed t h a t  a t  t h e  break 
between t h e  two c e l l s ,  t h e  cu r ren t  through t h e  completed connection was 
0.7 ampere and t h e  vol tage  across  t h e  open connection W ~ S  67 v o l r s .  

The source c i r c u i t  was then opened a t  po in t  B y  Figure 1 . 2  and it was 
then p o s s i b l e  t o  cause a s u s t a i n i n g  a r c ,  approximately 1 inch long. 

The a r c  d e t e c t i o n  c i r c u i t  was then connected t o  the a r ray  f i e l d  output  
a t  t h e  power condi t ioning u n i t  input  te rminals .  With t h e  a r c  generated 
a t  point  B of t h e  source c i r c u i t ,  t h e  d e t e c t o r  was not ab le  t o  sense Ll~e - 
presence of rhc arc. Examining L l ~ v  wave shape a t  t.h.a pnwer condit ioning 
u n i t  input  t e rmina l s  with an osc i l loscope  showed t h a t  t h e . s i g n a 1  caused 
by t h e  a r c  a t  t h a t  point  was approximately 50 mV peak-to-peak. This 
s i g n a l  was not  l a r g e  enough t o  a c t u a t e  t h e  a r c  d e t e c t i o n  c i r c u i t r y .  The 
d i s t a n c e  from t h e  po in t  of a rc ing  t o  t h e  power condi t ioning u n i t  input  
te rminals  i s  approximately 200 feer. 

The a r c  d e t e c t o r  was then moved out  t o  t h e  a r r a y  and connected a t  t h e  
complete source c i r c u i t .  A t  t h i s  loca t ion ,  t h e  de tec t ion  c i r c u i t  was 
a b l e  t o  d e t e c t  t h e  presence of t h e  a r c ,  and ind ica ted  when a rc ing  was 
underway. The d i s t a n c e  from t h e  point  of  a r c i n g  t o  t h e  de tec to r  input  
was approximately 5 f e e t .  
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This  performgnce r a i s e s  t h e  quest ion a s  t o  what caused t h e  d i f fe rence  i n  
opera t ion a t  t h e  two loca t ions .  A poss ib le  cause may be t h a t  t h e  
d i s t r i b u t e d  inductance and capacitance o f ' t h e  l i n e  from t h e  a r ray  t o  t h e  
power condit ioning u n i t  a t tenuated t h e  high frequency current  components 
t o  t h e  degree t h a t  they were below t h e  s e n s i t i v i t y  threshold  of t h e  
d e t e c t i o n  c i r c u i t .  

The r e s u l t s  of these  t e s t s  show t h a t  t h e  a r c  de tec to r  w i l l  work a s  
intended,  provided t h a t  t h e  a rc ing  s i g n a l  is l a rge  enough. Increasing 
t h e  gain  of t h e  de tec t ion  c i r c u i t r y  may be s u f f i c i e n t  t o  cause t h e  a r c  
d e t e c t o r  t o  work i n  t h i s  and many o the r  cases .  However, becauso of t h e  
many v a r i a b l e s ,  a.nd ' bas i ca l ly  because of tho  unpred.i.ctable nature  of t h e  
conf igura t ion 'and physica l  s i z e  of t h e  a r ray ,  it may be impossible t o  
determine t h e  l e v e l  of s e n s i t i v i t y  required f o r  a de tec to r  i n  genera l .  
Fur the r ,  as  t h e  s e n s i t i v i t y  of t h e  a r c  de tec to r  is  increased,  t h e  
d e t e c t o r  becomes more suscep t ib le  t o  f a l s e  t r i p p i n g  from r f  produced by 
t h e  power condi t ioning u n i t  and o the r  nearby sources.  

CONCLUSION: 

Based on t h i s  experience and t h e  problems associa ted  with threshold  
s e n s i t i v i t y ,  UL f e e l s  t h a t  t h e  l e v e l  of protec t ion afforded by t h i s  
c i r c u i t  can be more r e a d i l y  achieved by o the r  means. A s  a r e s u l t ,  no 
f u r t h e r  s t e p s  i n  developing t h e  a r c  de tec t ion  c i r c u i t r y  have been taken. 
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