
1 1967 IEEE Conference papers were available at the meeting for $0.75 and later for $1.00. 
  However, they became no longer available some time thereafter.

Filename: Residential surges

Surge Voltages in Residential Power Circuits

G.J. Hahn
General Electric Company

Schenectady NY

François Martzloff
General Electric Company

Schenectady NY
f.martzloff@ieee.org

All rights reserved IEEE
Reprinted, with permission, from 

IEEE Conference paper 31 CP 67-4301

Significance:
Part 3 – Recorded occurrences

One of the first papers reporting surge recording in low-voltage ac power circuits.
Both waveform information and frequency of occurrence marked the beginning of the IEEE effort toward
characterizing surge voltages in low-voltage ac power circuits, a departure from the traditional unidirectional
and separate 1.2/50 and 8/20 waveforms in use for high-voltage equipment testing.

In the mid-sixties, when these recordings took place, there were very few, if any, surge-protective devices
(SPDs) installed in residential power circuits.  After the emergence of ubiquitous consumer-type SPDs, the
results of subsequent monitoring campaigns were drastically changed (See “Galore” in Part 2) but the
information is still valid for the frequency of occurrences to the extent that the origins of surges have not
changed, only the observed levels are now considerably reduced by the proliferation of SPDs.
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SURGE VOLTAGES I N  RESIDENTIAL POWER CIRCUITS 

by 
G . J .  Hahn and F .D .  Martzloff  

Research and Development Center 
General E l e c t r i c  Company 

Schenectady, New York 

Abst rac t  

Spec i a l  ins t rumenta t ion  was developed f o r  
monitoring t h e  magnitude and frequency of occur-  
rence of surge  vol tages  i n  r e s i d e n t i a l  c i r c u i t s .  

Over a per iod  of two yea r s ,  more than 400 
loca t ions  i n  20 c i t i e s  were surveyed. Monitoring 
was accomplished by automatic recording  cathode 
r ay  osc i l loscopes  and simple surge  counters.  

Two s i g n i f i c a n t  sources of surge  vol tages  
were i d e n t i f i e d :  load switching wi th in  t h e  house, 
and e x t e r n a l  su rges ,  most l i k e l y  a s soc i a t ed  wi th  
l i gh tn ing ,  coming through t h e  s e r v i c e  drop. 

I n t e r n a l l y  generated surges a s  high a s  2500 
v o l t s  were recorded during t h i s  t e s t  program, and 
s i x  of t h e  250 households ( i . e . ,  2 .4  percent )  i n  
t h e  sample experienced surges of t h i s  type i n  ex- 
cess  of 1200 v o l t s  once o r  more per day. A s t a -  
t i s t i c a l  eva lua t ion  ind i ca t ed  t h a t  a  90 percent  
confidence i n t e r v a l  f o r  t h e  t r u e  propor t ion  of 
homes wi th  such surge  vol tages  i s  between 1 .0  and 
4 . 7  percent .  

Surges due t o  l i gh tn ing  reaching 5600 v o l t s  
have been recorded on a 120-volt  overhead d i s t r i -  
but ion  l i n e .  Independent evidence shows t h e  
occurrence of a  number of surges  i n  excess of 
2000 v o l t s .  

I n  t h i s  s tudy,  a  t o t a l  of .  8 surges  i n  excess 
of 1200 v o l t s  were caused by l i gh tn ing  and r e -  
corded on 39 counters  a t  room o u t l e t s  i n  14 l o c a l -  
i t i e s  over t h e  summer months. 

In t roduct ion  

The succes s fu l  opera t ion  of semiconductors 
and new insu l a t i on  systems i n  appl iances  and con- 
sumer e l e c t r o n i c  devices may be adverse ly  a f f e c t e d  
by t r a n s i e n t  overvoltages occurr ing  on t h e  120- 
v o l t  power supply.  Detection and measurement of 
t he se  t r a n s i e n t  surges  permits  a  des igner  t o  pro- 
v ide  s u i t a b l e  b u i l t - i n  t o l e r ance ,  o r  a t  l e a s t  t o  
recognize t h a t  t h e r e  i s  a  need f o r  app rop r i a t e  
suppress ion  o r  protect ion,* 

Spec i a l  ins t rumenta t ion  has been developed 
f o r  de t ec t ion  and measurement of surge  vol tages .  
I n  t h e  f i r s t  phase of t e s t i n g  automatic record-  
ing cathode r ay  osc i l l o scopes  provided complete 
information on wave shape,  and on magnitude and 
frequency of occurrence a t  a  small  number of 
a r b i t r a r i l y  chosen loca t ions .  These d a t a ,  though 
s t a t i s t i c a l l y  r e s t r i c t e d ,  were adequate t o  demon- 
s t r a t e  t h e  ex i s t ence  of t h e  problem, de f ine  some 
sources ,  and i n d i c a t e  t y p i c a l  wave shapes. It 

a l s o  became c l e a r  t h a t  t h e r e  was a need f o r  a  
l a r g e r  sample t h a t  would be more s t a t i s t i c a l l y  
v a l i d .  

I n  t he  second phase of t e s t i n g ,  one hundred 
surge  counters ,  simple i n  design and easy  t o  i n -  
s t a l l ,  were developed e s p e c i a l l y  f o r  t h i s  program. 
These counters were i n s t a l l e d  i n  s eve ra l  hundred 
homes i n  var ious  c i t i e s  located i n  t he  East  and 
middle West of t he  United S t a t e s .  

