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Abstract

Reliability assessment of power distribution system deals with the adequacy of overall system supply and
indicates the system behaviour and response at the customer end. In order to attain satisfactory degree of
reliability in electric power distribution system, there is the need to develop a model that will improve the three
major system reliability indices via Systems Average Interruptions Duration Index (SAIDI), Systems Average
Interruptions Frequency Index (SAIFI) and Customer Average Interruptions Duration Index (CAIDI). This
research paper therefore, developed a Relative CAIDI model for assessment of reliability indices of electrical
power distribution system. In this paper, ten (10) years outage data from selected distribution feeders of Ibadan,
Ikeja and Port-Harcourt distribution systems were obtained and analyzed using curve fitting tools in MATLAB.
The system reliability indices served as input parameters for the development of Relative CAIDI model. The best
curves that fitted the relationship between the Relative CAIDI and the number of feeders were obtained using
Lagrange polynomial functions, Newton polynomial functions and Chebyshev polynomial functions as
performance evaluation metrics. The results showed that Ibadan, Ikeja and Port-Harcourt distribution systems
had Relative CAIDI of 0.718, 0.3976 and 0.5279 respectively and the validation results produced by Largrange
polynomial function, Newton polynomial function and Chebyshev polynomial function were 0.717, 0.3979 and
0.5278 respectively. The model developed is a polynomial of order six which depends majorly on the power
requirements of the distribution systems. The developed model can be used for effective reliability assessment of
electrical power distribution systems as well as forming a base-line information for system planning and
maintenance strategies.
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I. Introduction

Power interruptions in electric power distribution system have been a great concern to both the service providers
and the consumers of electricity. In a developing country such as Nigeria, satisfactory degree of reliability has
not been attained in the power systems in which the average duration of interruptions that customers experience
is very high especially in urban centers and the degree varies from place to place [1-5], [9].

Power system reliability is the ability of the system to provide adequate supply of electric power with
satisfactory quality. However, the reliability of a power system is made up of both adequacy and security
assessment. Adequacy assessment relates to the ability of the system to supply the energy requirements of
customers in a satisfactory manner. Since adequacy assessment deals with static condition, it does not include
the evaluation of the system response to transient disturbances [2]. Security assessment deals with the ability of
the electric system to survive sudden disturbances such as electric short circuits or unanticipated loss of system
elements. This includes the response of the system continuously to the loss of supply from generation and
transmission lines [16], [20].

The Institute of Electrical and Electronic Engineers (IEEE) defines the generally acceptable reliability
indices for distribution system in its standard number P1366, “Guide for Electrical Distribution Reliability
Indices” as System Average Interruption Duration Index (SAIDI), System Average Interruption Frequency Index
(SAIFI) and Customer Average Interruption Duration Index (CAIDI). When the relative CAIDI lie between 0.5
and 1, the distribution system has an average reliability level and when the relative CAIDI is less than 0.5, the
system has a poor reliability level. The distribution system has an improved reliability level when the relative
CAIDI is greater than 1 [6], [12].

A wide range of probabilistic techniques have been developed for system reliability assessment. These
include technique for reliability evaluation, probability load flow and probabilistic transient stability [13]. The
fundamental and common concept behind each of these developments is the need to recognize that power system
behaves stochastically and all input, output state and event parameters are probabilistic variables. The
probabilistic techniques have been developed which recognize not only the severity of state or an event and its
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impact on system behaviour and operation but also the likelihood of its occurrence [10], [14], [23]. However,
one of the limitations to these techniques is that it did not improve all the three major system reliability indices
(SAIDI, SAIFI and CAIDI) but instead, it improved the CAIDI for some of the feeders of the distribution
systems concerned. Therefore, the need to develop a model which will improve the reliability of distribution
systems is very imperative [7].

1.1 Distribution System

Distribution systems are built as interconnected networks concerned with the conveyance of power to consumers
by means of lower voltage network. The design of distribution network is such that normal operation is
reasonably close to balance three-phase system and often, a study of the electrical conditions in one phase is
sufficient to give a complete analysis. Equal loading on all three phase of a network is ensured by allotting equal
domestic loads to each phase of the low-voltage distribution feeders [5], [8].

The representation of typical radial distribution network is depicted in Figure 1. The system consists of
primary and secondary feeders. The primary feeder transfers the electrical power from substation to several
service transformers while the secondary system consists of a service transformer and transfers the electrical
power to the various houses through the secondary conductors. The 110 kV system is primarily a transmission
voltage and connections at this voltage level are normally dealt with by the transmission system operator (TSO)
[11], [16].

