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Harmonic Behavior during Arcing Faults on Power Distribution Feeders 
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S U M M A R Y  

The waveforms o f  normal and arcing fault 
currents on power  distribution feeders are 
investigated and compared in terms o f  the 
percentage ampli tude with respect to the am- 
pli tude o f  the normal fundamental.  The pur- 
pose o f  the study is to find better parameters 
to indicate arcing faults. The effect  o f  capaci- 
tor banks on distribution feeder harmonics is 
discussed briefly. 

1. I N T R O D U C T I O N  

The behavior of  arcs has been studied by 
many scientists and, for power systems, can 
be summarized as follows. If two conductors 
separated by a small gap have a small poten- 
tial difference between them, the air acts as 
an insulator. As the potential difference is 
increased, the resistance of  the air gap de- 
creases and current f lows between the two 
conductors. The rapid ionization accounts for 
the sudden ability of  the air to conduct  
current. Typically, a stable arc can be formed 
after several strikes and restrikes occur within 
a short period of time. In general, for the case 
of  arcing in an AC system, stable arcs will 
form and be extinguished every half-cycle [ 1 ]. 

Current harmonics have their origin in the 
nonlinear voltage-current characteristics of 
the arc voltage. This effect results in typical 
wave shapes and thus in harmonics. The 
harmonic current characterized by an arc is 
variable and, although odd harmonic fre- 
quencies dominate,  all harmonic frequencies 
are produced at times and even harmonics 
can persist. 

Capacitor bank sizes and locations are 
important  factors in determining the har- 
monics of a distribution system. Capacitor 

banks sometimes increase harmonic voltages 
with resonance and decrease some harmonic 
voltages at other times by acting as a shunt 
attenuator.  

2. B A S I C  A N A L Y S I S  

Here, the waveforms of normal and arcing 
fault currents are investigated and compared 
in terms of the percentage amplitude with 
respect to the amplitude of the normal 
fundamental.  The purpose of this study is to 
find better parameters to indicate arcing 
faults. The effect of capacitor banks on dis- 
tribution feeder harmonics is discussed 
briefly. 

Firstly, Fig. l(a)  shows the current wave- 
form of  a 12 kV feeder system. The scale of  
the Figure is relative. This shows fundamental  
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Fig. 1. (a) Normal current waveform. (b) Periodogram 
of the normal current waveform. 
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60 Hz current waveforms. Occasionally, 
deviations occur in the fundamental ,  but the 
amount  of deviation is negligible {namely 
59 .95-60 .05  Hz). Figure l{b) shows the 
periodogram (i.e., squared amplitude of each 
frequency) of the normal current waveform. 
Here, the TIMESLAB software package was 
used to get the periodogram of each wave- 
form [2]. From Figs. l(a) and (b), it can be 
seen that a normal waveform has harmonic 
content.  As expected, the odd harmonics, 
even though their absolute values are small, 
are predominant.  Even harmonics are mar- 
ginally present. 

Secondly, an arcing fault waveform is 
studied. As is explained in the above section, 
arc current starts to flow at the quarter-point 
of a cycle. This results in harmonics, as dis- 
cussed earlier. Figure 2(a) shows a typical 
arcing fault current waveform. There are 
distortions around the peaks of every half- 
cycle+. Possible phase shift is not  considered 
here. As can be seen, the waveform is not 
symmetric but variable and transient. Figure 
2(b) shows a third waveform, called the dif- 
ferenced waveform, which is obtained from 
the fault current waveform after subtracting 
the normal waveform. Theoretically, this 
differenced waveform starts at every quarter- 
point  of a cycle and remains for a quarter- 
cycle; it is zero at the other portions of  the 
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Fig. 2. (a) Arcing fault current waveform. (b) Dif- 
ferenced waveform. 
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Fig. 3. Periodogram of the differenced waveform. 

cycle. This differenced waveform exhibits a 
peak amplitude at every quarter-point of a 
cycle as high as that  of a normal current 
waveform. In other words, the amplitude of 
the arcing fault current waveform is about 
twice as high as that  of  the normal current 
waveform. This, however, is not enough for 
an overcurrent relay to detect  and isolate this 
type of arcing fault current. 

Now, the frequency domain is investigated. 
A periodogram is also used to see which 
harmonics are present and which one or more 
harmonics are predominant.  Figure 3 shows 
the periodogram of a differenced waveform 
on a logarithmic scale. Here, odd harmonics 
(3rd, 5th) are still predominant,  but some 
even harmonics (e.g. 2nd, 4th, 6th, 8th, and 
10th) have significant amplitudes; the 8th 
harmonic is higher than the 7th harmonic, 
and the 10th harmonic is higher than the 
9th harmonic. 