The purpose of t h i s  paper is t o  d i scus s  r e -  
cordings obtained during the  two phases of t h i s  
program and t h e  s t a t i s t i c a l  a spec t s  of t he  r e s u l t s  
It is  hoped t h a t  publ ica t ion  of t h i s  paper w i l l  
encourage o the r  i nves t iga to r s  t o  publ i sh  t h e i r  
f indings .  This would provide a broader s t a t i s -  
t i c a l  base f o r  v e r i f i c a t i o n  of the  frequency and 
magnitude of surge vo l t ages .  

Instrumentat ion 

Recording surge vol tages  i n  t he  f i e l d  poses 
s p e c i a l  problems. For example, t h e  instruments 
cannot be con t inua l ly  a t tended and the  s igna l s  t o  
be recorded a r e  unpredic table  i n  magnitude, po l a r -  
i t y ,  and frequency of occurrence. 

I n  cooperat ion wi th  Tektronix,  Incorporated,  
a  type  515 cathode r ay  osc i l l o scope  was modified 
t o  record t r a n s i e n t s  on f i lm,  w i th  automatic ad-  
vance of t h e  f i lm  a f t e r  a  recording .  

The modif ica t ions  involved a change i n  t h e .  
t r i g g e r  and sweep c i r c u i t s ,  a s  we l l  a s  removal of 
a l l  knobs (an important d e t a i l  f o r  an  instrument 
t o  be l e f t  i n  a l l  types of l oca t ions ) .  

Most o sc i l l o scope  t r i g g e r  c i r c u i t s  a r e  po la r -  
ized .  This o f t en  causes a l o s s  of recording when 
t h e  p o l a r i t y  of t h e  i n i t i a l  s i g n a l  is  not  known. 
For surge  recording,  t h e  t r i g g e r  c i r c u i t  was mod- 
i f i e d  by feeding t o  t h e  time base t r i g g e r  through 
two OR l og i c  diodes t he  push-pull  s i g n a l  t h a t  i s  
appl ied  t o  t h e  input  of t he  o sc i l l o scope  delay 
l i n e .  With t h i s  modif ica t ion ,  t he  sweep i s  
s t a r t e d  f o r  e i t h e r  p o l a r i t y ,  while t h e  s i g n a l  is  
delayed before  reaching the  d e f l e c t i o n  p l a t e  of 
t h e  CRT. I n  add i t i on ,  t h e  conventional  blanking 
c i r c u i t  holds t h e  beam i n  low i n t e n s i t y  before 
t h e  sweep s t a r t s .  

A second modif ica t ion  changed t h e  sweep from 
a cons tant  speed t o  a logari thmic speed,  f a s t  a t  
t h e  s t a r t  and slow toward t h e  end. This allows 
t h e  recording of a n  impulse f r o n t  wi th  good reso-  
l u t i o n ,  while providing s u f f i c i e n t  dura t ion  of 
t h e  sweep t o  record a long t a i l .  



F i n a l l y ,  a  r e l a y  was added w i th  i t s  c o i l  
energ ized  whenever t h e  beam sweep i s  t r i g g e r e d .  
Through a s e t  of c o n t a c t s  on t h i s  r e l a y ,  t h e  f i l m  
advance sequence i n  t h e  camera i s  a c t i v a t e d .  

The camera, a t t a c h e d  t o  t h e  scope beze l ,  i s  
a  Beattie-Coleman system, accommodating 100 f e e t  
of 35 mm f i l m ,  w i th  no  s h u t t e r ,  and record ing  on 
a 24 x 36 nun frame t h e  t r a c e  d i sp l ayed  on t h e  CRT. 
Following t h e  sweep, t h e  c o n t a c t  mentioned above 
c l o s e s  t h e  motor c i r c u i t ,  advancing t h e  f i l m  t o  
t h e  nex t  frame i n  a  few seconds.  This  f i l m  t r a n s -  
p o r t  d u r a t i o n  i s  matched i n  t h e  o s c i l l o s c o p e  t r i g -  
ge r  c i r c u i t  by a  ho ld-of f  s o  t l i a t  no sweep w i l l  
occur dur ing  f i l m  advance. 

I n  order  t o  prevent  t h e  f i l m  from being 
fogged by extended exposure t o  t h e  f a i n t  glow on 
t h e  phosphor (caused by imperfec t  blanking of t h e  
beam, ca thode  glow o r  l i g h t  l e a k s )  a  b u i l t - i n  
t imer  i n  t h e  o s c i l l o s c o p e  advances t h e  f i l m  by one 
frame every  hour. This  provides  an  approximate 
method f o r  t iming t h e  occurrence of su rge s .  S ince  
t h e  surge-vol tage  t e s t s  were conducted,  an  a u t o -  
mat ic  t ime record ing  f e a t u r e  has been added t o  
g ive  a  more p r e c i s e  record ing  of t ime a t  each 
event .  

F igu re  1 i s  a  photograph of t h i s  o s c i l l o s c o p e  
camera system. The r e l a t i v e l y  h igh  c o s t  of t h i s  
system, i t s  conspicuous presence (e .g . ,  s i z e ,  
camera n o i s e ,  e t c . )  i n  a  home, and t h e  amount of 
f i l m  t o  be s c r u t i n i z e d  frame by frame l i m i t  t h e  
number of l o c a t i o n s  a t  which record ings  can be 
made. However, f o r  conc lus ions  t o  r e s t  on a  sound 
s t a t i s t i c a l  b a s i s ,  it is  nece s sa ry  t o  i n v e s t i g a t e  
a  l a r g e  number of l o c a t i o n s .  To be accep t ab l e  t o  
c oope ra t i ve  home owners, a  t r a n s i e n t  d e t e c t o r  
should  t h e r e f o r e  lend  i t s e l f  t o  inconspicuous i n -  
s t a l l a t i o n  and simple d a t a  handling.  Thus, a  de-  
v i c e  which can merely be plugged i n t o  a  w a l l  
r e c e p t a c l e ,  and t h a t  has a  d i g i t a l  counter  i n d i -  
c a t i n g  t h e  number of su rge s  occu r r i ng  above a 
s p e c i f i e d  t h r e sho ld  is s a t i s f a c t o r y  f o r  widespread 
record ing .  

