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Abstract 

This paper pposes to use four different measures : 
actual values, normalized values, relative values, and 
likelihood values for power systems' distribution faults 
analysis. This paper also discusses the general and local 
properties of distribution faults. The likelihood measure, 
based on the local region properties, provides important 
information for distribution fault cause identification when 
the fault cause is not known. Tree faults on the Duke 
Power System are used in this paper for illustration 
purposes. The proposed measures, analysis and discussion 
in this paper can be easily generalized for different types of 
distribution faults in other utility companies. 

I. Introduction 

Distribution faults have been significantly affecting 
power systems' reliability, security and quality, among other 
important factors. At Duke Power Company, with 
distribution systems in North Carolina and South Carolina 
as shown in Fig. 1, there are 1,787 circuits, 1,694,557 
customers, 265,472 fuse locations, 4,295 recloser locations, 
501,073 overhead transformers, 9 1,916 underground 
transformers, and 55,436 primary line miles (including 
overhead and underground cables). There are, on the average, 
40,000 permanent distribution faults, 30,000 major 
temporary faults that trip the main circuit breakers and 
75,000 minor temporary faults that trip line breakers 
(reclosers) each year. Likewise, many other utility 
companies also experience a large number of distribution 
faults in their systems. In the area of power quality and 
reliability of distribution circuits, there is significant 
emphasis on techniques and technologies that can be used in 
reacting to utility system faults, Examples are circuit 
coordination techniques, distribution automation technology 
and UPS system installations. The paradigm in which these 
techniques operate is one in which the fault is considered an 
inevitable event that must be dealt with by reacting to the 
fault or to the result of the fault, which is usually an outage 
or a voltage sag. 
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Fig 1 : Duke Power Company Customer's Services 
Division Map. 

While there is little argument over the inevitability 
of faults occurring in the distribution system, there are 
distinct disadvantages in completely relying on those 
techniques that react to these faults. One example that has 
been given recently is the trade-off between fuse savings and 
momentary outages [8]. Removal of feeder selective 
relaying can save momentary interruptions for large numbers 
of customers, but can also cause additional sustained 
interruptions. In this example, a decrease in momentary 
interruptions is traded for an increase in sustained 
interruptions. However, there is a paradigm of distribution 
power quality and reliability that does not require a trade-off 
in this situation. This paradigm is termedfuulr prevention. 
In other words, if the fault that blew the fuse is prevented to 
begin with, then the fuse will not blow, and neither a 
sustained nor a momentary interruption will occur. 

Fault analysis techniques aim at the prevention of 
faults through better understanding of the causes. Other 
techniques that fall in the fault prevention paradigm include 
fault location, preventive maintenance techniques, and 
improved line and equipment designs. All these techniques 
and technologies are important in the reduction of fault 
sources. In order to improve line and equipment designs to 
prevent faults in the distribution system, it is necessary to 
find and inspect the known fault locations at the site of the 
fault. Based on these investigations, existing designs can be 
evaluated and changed if necessary. For example, it has been 
observed that some underground riser poles of older design 
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have bare lead wires that come very close to fuse mounting 
brackets. In addition, these mounting brackets are 
sometimes grounded unintentionally. In the past, animals 
have gotten between these bare lead wires and the brackets, 
causing distribution faults. Indications of this problem first 
appeared as a pattem of animal outages around underground 
riser poles. As a result of this discovery, the new 
underground riser design uses insulated lead wires and 
increased clearance to the brackets, thus preventing the 
animal faults. In addition, the older riser poles have been 
retrofitted to correct the problem. 
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As in the above example, detailed site 
investigations and analysis of existing outage records can 
provide a great deal of information about fault causes. Each 
record represents an on-site visit by a line technician. While 
the main job of the technician is to restore service, it is also 
a part of his job to inspect the site for the outage causes. 
However, the line technician is not always able to evaluate 
the design flaw that led to the outage. This job falls to the 
reliability engineer. By seeing patterns in the existing 
outage records, the reliability engineer can initiate more 
detailed investigations that will result in designs that reduce 
the likelihood of faults. 

trees 10 vandalism 
animal 11 unknowncause 
planned(new 
installation) 