In addition, up to the 16th harmonic, 
each harmonic shows its frequency com- 
ponent,  even though it is not as high. Above 
the 16th harmonic, all harmonics are present 
at the same or a similar level. It can be said 
that  higher frequencies exhibit the charac- 
teristics of white noise. 

To use harmonics to discriminate arcing 
fault current from normal current, several 
possibilities exist. Three are used in this paper: 

(1) the relative amplitude increases of the 
odd harmonics {e.g. 3rd, 5th) with respect to 
the normal amplitude; 

(2) the relative amplitude increases of  the 
even harmonics (e.g. 2nd, 4th, 6th, 8th, 10th); 

(3) comparison of  the relative amplitude 
increases of the even harmonics with the 
relative increases of the odd harmonics. 

When a capacitor bank is present on a 
distribution feeder, some harmonics are in- 
creased in some cases and eliminated in other 
cases. Moreover, the resonance is shifted to 
higher frequencies. All these are quite depen- 
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Fig. 4. Frequency component of each harmonic of 
the normal  current  waveform with a capacitor bank. 

dent  on the size and location of the capacitor 
bank. 

A normal current  waveform of  a distribu- 
t ion feeder, when a capacitor bank is present,  
shows no significant change in phase current  
in the amplitude and wave shape. Figure 4 
shows the f requency componen t  of  each 
harmonic of  the normal current  waveform 
when a 1200 kVAR capacitor bank is about  3 
miles away on a 12.5 kV feeder on  wet  soil. 
Odd harmonics, especially the 5th harmonic,  
show big relative increases, and the 8th har- 
monic shows a significant relative increase. 

3. STATISTICAL ANALYSIS 

A statistical s tudy has been done on two 
different  types of  soil condi t ion at two dif- 
ferent  sites. Using recorded data at the two 
sites, over 80 different  arcing fault  wave- 
forms were sampled at the rate o f  3840 Hz, 

that  is, 64 sample points per cycle, and 
studied in the f requency domain.  The relative 
increases of  in-between harmonics and the 
distr ibution of  durat ion and off~lurat ion of  
arcing on different  soft types has been pre- 
sented in an earlier paper [3]. Here, three 
kinds of  scenario are investigated: arcing 
fault  wi thout  capacitor banks, the effect  of  
capacitor banks under normal conditions,  and 
arcing fault with capacitor banks. 

Arcing fault without capacitor banks 
In this case, it is easy to see the harmonic 

distort ion of  the normal current  wave. The 
contents  of  each harmonic at two different  
sites are given in Table 1. 

From Table 1, the odd harmonics are pre- 
dominant ,  as expected,  at both  sites, but  site 
2 has more harmonic conten t  than site 1. 
Figure 5(a) shows the amplitude of  each 
harmonic at site 1 (wet soil), and Fig. 5(b) 
shows the relative increase of  each harmonic 
with respect to the fundamental  at site 1 
(wet soil). In Fig. 5(a), the odd harmonics are 
still predominant ,  but  even harmonics can be 
seen to be present to some extent .  Thus, in 
Fig. 5(b), though the relative increase of  the 
6th harmonic is less than that  of  the 5th 
harmonic,  up to  the 16th harmonic the 
relative increases o f  the  even harmonics are 
much higher than those o f  the odd harmonics. 

Figures 6(a) and (b) show the same graphs 
as Figs. 5(a) and (b) at site 2 (dry soil). In 
Fig. 6(a), the odd harmonics are still pre- 
dominant ,  but  the relative increases of  the 
even harmonics are more marked than before.  
Based on the graphs of  Figs. 5 and 6, it is 

TABLE 1 

Relat ive  increases  o f  the  odd  and even harmonics (the unit  is the percentage of the fundamental 60 Hz) during 
an arcing fault  w i t h o u t  capaci tor  banks 

Odd harmonics Even harmonics  

Order Site  1 Site  2 Order Site  1 Site  2 

1 1 0 0  1 0 0  2 0 .14  0 .85  
3 0.83 2.90 4 0.16 0.87 
5 0.35 4.50 6 0.24 0.75 
7 1 .00  2.30 8 0.06 0.51 
9 0.50 1.10 10 0.10 0131 

11 0.38 0.73 12 0.11 0.37 
13 0.19 0.37 14 0.07 0.34 
15 0.10 0.31 16 0.11 0.26 
17 0.09 0.35 18 0.07 0.34 
19 0.09 0.25 20 0.06 0.24 
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Fig. 5. (a) Amplitude of each harmonic of the arcing 
fault current waveform without capacitor banks at 
site 1. (b) Relative increase of each harmonic of the 
arcing fault current without capacitor banks at site 1. 
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Fig. 6. (a) Amplitude of each harmonic of the arcing 
fault current waveform without capacitor banks at 
site 2. (b) Relative increase of each harmonic of the 
arcing fault current without capacitor banks at site 2. 