The c i r c u i t  shown i n  F igu re  2 was developed 
f o r  t h e  purpose,  and packaged a s  shown i n  F igu re  
3. This  device  i s  connected t o  a  w a l l  r e c e p t a c l e  
by a convent iona l  app l i ance  co rd ,  n o t  a  s p e c i a l  
probe. This  connect ion i s  s imple ,  e s t a b l i s h e s  a 
t y p i c a l  f i n a l  pa th  f o r  a  su rge  impinging upon any 
a pp l i ance  connected t o  t h i s  p a r t i c u l a r  w a l l  r e -  
c e p t a c l e ,  and provides  power f o r  t h e  h igh  i m -  
pedance r e c t i f i e r  c i r c u i t  and a s i g n a l  i npu t  t o  
t h e  t r i gge r - s enso r  c i r c u i t .  

A c rude ly  compensated d i v i d e r  (RlCl/R2C2) 
a t t e n u a t e s  t h e  incoming su rge  be fo r e  a p p l i c a t i o n  
t o  t h e  S i l i c o n  Symmetrical Switch (SSS). This  de-  
v i c e  has t h e  c h a r a c t e r i s t i c  of t u rn ing  on a b r u p t l y  
whenever t h e  v o l t a g e  a c r o s s  i t  reaches  a  t h r e s h -  
o l d ,  such  a s  250 v o l t s .  This  t h r e sho ld  remains 
cons t an t  f o r  du ra t i ons  a s  s h o r t  a s  0 . 1  s .  When 
t h e  SSS tu rn s  on, t h e  a t t e n u a t e d  su rge  i s  a p p l i e d  
t o  t h e  g a t e  of t h e  ve ry  s e n s i t i v e ,  f a s t  swi tch ing  
S i l i c o n  Con t ro l l ed  Switch (SCS). I f  t h e  p o l a r i t y  
of t h i s  su rge  is p o s i t i v e ,  t h e  SCS t u r n s  on, 

a l lowing  t h e  c a p a c i t o r  C t o  d i s cha rge  through t h e  
c o i l  of t h e  so l eno id - ac tua t ed  coun t e r  S. A h igh  
impedance (50,000 ohm) d i v i d e r  and half-wave r e c -  
t i f i e r  provide a t r i c k l e  charge  15 -vo l t  supply  f o r  
t h e  c a p a c i t o r  C. The r e s i s t a n c e  of t h i s  d i v i d e r  
r e p r e s e n t s  a  n e g l i g i b l e  load f o r  t h e  house w i r i ng  
system, y e t  is s u f f i c i e n t l y  low t o  a l l ow  some 
leakage i n  t h e  e l e c t r o l y t i c  c a p a c i t o r  C. The long 
charg ing  t ime ( s eve ra l  seconds)  of t h e  c a p a c i t o r  
is no t  o b j e c t i o n a b l e ,  s i n c e  t h e  t r a n s i e n t s  t o  be 
de t ec t ed  do n o t  have a  h igh  r e p e t i t i o n  r a t e .  

C a l i b r a t i o n  of t h e  c i r c u i t  is ob t a ined  by ad-  
j u s t i n g  t h e  va lue  of t h e  d i v i d e r  (RlCl/R2C2). I n  
t h e s e  t e s t s ,  t h e  t h r e sho ld  l e v e l  was s e t  a t  1200 
v o l t s  f o r  one group of coun t e r s  and a t  2000 v o l t s  
f o r  ano the r  group. A bench c i r c u i t  was s e t  up,  
whereby a su rge  w i th  a d j u s t a b l e  l e v e l  and d u r a t i o n  
could be superimposed on a 60 Hz, 120-volt  power 
supply .  Some cons ide r a t i on  was g iven  t o  t h e  need 
t o  s eg rega t e ,  o r  f i l t e r  o u t ,  t h e  su rge  from t h e  
60 Hz power v o l t a g e ;  i n  t h i s  c a se ,  however, w i th  
t h e  minimum l e v e l  a t  1200 v o l t s ,  t h e  base  170-volt  
c r e s t  r ep r e sen t ed  a  s m a l l  c o n t r i b u t i o n  and was i n -  
c luded  i n  t h e  s i g n a l  d e t e c t e d  by t h e  c i r c u i t .  
Surges w i t h  approximately f l a t  t op  and du ra t i ons  
from s e v e r a l  microseconds t o  0.2 microsecond were 
a p p l i e d  t o  determine t h e  v a r i a t i o n  of t h e  t h r e s h -  
o l d  v o l t a g e  a s  a  f u n c t i o n  of su rge  du ra t i on .  A 
t y p i c a l  response  curve  i s  shown i n  F igu re  4. The 
response  of t h i s  c r e s t - i n d i c a t i n g  coun t e r  can be 
cons idered  s a t i s f a c t o r y ,  s i n c e  t h e  o s c i l l o s c o p e  
record ings  i n  homes, a s  w i l l  be d i s cus sed  l a t e r ,  
have i n d i c a t e d  t h a t  t h e  s h o r t e s t  ha l f -pe r i od  of 
o s c i l l a t o r y  su rge s  i s  i n  t h e  o rde r  of 2 micro-  
seconds.  