While some studies have been done on power 
system faults [ 1481, more knowledge of distribution faults 
are needed. Better understanding of causes and consequences 
of distribution faults will be helpful for distribution system 
maintenance and future system design in terms of reliability 
(avoiding repeated outages caused by failure to identify fault 
causes), protection devices installation (which can save a lot 
of money by placing the correct protection devices and 
avoiding installation of unnecessary protection devices), and 
environmental issues (such as whether to trim trees or not), 
among others. With as many as 40,000 outage reports per 
year on the Duke Power System, there is a lot of 
information to evaluate. This pager will address the analysis 
of distribution faults from a quantitative approach using 
historical data, from a qualitative approach based on 
experience, and f” a heuristic point of view. The analysis 
will be focused on four measures : (1) actual number of 
faults, (2) normalized number of faults, (3) relative number 
of faults, and (4) likelihood of faults. The likelihood 
measure is a very different measure from the conventional 
point of view. The measure is particularly useful if a 
distribution fault occurs and its cause is not exactly known. 
The likelihood measure can give a reasonable estimate of the 
distribution fault cause. (The likelihood concept has been 
used to train artificial neural networks to identify animal- 
caused distribution faults, yielding highly satisfactory results 
[7].) The four measures and their analysis will be discussed 
in later sections. The analytical approach and results 
discussed in this paper can be easily generalized to different 
distribution faults in different utility companies. 

11. Distribution Fault  
Power System 
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Records on the Duke 

Distribution faults data are recorded on the Duke 
Power System each time a fault current is detected in the 
distribution system as a result of the operation of a breaker 
relay, fuse, or another protective device. The recorded data 
contains information such as geographical location, circuit 
ID number, weather condition, and time of the fault 
occurrence. Twenty-two information items are recorded for 
each outage at Duke Power Company, which are obtained as 
follows. Some of the information is based on a coding 
system, designed by Duke Power engineers and summarized 
in charts, that describes the circumstances under which the 
outages occurred (e.g., weather condition, season of the year, 
time of the day). Other information items are based on data 
collected by equipment that monitors the operation of the 
distribution system (e.g., number of phases affected, 
protective devices used). Distribution fault causes are 
divided into 11 categories (Table 1). Once a permanent fault 
is detected, crewmen are dispatched to restorehepair the 
system as well as to find the fault causes, if possible. In 
many cases, some evidence is left when a permanent fault 
occurs. For instance, if a transformer fuse is blown and a 
dead squirrel’s body is found near the transformer, it is strong 
evidence to suggest that the fault was caused by an animal. 
In this case, crewmen will then input code 4 -animal fault 
into the database. Another example is a lightning fault 
which results in a burn mark on the pole or insulation; then 
the crewman will input code 0 -Duke Power Equipment 
failure (caused by lightning) into the database. In some 
cases, however, evidence may not be found. The service 
crewmen may lack the knowledge to deduce the fault cause 
from the available clues, in which case the crewman will 
enter code 11 - unknown reason as the cause of the fault. 
With a better understanding of the fault causes in the 
distribution area, the size of the unknown reason category 
can be significantly reduced. 

Table 1 : Duke Power Distribution S stems fault cause code. 

Duke equipment 07 planned (maintenance or 

customer 08 Duke accident 
o ration 

ui mentfailure 
1+1109 public accident 

Seven regions of the Duke Power System were 
chosen for detailed fault analysis : Chapel Hill (CHPL), 
Clemson (CLEM), Durham (DURH), Greenville (GREE), 
Hickory (HICK), Lancaster (LANC) and Winston-Salem 
(WINS), shown as the cross-hatched areas in Fig. 1 and with 
the characteristics listed in Table 2. These chosen regions 
are reasonable representations of Duke Power’s eastern 
region, central region, and mountain area; these regions also 
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I of 
Giro- 
uits 

cover metropolitan mas, cities, small towns, rural areas and 
wooded areas; new systems and old systems; different types 
of customers, etc. The distribution fault data between 1989 
and 1990 of the seven regions are used for investigation in 
this paper. The time period covered is representative of 
Duke Power's typical distribution faults for different 
weather, seasons, days and times. 