c o n c l u d e d  tha t ,  f r o m  the  7 th  to  the  14 th  
h a r m o n i c ,  c o m p a r i s o n  o f  t he  relat ive increases 
o f  t he  even ha rmon ic s  w i th  those  o f  the  
o d d  ha rmonics ,  or  s imply  the  relat ive in- 
creases o f  t he  even ha rmonics ,  can  be a good  
cand ida te  to  d i sc r imina te  an  arcing faul t  
cond i t i on  f r o m  the  n o r m a l  state.  I f  on ly  one  
or  t w o  h a r m o n i c s  are chosen ,  the  relat ive 
increase o f  t h e  8 th  and / o r  the  10 th  har-  
m o n i c  can be  a good  indica t ion  of  arcing 
faul t  a t  b o t h  sites. This  is c o n f i r m e d  in  Fig. 3. 

A c o m p a r i s o n  of  the  relat ive increases o f  
t he  even and odd  h a r m o n i c s  at b o t h  sites is 
s h o w n  in Tab le  2. 

Here ,  site 2 shows a lower  ra t io  of  even to  
odd  t h a n  site 1. T h e  possible  reasons  are: the  
soil t y p e  is d i f f e ren t  {wet) and  the  h a r m o n i c  
c o n t e n t s  o f  the  n o r m a l  w a v e f o r m  are m u c h  
higher  t h a n  those  o f  site 1. The re fo re ,  a pos-  
sible s t ra tegy  fo r  f inding be t t e r  p a r a m e t e r s  to  
indica te  arcing fau l t s  is, f r o m  the  7 th  to  the  
14 th  h a r m o n i c ,  e i ther  to  c o m p a r e  the  relat ive 

TABLE 2 

Comparison of the relative increases of the even and 
odd harmonics during an arcing fault without a capa- 
citor bank 

Site 1 Site 2 

Odd harmonics 8.28 7.30 
(7, 9, 11, 13th) 

Even harmonics 45.1 9.07 
(8, 10, 12, 14th) 

Even:odd 5.40:1 1.24:1 

increases of  the  even and  o d d  ha rmon ics ,  o r  
jus t  to  use the  relat ive increases o f  the  even 
ha rmonics .  

Capacitor bank on unfaulted feeder 
Figure  7(a) shows  the  c o m p a r i s o n  o f  fre-  

q u e n c y  c o m p o n e n t s  of  the  n o r m a l  cu r ren t  
w a v e f o r m  wi th  and  w i t h o u t  a capac i to r  bank  
a t  site 1. F igure  7(b)  shows  the  co r re spond ing  
p lo t  at  site 2. F r o m  the  above  t w o  graphs,  it is 
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Fig. 7. (a) Comparison of  the frequency components 
o f  the normal current wi th and w i thou t  a capacitor 
bank at site 1. (b) Comparison of the frequency 
components of the normal current with and w i t h o u t  
a capacitor bank at site 2. 

concluded that  the odd harmonics (especially 
3rd, 5th and/or  7th) dominate and the overall 
shapes of  the frequency components  are quite 
similar to the frequency component  shape of 
the normal current waveform. 

The relative increases of  the even and odd 
harmonics at the two different sites are shown 
in Table 3. At site 2, at higher frequencies the 
relative increases are higher, but  odd harmon- 
ics are still predominant.  At sites 1 and 2, the 
shapes of  the relative increase of  each har- 
monic are different. The possible reasons are 
the different sizes and locations of  the capaci- 
tor banks and the different harmonic contents 
of  the normal current waveforms. 

Arcing fault with a capacitor bank 
Figures 8(a) and (b) show, respectively, the 

amplitude and relative increase of each 
harmonic at site 1. Figures 9(a) and (b) show, 
respectively, the amplitude and relative 
increase of each harmonic at site 2. From the 
graphs of  Fig. 8, up to the 10th harmonic, all 
harmonics are increased except the 7th. The 
percentage of the fundamental  shows that  the 
odd harmonics are predominant,  but  the 
relative increases of the even harmonics are 
much higher than those of  the odd harmonics. 
In Figs. 9(a) and (b), the 3rd harmonic shows 
a big amplitude decrease. The 3rd harmonic 
generated by the arcing fault is probably 
eliminated by the capacitor bank. Up to the 
14th harmonic, all harmonics are increased 
and, up to the 8th harmonic, the even har- 
monics increase more than the odd har- 
monics. Here it is concluded that  when a 
capacitor bank is present on the feeder, up 
to the 8th harmonic a comparison of  the 
relative increases of  the even harmonics with 
those of  the odd harmonics, or simply the 
relative increases of  the even harmonics, can 
discriminate the arcing fault condition from 
the normal state. 