Recording Procedure 

I n  t h e  f i r s t  phase,  o s c i l l o s c o p e s  were i n -  
s t a l l e d  a t  t h e  basement s e r v i c e  en t r ance  of homes 
i n  t h e  Schenectady, New York a r e a .  These l o c a t i o n s  
do n o t  r ep r e sen t  a  s t a t i s t i c i a n ' s  i d e a l  sampling,  
b u t ,  dur ing  t h e  i n i t i a l  phase of t h e  program, t h e  
n a t u r e  of t r a n s i e n t s  r a t h e r  than  s t a t i s t i c a l  accu-  
r a cy  was t h e  major s u b j e c t  of i n t e r e s t .  L a t e r  i n  
t h e  program, t h e  range of l o c a t i o n s  was broadened 
t o  i nc lude  homes i n  o t h e r  urban and r u r a l  a r e a s ,  
p a r t i c u l a r l y  i n  F l o r i d a  and South Ca ro l i na .  

I n  t h e  second phase,  su rge  counters  were i n -  
s t a l l e d  a t  unspec i f i ed  o u t l e t s  i n  t h e  homes of 
engineers  i n  20 c i t i e s  i n  t h e  n o r t h e a s t  and mid- 
west .  Two d i s t i n c t  r e co rd ing  per iods  were sched- 
u l ed :  w i n t e r ,  because t h e r e  is  u s u a l l y  a  minimum 
of l i g h t n i n g  a c t i v i t y  a t  t h a t  t ime  of yea r ,  and 
summer, which o r d i n a r i l y  i nc ludes  a  mziximum of 
l i g h t n i n g  a c t i v i t y .  

S ince  t h e  o s c i l l o s c o p e  i npu t  c i r c u i t  ope r a t e s  
a t  a l e v e l  of a  few v o l t s ,  i t  is  somewhat s e n s i t i v e  
t o  d i r e c t  r a d i a t i o n  of e l e c t romagne t i c  n o i s e  i n  
t h e  p r e a m p l i f i e r ,  even i f  t h e r e  is no  s i g n a l  from 
t h e  probe. I n  o rde r  t o  d i s c r i m i n a t e  a g a i n s t  t h i s  
t ype  of spu r ious  i n d i c a t i o n ,  t h e  record ing  pro-  
cedure  inc luded  a pe r i od  dur ing  which t h e  o s c i l l o -  
scope probe was s h o r t e d  w i th  t h e  ground t e rmina l  
remaining connected,  s o  t h a t  spu r ious  s i g n a l s  due 



t o  ground loops would be de tec ted .  I n  t h i s  man- 
n e r ,  any no i se  en t e r ing  t h e  system could be r e -  
corded and l a t e r  recognized f o r  what it was i n  
t h e  a n a l y s i s  of t h e  recordings made wi th  t h e  sho r t  
c i r c u i t  removed from t h e  probe. 

The su rge  counters  record  only one p o l a r i t y ;  
i n  order t o  minimize record keeping by t h e  home- 
owner, t h e  connection of t h e  cord was not  po l a r -  
ized .  I n  t he  event  of a n  o s c i l l a t o r y  surge  (which 
i s  always quickly  damped i n  t hese  systems) two 
cases  of counting can occur. For i n s t ance ,  t h e  
high s i d e  of t h e  d iv ide r  can be connected t o  t h e  
"hot" terminal  of t h e  r ecep tac l e  (Figure 5 ) .  I f  
t h e  f i r s t  ha l f  -cycle i s  p o s i t i v e  and exceeds 1200 
v o l t s ,  a  count i s  r e g i s t e r e d .  I f  t h e  f i r s t  h a l f -  
cyc l e  is  negat ive ,  and t h e  second, p o s i t i v e  ha l f  
i s  h ighly  damped, no count i s  r e g i s t e r e d .  I f  t h e  
f i r s t  ha l f - cyc l e  i s  we l l  above 1200 v o l t s  causing 
t h e  second h a l f ,  i n  s p i t e  of some damping, t o  ex- 
ceed 1200 v o l t s ,  a  count is r e g i s t e r e d .  For t h e  
r eve r se  connection,  t h e  same would occur f o r  r e -  
ve r se  p o l a r i t y .  Thus, t h e  a c t u a l  number of surge  
occurrences of both p o l a r i t i e s  i n  excess of 1200 
v o l t s  is between 1 and 2 times t h e  number i n d i -  
ca t ed  by t h e  counter .  The ob jec t ive  of t h e  r e -  
cording i n  t h i s  t e s t  s e r i e s  was only t o  determine 
whether or  not  surges  occurred r a t h e r  than  t h e i r  
exac t  number. Consequently, t he  va lue  of t h e  
mul t ip ly ing  f a c t o r  is  not  very  s i g n i f i c a n t .  

Results  Of The Recordings - Oscil loscopes 

The f i r s t  recording a n a l y s i s  revealed t h a t  
some homes were s u b j e c t  t o  f requent  surge v o l t -  
ages ,  some experienced only a few i s o l a t e d  surges ,  
and o the r s  d id  not experience any surges i n  excess 
of t h e  t r i g g e r  l e v e l  (300 t o  400 v o l t s ) .  Fu r the r -  
more, among those  i n s t a l l a t i o n s  where surge  v o l t -  
ages f r equen t ly  occurred ,  t h e  surges  a t  same 
houses were r e l a t i v e l y  low ( r a r e l y  i n  excess of 
800 v o l t s ) ,  whi le  o ther  houses had surges i n  t h e  
range of 1200 t o  2500 v o l t s .  

Rates of surge  occurrence ranged from zero  
(no surge i n  one t o  two weeks) t o  0.5 per hour, 
wi th  peak va lues  from 400 v o l t s  ( t r i g g e r  t h r e sh -  
o ld)  t o  5600 v o l t s .  