I of # o f  #of  #of  # o f  pri- 
custom- fusc recloser over- under- maly 
em loa- loa- head ground line 

tions tions tnns- trans- miles 

Table 2 : Characteristic of the seven distribution regions 

111. Distribution Faults Analysis 

Based on the data available from the chosen seven 
regions, tree faults are investigated with respect to six 
factors : weather condition, season, day, time, number of 
phases affected, and protection device activated. Among the 
factors under consideration, the weather condition, season, 
day and time are grouped as influential factors of tree faults, 
while the number of phases affected and protection device are 
grouped as consequence factors, i.e., results of tree faults 
(Table 3). 

Table 3. Influential and consequence factors of tree and 
animal faults under stud . 

weather condition # of hase affected 
tection device activated 

I time II I 

The actual distribution fault data of each chosen 
region is depicted in Fig. 2. As shown in this figure, Duke 
Power equipment failure causes (code 0) constitutes the 
majority of the fault causes. The category of Duke 
equipment failure is very broad and diversified, ranging from 
transformer failUte to underground cable failure. Other than 
the Duke Power equipment failure, tree faults and animal 
faul ts  are probably the most frequent faults in the 
distribution systems, making up more that 30% of the total 
faults that occur in the Duke Power System. This paper 
will focus on the analysis and discussion of tree faults using 
the available fault data for illustration purposes. The 
analytical approach and discussion can be easily generalized 
to other distribution faults in different areas. 

Four different measures are proposed in this paper 
for the analysis of distribution faults : (1) actual number of 
faults, (2) normalized number of faults, (3) relative number 
of faults, and (4) likelihood of faults. 'Ihe first measure, 
actual number of faults, for different conditions (Fig. 2) give 
many meaningful indications. For example, the actual value 
can help make decisions such as the installation of animal 
protection devices in a region where enough animal faults 
are detected. However, in many cases, the relative 
importance and/or fault prevention priority is of interest, in 
which case looking only at the actual values can be 
misleading. For instance, the fact that the number of tree 
faults in region A is much higher than in region B does not 
imply that the tree faults in region A are more severe than in 
regidn B ,  because each regioi and each circuit has its own 
characteristics, as shown in Table 2. Some of the circuits 
are larger and serve many customers, while others are small 
and serve fewer customers; some of the circuits are in urban 
areas, while others are in rural areas; some of them are 
newly installed and well protected, while others may be old 
and not well protected In order to reduce as many subjective 
influential factors as possible, sometimes it is more 
meaningful to investigate the second measure, i.e., 
normalized measure, of each fault in the system : 

(1) 
where the specific fault cause (FC) E (tree fault) in this 
paper. The normalization concept has been used extensively 
in power systems studies, such as in machine analysis [5 ] .  

Oo0 

# of specific FC in region R 
N~~ - # of total FC in region R 

The third measure is the relative measure of 

# of F C  at event x E y in region R 
# of total FC E y in region R 

distribution faults of event x that belong to factory : 

R~~~ - W. (2) 
e 

Fig. 2 : Data distribution of the of faults in Duke In this paper. Y E I weather condition, season, . . .. protection 
device) and events for y = weather condition is x E {fair, 
cold. . . . . ice). etc. This measure gives the relative freuuencv 

Power Distribution Systems. 

[6] of event i  that occurs in &e factor y conditiin and 
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provides more detailed information of fault analysis for each 
factors being considered in this paper. 

The fourth measure used in this paper is the 
likelihood of the faults given different conditions : 

(3) 'FCJ = # of total FC at event x in region R (pU)* 
The likelihood measure gives the probability of a 

fault happening, given that a specific event also occurs. For 
example, if a fault happens in the morning in region A ,  
what is the likelihood that the fault was caused by trees? 
This concept is very useful when a distribution (permanent 
and/or temporary) fault occurs and the exact cause is not 
found. Based on some clues left by the fault, such as the six 
factors under investigation, and based on the likelihood 
measure of each fault for all fault conditions, the cause of 
the fault can be well estimated [7]. The use of the 
likelihood method will be discussed more in later sections. 