TABLE 3 

Relative increases of the even and odd harmonics during an arcing fault with a capacitor bank 

Odd harmonics Even harmonics 

Order Site  1 Site  2 Order Site  1 Site 2 

1 0 . 8 6  0 . 9 9  2 1 .57  0 .58  
3 2 .16  3 . 8 5  4 0 . 9 4  0 .98  
5 11 .3  1 .82  6 0 . 8 8  0 .88  
7 1 .61  3 . 6 9  8 3 .20  0 .71  
9 0 . 8 8  0 . 9 0  10  1 . 2 0  1 .81  

11 2 .24  0 . 4 9  12  1 . 0 9  1 . 0 0  
13  0 .53  1 .14  14  1 .10  1 .09  
15  2 . 4 0  2 .35  16  1 . 5 0  2 .50  
17  0 .67  1 .26  18 3 . 0 0  1 .74  
19  4 . 7 0  2 . 1 2  20  2 .00  1 .71  



224 

175 

150 - 

! 

i 1 O0 - 

75- 

t¢ 50-  

25-  

0 

(a) 

50-  

~ I n rl ...... 

o r d e r  o f  h a r m o n i c s  

4 0 -  

2o- 
._~ 
._," 

 fl.lnn.nnnnnn .  
order o f  h a r m o n i c s  

0 

(b) 
Fig. 8. (a) Amplitude of  each harmonic o f  the arcing 
fault current waveform with a capacitor bank at site 1. 
(b) Relative increase o f  each harmonic of  the arcing 
fault current with a capacitor bank at site 1. 
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Fig. 9. (a) Amplitude of  each harmonic of  the arcing 
fault current waveform with a capacitor bank at site 
2. (b) Relative increase of  each harmonic of  the 
arcing fault current with a capacitor bank at site 2. 

TABLE 4 

Comparison of  the relative increases of  the even and 
odd harmonics during an arcing fault with a capacitor 
bank 

Site 1 Site 2 

Odd harmonics 17.3 4.21 
(7, 9, 11, 13th) 

Even harmonics 90.3 16.0 
(8, 10, 12, 14th) 

Even :odd 5.21:1 3.79:1 

In both cases (arcing fault wi thout  capaci- 
tor bank and arcing fault with capacitor 
bank), comparison of  the relative increases 
of  the 8th and 7th harmonics, or just the rela- 
tive increase of  the 8th harmonic, can be a 
good indication of  an arcing fault on the distri- 
but ion feeder. This conclusion is confirmed 
by the periodogram of  the differenced wave- 
form in Fig. 3. 

The relative increases of  the even and odd 
harmonics up to the 8th harmonic are shown 
in Table 4. 

Therefore, the strategy here is the same as 
that for an arcing fault wi thout  a capacitor 
bank. 

4. CONCLUSION 

A normal current waveform and an arcing 
fault waveform are studied in both the time 
and frequency domains. When an arcing 
fault occurs, the amplitudes of  the odd 
harmonics are predominant but the relative 
increases of  the even harmonics are much 
higher than those of  the odd harmonics. Here, 
care should be taken that almost all harmonic 
sources, including solid-state switching de- 
vices, generate odd harmonics. Then it would 
be better to use even harmonics than odd 
harmonics to indicate an arcing fault. 



Faults without  capacitor banks, capacitor 
banks present wi thout  fault,  and faults with a 
capacitor bank were studied on two different 
sites (wet and dry soil types). Without a 
capacitor bank, at both sites, from the 7th 
to the 14th harmonic, a comparison of  the 
relative amplitude increases of  the even and 
odd harmonics, or the relative increases of  the 
even harmonics, can be a good indication of 
an arcing fault. 

When a capacitor bank is present on a 
distribution system, the odd harmonics pre- 
dominate and the overall frequency com- 
ponent  shape is very similar to that  of the 
normal current waveform. 

With a capacitor bank, from the funda- 
mental to the 8th harmonic, a comparison 
of  the relative amplitude increases of  the 
even harmonics with those of  the odd har- 
monics, or just the relative increases of the 
even harmonics, can indicate the presence 
of an arcing fault. 

For both arcing fault cases, comparison of 
the relative increase of  the 8th harmonic with 
that  of the 7th harmonic, or simply the rela- 
tive increase of the 8th harmonic, can discrim- 
inate an arcing fault from a normal state. 

The effect of  the size and location of the 
capacitor bank when arcing faults occur 
remains to be studied. 
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