A t  t h e  conclusion of t h e  recording  program, 
a t o t a l  of 16 homes and two overhead d i s t r i b u t i o n  
poles had been monitored f o r  a  t o t a l  of 7000 
hours. The peak of t he  surges was d i s t r i b u t e d  a s  
shown i n  Figure  6a; t he  most frequent  and severe  
surges were d i s t r i b u t e d  a s  shown i n  Figure  6b. 

Fur ther  ana lys i s  of some recordings was made 
by d e l i b e r a t e  switching of loads i n  t h e  houses 
where f requent  surges had been observed. In  some 
cases ,  t h e  opera t ion  of a  s p e c i f i c  device ( e . g . ,  
o i l  burner,  f l uo re scen t  lamp, pump motor, r e f r i g -  
e r a t o r ,  food mixer, e t c . )  was found t o  be t he  
cause of t h e  surges .  I n  o ther  ca ses ,  no amount of 
d e l i b e r a t e  load switching could reproduce surges 
such a s  t hose  recorded during unattended monitor-  
ing .  The home owner was occas ional ly  a b l e  t o  
c o r r e l a t e  surge  recordings wi th  l i gh tn ing  o r  
power system dis turbances .  

A p a t t e r n  emerged from a l l  t h i s  information,  
showing two d e f i n i t e  causes of surge v o l t a g e s . i n  
t h e  homes: 

1. Load switching i n  t h e  house occas ional ly  
produced t r a n s i e n t  su rges ;  t he se  a f f ec t ed  
only t h a t  p a r t i c u l a r  house. For any p a r t i c -  
u l a r  house, t he se  t r a n s i e n t  surges had a wave 
shape which was c o n s i s t e n t l y  repeated wi th  
v a r i a t i o n s  i n  ampli tude along t h e  e n t i r e  f i l m  
recording.  This probably r e su l t ed  from com- 
b ina t ion  of swi tch  c h a r a c t e r i s t i c s  and t h e  
impedance of t h e  house wiring system; t he  
v a r i a t i o n s  i n  amplitude were probably caused 
by v a r i a t i o n s  of t he  switching angle  and/or 
connected loads.  Typical  wave shapes of t he  
recorded surges  a r e  shown i n  Figures  7a, 7b, 
and 7c. 

I n  one ca se ,  it was poss ib l e  t o  i n s t a l l  
an  osc i l loscope  i n  a house adjacent  t o  t h a t  
where r e p e t i t i v e  surges up t o  1700 v o l t s  were 
being recorded.  The s e r v i c e  drops were con- 
nected t o  t he  same pole,  ye t  no surges occur-  
r i n g  simultaneously were recorded i n  t h e  
second house. 

2 .  Surge vol tages  not  a s soc i a t ed  wi th  load 
switching wi th in  t he  house were a s soc i a t ed  
wi th  l i gh tn ing  storms.  I n  some cases ,  t h e  
home owner was a b l e  t o  c o r r e l a t e  the  f i lm ad -  
vance counts wi th  t h e  storm. Although r e -  
corded during l i gh tn ing  storms a t  two d i f f e r -  
en t  l oca t ions ,  t he  surges shown i n  Figures 
8a  and 8b present  t h e  i n t e r e s t i n g  cha rac t e r -  
i s t i c  of being o s c i l l a t o r y  a t  a  frequency i n  
t h e  range of 300 kHz. The surge shown i n  
Figure 8a was recorded-at  t h e  overhead d i s -  
t r i b u t i o n  l i n e  (osc i l loscope  mounted on the  
po le ) ,  while t h e  surge  of Figure 8b was r e -  
corded a t  t h e  s e r v i c e  ent rance  i n  a home. 
The f i r s t  exh ib i t s  f a r  l e s s  damping than the  
second; t h i s  might be explained by t h e  lower 
damping due t o  lower r e s i s t a n c e  of t h e  sys -  
tem a t  t h e  pole than  a t  t h e  end of a  s e r v i c e  
drop. 

Both of these  surges ,  a s  well  a s  most of t h e  
o the r  surges  recorded during l i gh tn ing  storms,  
e x h i b i t  t h i s  o s c i l l a t o r y  c h a r a c t e r i s t i c  a t  a  f r e -  
quency w h i c h , i s  nea r ly  cons tant  f o r  a  p a r t i c u l a r  
l o c a l i t y .  This constancy suggests  t h a t  t he  o s c i l -  
l a t i o n  of t he  system followed an e x c i t a t i o n  caused 
by t h e  l i gh tn ing  s t roke .  A number of surges i n  
t h e  range of 800 t o  1200 v o l t s  were observed dur-  
ing s e v e r a l  s torms.  The maximum surge  vol tage  
recorded was 5600 v o l t s ;  s eve ra l  o ther  surges r e -  
corded during the  same per iod  were i n  excess of 
4000 v o l t s .  1 

Results  of The Recordings - Counters 

With the  two causes of t r a n s i e n t s  i d e n t i f i e d  
by t h e  o sc i l l o scope  measurements, t he  surge  
counters w e e  app l i ed  i n  two sepa ra t e  programs. 
F i r s t ,  during t h e  winter  months, t he  counters were 
i n s t a l l e d  i n  a l a rge  number of houses f o r  periods 
of one o r  two weeks; t h e  ob jec t ive  was t o  



determine how many houses su s t a ined  r e p e t i t i v e  
surges .  Second, during sp r ing ,  summer, and f a l l ,  
each counter  was l e f t  a t  one o r  two loca t i ons  f o r  
periods of 9 t o  48 weeks; it was known from t h e  
f i r s t  t e s t  t h a t  t he se  homes were no t  s u b j e c t  t o  
load switching surges .  The o b j e c t i v e  was t o  de- 
termine t h e  frequency and c h a r a c t e r i s t i c s  of ex-  
t e r n a l l y  genera ted  surges ,  presumably caused by 
1 ightn ing  . 