# of FC at event x in region R 

IV. Tree Faults Data Analysis 

The actual tree fault data with respect to different 
regions are displayed in Fig. 3a. Each region has a different 
number of tree faults that is not highly correlated with the 
size of the service area. This is reasonable because each 
circuit has its own characteristics, as discussed previously. 
The tree faults data are normalized according to Eq. (1) and 
displayed in Fig. 3b. The normalized tree fault distribution 
can be very different from the actual number of tree faults in 
different regions, as indicated through the contrast between 
Fig. 3a and Fig. 3b. For the purposes of detailed fault 
analysis, the data are also categorized based on the relative 
measure in Eq. (2) according to different weather conditions, 
season, day, time, number of phase affected, and protection 
device activated during the fault (Figs. 4a,b,c,d,e,f). 

s - 
j 1200 

8 
c 

800 

6 600 B 400 i 200 

9 0  

Fig. 3a : Number of tree faults at different regions in 
89-90. 

Fig. 4a : Relative tree-fault data with respect to we 
different regioi! s. 

:ather in 

S 

Fig. 4b : Relative tree-fault data with respect to season in 
different regions. 

3 d  

Fig. 4c : Relative tree-fault data with respect to day in 
different regions. 

Fig. 3b : Normalized number of tree faults at different 
regions in year 89-90. 
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- 
Fig. 4d : Relative tree-fault data with respect to time in 

different regions. 

Fig. 4e : Relative tree-fault data with respect to number of 
phases affected in different regions. 

Fig. 4f : Relative tree-fault data with respect to protection 
devices activated in different regions. 

Fig. 4a indicates that tree faults happen often in fair 
weather, windy weather, windy and lighting weather, and 
rainy weather. Fig. 4b indicates Summer has the most 
number of tree faults while Winter has the least. Fig. 4c 
basically indicates that the tree faults are not greatly 

influenced by the day of week. Fig. 4d indicates that on the 
average more tree faults occur in the afternoon and evening 
than at midnight. Fig. 4e clearly indicates that when a tree 
fault occurs, it usually trips only one phase, maybe three 
phases, but rarely 2 phases. Fig. 4f indicates that the 
protection device that tree faults activate is mainly the 
primary fuse, and to a lesser degree station OCB, line 
reclosers, transformer CSP and manual devices. 

However, looking only at the number of fault 
events (even with normalized measure and relative measure) 
under different conditions sometimes is misleading if the 
results are not interpreted correctly. For example, it 
contradicts our intuition that so many tree faults occur in 
fair weather, while only a small number of tree faults in 
snowy conditions (Fig. 4a). Actually, snow heavily 
influences tree faults occurrence, but there is not much snow 
in the Duke Power areas. Snow and ice add weights to the 
trees, thus causing faults; wind is also a major factor that 
causes tree faults. In order to compensate for this effect, the 
tree faults are further normalized for specific events with 
respect to the total number of faults occurring for the 
specific event and is termed the likelihood of fault occwnce 
given the specific event x ,  denoted by L F C ~  as mentioned 
in Eq. (4) of section 111. The likelihood measures of the tree 
faults in Figs. 4a-4f are shown in Figs. 5a-5f respectively. 

Fig. 5a : Likelihood of tree faults with respect to weather in 
different regions. 

Fig. 5b : Likelihood of tree faults with respect to season in 
different regions. 



1887 

Fig. 5c : Likelihood of tree faults with respect to day in 
different regions. 

Fig. 5f : Likelihood of tree faults with respect to protection 
devices activated in different regions. 

S 

After obtaining the likelihood measure of tree faults 
(Figs. 5) .  some of the results are more meaningful compared 
to previous measures. Fig. 5a indicates that tree faults are 
likely to occur in bad weather, especially in snowy, icy and 
windy conditions, but less likely to occur in fair and cold 
weather. In Duke Power regions, most of the time the 
weather is fair, i.e., it has many more faults in fair weather 
conditions compared to other weather conditions. Even 
though many tree faults occur in fair weather, as indicated in 
Fig. 4a, with consideration of other possible faults and the 
amount of fair weather condition, tree faults are less likely 
to occur than other faults in fair weather in Duke Power 
System. 

From the investigation of the likelihood of tree 
faults versus the time of the day, tree faults are found more 
likely to occur in the evening and during midnight, although 
this does not mean that tree faults happen more at midnight 
than in the morning. Using similar arguments with the 
influence of weather condition in tree faults, when other 
faults are considered, the tree faults are normalized with 
respect to those other faults. For example, traffic faults are 
more likely to occur in the day time because there is more 
traffic. With the decrease in possibility of traffic faults at 
night time, relatively speaking, the possibility of tree faults 
increase at night compared with all other faults. 