The f i r s t  per iod  produced t h e  d a t a  shown i n  
Table 1, and t h e  r e s u l t s  obtained during t he  
second period a r e  shown i n  Table 2. 

S t a t i s t i c a l  Analysis  of The Recordings 

I n t e r n a l l y  Generated Surges 

The da t a  i n  Table 1 show t h a t  6 houses,  o r  
2.4 percent ,  were subjec ted  t o  r e p e t i t i v e  surges  
from among a t o t a l  of 250 homes sampled. The 
t r u e  percentage doubt less  d i f f e r s  somewhat from 
2.4 percent  due t o  s t a t i s t i c a l  v a r i a t i o n s .  How- 
ever ,  one may be 90 percent  conf ident  t h a t  the  
t r u e  percentage i s  between 1.0 percent  and 4.7 
percent.* This band could be narrowed by t ak ing  
a d d i t i o n a l  samples. However, it should be noted 
t h a t  t he  p r ec i s ion  is propor t iona l  t o  t h e  square  
roo t  of t h e  sample s i z e .  Thus, f ou r  times t h e  
number sampled, o r  1000 homes, would be necessary  
t o  cu t  t h e  s i z e  of t h e  s t a t i s t i c a l  e r r o r  band by 
approximately one-half .  Since t h e  above r e s u l t s  
r e f e r  t o  s t a t i s t i c a l  v a r i a t i o n s  only ,  they  do not  
t a k e  i n t o  account pos s ib l e  b i a se s  due t o  such 
f a c t o r s  a s  r e s t r i c t i o n s  i n  s e l e c t i n g  members of  
t h e  sample ( p r i n c i p a l l y  engineers  i n  a  number of 
designated l oca t i ons )  or  t h e  time of year  (winter  
months ) . 

The p r o b a b i l i t y  of i n t e r n a l l y  genera ted  surges  
undoubtedly v a r i e s  among e.conomic groupings ( i . e . ,  
t he  devices i n  use i n  homes probably vary  w i th  t h e  
economic s t a t u s  of t he  r e s i d e n t ) ;  however, devices  
found t o  gene ra t e  surges  ( i . e .  , furnaces ,  r e f r i g -  
e r a t o r s ,  e t c . )  e x i s t  i n  most homes. 

Ex te rna l l y  Generated Surges 

Resul t s  from the  second t e s t i n g  per iod  t h a t  
was concerned w i th  e x t e r n a l l y  genera ted  surges  a r e  
shown i n  Table 2. From 39 counters  i n s t a l l e d  i n  
a  t o t a l  of 91 homes i n  14 l o c a l i t i e s ,  a  t o t a l  of 
8 occurrences i n  6 s e p a r a t e  l o c a l i t i e s  were ob- 
served dur ing  an equiva len t  exposure time of 846 
weeks. A n i n t h  occurrence was d is regarded  i n  t h i s  
a n a l y s i s  because i t  occurred i n  t he  same home dur-  
i ng  t h e  same storm. Of t he  two p a i r s  of occur-  
rences which took p lace  i n  t he  same loca t i on ,  one 
p a i r  occurred during t h e  same storm and t h e  second 
involved two occurrences a t  d i f f e r e n t  times. 

 his r e s u l t  i s  ob ta ined  by t h e  well-known method 
of s e t t i n g  confidence i n t e r v a l s  f o r  a  sample per -  
centage.  Fur ther  d e t a i l s  may be found i n  s t a t i s -  
t i c a l  t e ~ t s . ~ , 3 . 4  

Analyses could be conducted based on t h e  
fol lowing a l t e r n a t i v e  assumptions: 

1. Voltage surges  above 1200 v o l t s  occur - 

only during t he  per iod  of t h e  year  t h a t  t h e  
counters  were i n s t a l l e d  i n  t h e  homes. Thus, 
a l though t h e  counters  were i n  homes f o r  only  
p a r t  of t h e  yea r ,  t h e  time involved ( i . e . ,  
t h e  summer months) was s o  chosen t h a t  no f u r -  
t h e r  surges  would have been noted even i f  
each counter  had been run f o r  52 consecut ive  
weeks. The average number of surges  pe r  year  
would then  be 8/39, o r  0.205. 

2 .  Voltage surges  occur randomly a t  a  con- 
s t a n t  r a t e  throughout t he  year .  Thus, a  
counter  which was i n  u s e  9 weeks, on t h e  
average,  would be sub j ec t  t o  a  t h i r d  a s  many 
surges  a s  a  counter  i n  u se  f o r  a  per iod  of 27  
weeks. Under t h i s  assumption, a  t o t a l  of 8 
surges  observed i n  a  t o t a l  time equ iva l en t  t o  
16 years  (846 weeks) ~ i e l d s  an  average of 0.5 
surges  per  year .  

Using t he se  t uo  extreme assumptions,  a  range 
could be e s t ab l i shed  f o r  t h e  es t imated  number of 
surges  per  year  i n  a l a r g e r  sample, based on t h i s  
s p e c i f i c  sample, The above c a l c u l a t i o n s  r e f e r  
only t o  s i n g l e  p o l a r i t y  surges .  I f  a l l  surges  a r e  
being considered,  t he  given va lues  must be m u l t i -  
p l i e d  by a va lue  corresponding t o  t he  a d d i t i o n a l  
propor t ion  of oppos i te  p o l a r i t y  surges  above 1200 
v o l t s  which do n o t  a l s o  r e s u l t  i n  p o s i t i v e  surges  
above 1200 v o l t s .  This mul t ip ly ing  f a c t o r  i s  
probably about 1 .6 ;  it accounts  f o r  t h e  damping 
between t h e  f i r s t  and second 1/2 cyc l e  of an o s c i l -  
l a t o r y  surge .  

Lightning-induced surges  a r e  l i k e l y  t o  a f f e c t  
more than  one house when they  occur. Local geo- 
g r aph i ca l  and meteoro logica l  condi t ions  a r e  c r i t i -  
c a l  in f luences  on t he se  su rges ;  however, t h e s e  
f a c t o r s  could not  be considered i n  t h i s  pre l iminary  
i n v e s t i g a t i o n ,  

To r e l a t e  t h e  above da t a  t o  r i s k  of appl iance  
f a i l u r e ,  t he  given va lues  must be modified by the  
p r o b a b i l i t y  t h a t  a  surge  above 1200 v o l t s  would 
cause f a i l u r e  of opera t ing  app l i ances .  F a i l u r e  
e f f e c t s  would vary w i th  d i f f e r e n t  app l i ances .  

Poss ib le  Fur ther  Analysis  

A more r e f i ned  a n a l y s i s  f o r  a  p r o b a b i l i t y  
measurement of vo l t age  surges  per  l i g h t n i n g  storm 
is pos s ib l e  i f  t he  geographical  l oca t i on  of t he  
homes, t h e  occurrence r a t e  of l i gh tn ing  storms 
during t h e  t e s t i n g  per iod ,  and exac t  da t e s  a t  which 
vo l t age  surges  occur i s  considered.  The r e s u l t i n g  
va lues  can then  be used i n  conjunct ion  w i t h  i n -  
formation given i n  Reference 5 t o  c a l c u l a t e  t he  
p r o b a b i l i t y  of a  vo l t age  surge  i n  any s p e c i f i e d  
geographic a r e a ,  during a p a r t i c u l a r  p a r t  of t he  
year .  Such an a n a l y s i s  would remove the  need f o r  
making one of t he  two a l t e r n a t i v e  assumptions 
s t a t e d  above and lead  t o  a  s i n g l e  s e t  of e s t ima te s .  
However, t h i s  would r e q u i r e  more d e t a i l e d  da t a  than 
could be c o l l e c t e d  i n  t h i s  program. 



F i n a l l y ,  it i s  no ted  t h a t  i f  one has know- 
ledge  of t h e  a c t u a l  vo l t age  su rge s ,  r a t h e r  than  
merely t h e  information concerning whether o r  no t  
a  su rge  above 1200 v o l t s  occurred,  a  more s e n s i -  
t i v e  a n a l y s i s  is pos s ib l e .  I n  t h i s  c a se ,  f o r  
example, p r o b a b i l i t y  p l o t t i n g  and o the r  techniques 
based upon t h e  s t a t i s t i c a l  t heo ry  of extreme 
va lues4  3 might w e l l  be app l i c ab l e .  

E f f e c t s  of Surge-Voltages 
On Connected E l e c t r i c a l  Devices 

The surges  which have been recorded i n  t h i s  
program occurred dur ing  normal ope ra t i on  of t h e  
household, w i th  no knowledge of t h e  connected load 
s i t u a t i o n  a t  t h e  time of occurrence.  

The ques t i on  of energy involved i n  t h e  su rge  
i s  r e l a t e d  t o  t h e  impedance of t h e  system, s i n c e  
t he se  record ings  provide vo l t age  d a t a  only.  Surge 
impedance measurements of house wi r ing  c a b l e  i n d i -  
c a t e  a  va lue  of 100 t o  300 ohms f o r  a t y p i c a l  
branch c i r c u i t ,  s o  t h a t  t h e  su rge  impedance a t  t h e  
s e r v i c e  en t r ance  could be i n  t h e  o rde r  of 5 t o  10 
ohms. However, t h i s  low va lue  e x i s t s  only f o r  t h e  
t r a v e l  time ( i . e . ,  a  f r a c t i o n  of a  microsecond). 
Connected loads w i l l  have a  lower impedance than  
t h a t  of t h e  branch c i r c u i t .  This  va lue  w i l l  be 
dependent upon frequency whenever i nduc t i ve  com- 
ponents a r e  p r e sen t .  These loads  w i l l  absorb  p a r t  
of t h e  energy of t h e  surges  and thus  lower t h e i r  
peak. 

Ikv ices  such  a s  motors and t ransformers  have 
s o l i d  i n s u l a t i o n  and such a long h i s t o r y  of suc -  
c e s s f u l  a p p l i c a t i o n  t h a t  t h e i r  performance i s  no t  
i n  ques t i on .  Perhaps unusual  f a i l u r e s  can be ex-  
p la ined  by extreme va lues  of surges  a s  i n d i ca t ed  
by t h e  d a t a .  

Defec t ive  w i r i ng  p r a c t i c e s  (e .g . ,  pinched 
i n s u l a t i o n ,  reduced a i r  c l ea r ances  i n  w a l l  boxes, 

' 
e t c . )  w i l l  cause  a i r  f l a shove r  wi th  o r  without  60 
Hz power fol low. I n  f a c t ,  one house was brought 
t o  our  a t t e n t i o n  because of complaints  of spark ing  
i n  a l i g h t  f i x t u r e .  With t h e  sw i t ch  i n  t h e  ground 
w i r e  and t h e  frame a t t a ched  t o  a  grounded p ipe ,  
f l a shove r  at  1700 v o l t s  was observed i n  c o r r e l a -  
t i o n  w i t h  t h e  s t a r t  of an  o i l  burner  i n  t h e  house. 
This  d e f e c t i v e  l i g h t  f i x t u r e  was a c t i n g  a s  a  v o l t -  
age  l i m i t i n g  gap f o r  t h e  house. 