Fig. 5d : Likelihood of tree faults With respect to time in 
different regions. 

By looking at the number of phases and protection 
devices that result from tree faults, we can see that tree faults 
affect mainly single phase and primary fuses (Figs. 4). But 
the likelihood measure can provide us with another point of 
view and another estimate of the cause of the faults. For 
example, consider two distribution faults that are very 
similar as far as the six factors are concerned, but one fault 
activates the line recloser and the other one activates the 
paneymeter protection device. Then based on Fig. 5f, the 
first event is more likely to be caused by a tree than the 
second one. This technique is very useful in finding out the 
causes of distribution system faults, and it has been used to 
design a distribution fault cause identifier that has achieved 
highly satisfactory results for animal-fault identification [7]. 

I 

Fig. 5e : Likelihood of we faults with respect to number of 
phases affected in different regions. 
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V. Local Properties of Distribution Faults 

As discussed in the previous section, some general 
results that can be drawn from tree fault causes and 
consequences based on the historical data that is available. 
However, there are also some factors that do not lead to any 
general conclusion, but rather depend on individual 
region/circuit characteristics. One unfortunate tendency that 
is seen in some literature conceming power quality and 
reliability is the temptation to make general statements 
about the causes of faults on the distribution system. Some 
distribution faults knowledge is quite localized. Expert 
knowledge in one region may not be generally applicable to 
another. For example, by examining the likelihood measure 
of the tree outages of Chapel Hill and Clemson (two 
similarly sized regions but in different geographical 
locations, as shown in Fig. 1 and Table 2), it indicates that 
there is a seasonal difference. The expert at Chapel Hill may 
gain an intuitive grasp that tree faults, as a subset of all 
faults, are not necessarily more likely in Summer than in 
Winter. In fact, based on the total faults that occur in a 
given season, a tree fault is more likely in the Winter in the 
Chapel Hill area. On the other hand, the expert at Clemson 
learns a different lesson. Previous figures indicate a greater 
likelihood of tree faults occurring in the Summer than in 
Winter, at least in Clemson. If these experts share their 
experiences, then each may think that the other is incorrect. 
In reality, they are both correct about their respective 
regions. The difference may lie in certain details that are not 
immediately apparent. 'Ihese details could include the total 
number of trees present, the quantity of trees near the lines, 
the right of way widths, the effectiveness of the tree 
maintenance programs, or the difference in line designs. It 
is also possible that no experts at Clemson or Chapel Hill 
have noticed this subtle difference in the tree fault pattern. 
In this case, the analysis may be pointing to a footprint for 
an effective tree program, or perhaps even afootpprint of an 
overly expensive t r e  program. 

Another example of inadequate analysis is in the 
assumption that tree faults occur in fair weather. If a circuit 
is being subjected to momentary interruptions, even if the 
fault occurs in fair weather, there is an immediate 
assumption that tree work is needed. However, as can be 
seen from the likelihood measure of tree faults in fair 
weather, this assumption is probably wrong. None of the 
districts analyzed in this paper has a tree fault likelihood of 
more than 15% (0.15 PU) in fair weather. At the same 
time, there are much higher likelihood numbers for tree 
outages in stormy weather. The immediate message in this 
instance is that if there are faults in fair weather, do not 
assume it is tree problems as a first hypothesis. 
Furthermore, tree work can be very expensive. Look for 
something else. What time of day do the faults occur? On 
the Duke Power System, if the faults are occumng in the 
moming during fair weather, then animal protectors are 
probably needed mther than tree work (based on the authors' 
analysis on animal faults, among others). 

VI. Conclusion 

In this paper, four different measures : actual 
values, normalized values, relative values, and likelihood 
values have been proposed for distribution faults analysis. 
This paper has also discussed the general and local properties 
of distribution faults. The likelihood measure, based on the 
local region properties, provides important infomation for 
distribution fault cause identification when the fault cause is 
not known. Tree faults on the Duke Power System are used 
in this paper for illustration purposes. The proposed 
measures, analysis and discussion in this paper can be easily 
generalized for different types of distribution faults in 
different utility companies. 
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