Appliances con t a in ing  semiconductors and d i -  
r e c t l y  exposed t o  t h e  l i n e  t r a n s i e n t s  may be more 
vu lnerab le .  Ac tua l l y ,  t h e  1200-volt  t h r e sho ld  
l e v e l  was s e l e c t e d  a s  t h e  r e s u l t  of t h i s  cons ide r -  
a t i o n .  It is i n t e r e s t i n g  to no t e  t h a t ,  a l though a 
number of su rge s  above 2000 v o l t s  were recorded by 
t h e  o sc i l l o scopes ,  t h e  few su rge  counters  c a l i -  
b r a t ed  f o r  2000 r a t h e r  than  1200 v o l t s  d i d  no t  
produce any record ing  above 2000 v o l t s .  

An independent s t udy  of c lock  motor f a i l u r e s  
produced informat ion  on f a i l u r e  r a t e s  ve r su s  w i th -  
s t a n d  l e v e l s .  This  s t udy  was ve ry  p e r t i n e n t  t o  
t h e  surge  counter  program, s i n c e  thousands of 
c l ocks  a r e  connected a t  a l l  t imes t o  t h e  power 
system. Over a  per iod  of t h r e e  yea r s ,  f a i l u r e  

r a t e s  were c o r r e l a t e d  w i th  i n s u l a t i o n  l e v e l  of t h e  
c o i l s .  A very  s i g n i f i c a n t  100 t o  1 drop i n  f a i l -  
u r e  r a t e  r e s u l t e d  from an  i nc r ea se  i n  wi ths tand  
vo l t age  from approximately 2000 t o  approximately 
6000 v o l t s .  This  shows t h a t ,  even though no 
su rge s  over  2000 v o l t s  were recorded by t h e  2000- 
v o l t  coun t e r s ,  surges  i n  excess of 2000 v o l t s  do 
indeed occur.  

Conc l u s  ions 

1. Res iden t i a l  power c i r c u i t s  a r e  subjec ted  
t o  su rge  vo l t age s  due t o  two d i s t i n c t  causes:  
load swi tch ing  w i th in  t h e  house, and e x t e r -  
n a l l y  genera ted  surges  t h a t  a r e  most l i k e l y  
a s soc i a t ed  w i th  l i gh tn ing .  

2. I n t e r n a l l y  genera ted  surges  caused by 
load swi tch ing  a r e  l i k e l y  t o  be r e p e t i t i v e .  
They can gene ra l l y  be a s soc i a t ed  wi th  a  
s p e c i f i c  device ,  probably opera t ing  e r r a t -  
i c a l l y  o r  e x c i t i n g  some n a t u r a l  frequency of 
t h e  wi r ing  system. They a r e  no t  r e l a t e d  t o  
l i g h t n i n g  o r  d i s turbances  from t h e  u t i l i t y .  
Peaks a s -  h igh  a s  2500 v o l t s  have been ob- 
se rved .  The be s t  s i n g l e  s t a t i s t i c a l  e s t ima t e  
is t h a t  2.4 percent  of households of t h e  type 
sampled exper ience  t he se  i n t e r n a l l y  genera ted  
r e p e t i t i v e  surges  i n  excess of 1200 v o l t s .  
However, because of t h e  s t a t i s t i c a l  v a r i a b i l -  
i t y  i n  t h e  sample, t h i s  va lue  may be a s  low 
as 1 percent  o r  a s  h igh  a s  4 .7  percent .  
Surges may be repea ted  s e v e r a l  times a  day. 

3. The frequency of surges  caused by l i g h t -  
n ing  i s  no t  a f f e c t e d  by household e l e c t r i c a l  
dev ices ,  but r a t h e r  by l o c a l  geographica l  
and meteoro logica l  cond i t i ons .  The l im i t ed  
da t a  i n  t h i s  program r evea l  s e v e r a l  l i g h t -  
ning-caused surge  occurrences above 3000 
v o l t s  w i th  one reaching 5600 v o l t s .  

4. Independent evidence shows t h a t  a  s i g n i f -  
i c a n t  number of surges  above 2000 v o l t s  do 
occur p e r i o d i c a l l y  i n  r e s i d e n t i a l  power l i n e s .  
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Figure 1.  Osci l loscope and Camera 

Figure 3a. Surge Counter--Cover Removed 
Figure 3b. Surge Counter Elements--Removed from 
Shield 
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Figure 4.  Response of Surge Counter 
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Figure 7a. Internal Switching Transient Recorded 
at a Farmhouse (15 such transient surges in 1500 
hours) 

Figure 7b. Composite Record Showing Surges for a 
24-hour Period at a Suburban Home. (Oscilloscope 
is triggered for each surge, plus once every hour, 
resulting in 2 165-volt band of steady state 60 Hz 
voltage. Recordings above 1800 volts are blanked 
out by the oscilloscope.) 

Figure 7c. Single Surge with 1700-volt Peak, Re- 
corded at the Same Location as Figure 7b. (In a 
5-day period surges of this wave shape were re- 
corded as follows: 13 above 1000 volts, 18 above 
1500 volts,21 above 2000 volts, and 1 above 2500. 
volts. Source was determined to be interruption of 
a high-voltage transformer for an oil furnace.) 
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Figure 8a. Transient  Surges Recorded on Overhead 
Di s t r ibu t ion  Systems i n  Charleston,  South Carolina 
(3800-volt c r e s t ,  300 kHz osc i l l a tFon . )  
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