33kV |
33kV/11kV 33k V/ MV
Substation Substanion
11kV
11kV Network
11k V/ MV
Substation
MV
MV Network
MV/LY
Substarion
LV |
|

LV Network

Figure 1: Typical Radial Electrical Distribution Network
A distribution system consists of the secondary mains, primary mains, distribution centers, and the feeders
as [6], [9], [11], [16], [19]:

i.  Secondary Mains: Secondary mains are conductors which originate from the secondary winding of the
distribution transformers and are extended along the streets. The secondary mains in residential area
may be two wires, three wires or four wires system. The commonly used secondary voltage in Nigeria
is single phase or 415V, 3 — phase system.

ii.  Primary Mains: These are circuits which originates from the distribution centers. They are usually
connected to the main distribution feeders. The primary mains are operated at the same voltage as the
main distribution feeder circuit. In industrial areas, the primary mains are often connected into what is
known as the primary ring. In primary main loop, a number of sectionalizing switches are inserted in
the loop at the distribution transformer locations. In such a loop, power can flow around the loop in
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either one or two directions. However, if there is a fault in the system, the sectionalizing switches on
one side of the loop is opened and service is maintained on the other side of the loop.

In laying distribution systems, the territory to be served is divided into a number of districts.
This is done so that consumers in each district are equidistance to the distribution centers. The reason is
that the length of the mains should be as short as possible in order to limit the voltage drop between the
centers and the consumers at the end of the mains.

iii.  Distribution Centers: These are locations at which the feeders are connected to the primary main
switches. The switches and the automatic cut-out from control and protection of the primary mains are
grouped at the distribution centers. The voltage at the distribution centers should be maintained
practically constant from no load to full load. This is always accomplished by means of voltage feeder
regulators at the substation.

iv.  The Feeders: These are conductors in a distribution system which extends the substation to the various
distribution centers.. The connection of the feeder could be overhead or underground.

Also, distribution system can be classified as ring type distribution system and the radial type [7]. The ring
type distribution system is one which forms a complete loop. This is operated on the principle of circular
distribution in which any substation is fed from two different directions. A fault on the system can be
disconnected without loss of power supply to other consumers without faults. The feeders used on ring
distribution depend on the nature of loading, the total length of the ring distributor and the allowable voltage
drops. For maintaining continuity of service, ring distribution system is usually employed [11], [18]. The radial
type of distribution operates such that the substation transformers are fed only in one direction. One major
disadvantage of this system of distribution is that the consumers have to depend on one feeder only. So if there is
any fault or breakdown occurs on the feeder, the supply of power is completely taken off until the fault is
rectified and the line is restored. Hence, there is no guarantee for continuous power supply [21].

1.2 Distribution System Voltage Level

There are a number of standard voltages used on the distribution system and customers are connected at one of
these levels. Voltage levels at which a connection can be provided are depicted in Table 1 [12], [22].

Table 1: Distribution System Voltage Level

Voltage Levels Normal Voltage
230 V(Single Phase)
Low Voltage (LV) 415 V(3-Phase)
Medium Voltage (MV) 11kV
33kV
High Voltage 132kV
330kV

1.3 Classification of Power Interruption

Power interruption has the general consequence of throwing the electricity consumer into period of lack of
electricity supply which may result in both material and economic loss. According to PHCN (2012) power
interruption could be forced, emergent or planned interruption [24].

i Forced Interruption: Forced Interruption is primarily as a result of faulty situations in the network
which are normally initiated by electrical sensing devices called relays. It could also be as a result of
over loading in a particular branch of the network which the relay is overseeing.

ii. Emergency Interruption: As the name implies, this type of power interruption is initiated by qualified
personnel under emergency situations to avert any danger which may be as a result of temporary
removal of load (load shedding) or as a result of poor supply from generation.

iil. Planned Interruption: This is power interruption deliberately initiated for the purpose of maintenance
work on equipment or to connect new extensions to the existing ones. Similarly, in transmission stations,
the bulk transformers, circuit breakers, isolators, protective and their communication equipment are
often time scheduled for over hauling so as to enhance their efficiency.

2. Reliability Indices in Distribution System
A system reliability index deals with the adequacy of overall system supply and indicates the system behaviour
and response. The performance indices express interruption statistics in terms of the customers [15]. A customer
here can be an individual, firm, or organization who purchases electric services at one location under one rate
classification, contract or schedule. If service is supplied to a customer at more than one location, each location
shall be counted as a separate customer [15], [17].

Managing bulk system reliability for utility is essential. Measurement of actual system reliability provides
feedback to the planners on the performance of executed plans. It gives feedback to operation personnel on
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reliability effects of operating and maintenance practices [1]. Reliability assessment helps in system planning for
long and short terms. System reliability can be grouped into two distinct aspects i.e. in terms of system security
and system adequacy [9].

System security involves the ability of the system to respond to disturbances and remain in secured
operation and meeting the customer demand. In order to maintain the desired level of adequacy and to avoid
excessive shortages, additional reserve must be maintained. System adequacy deals with the existence of
sufficient generation, transmission and distribution facilities within the system to satisfy customer load demand.
It is associated with the system steady state conditions and system planning for long and short terms. In case of
adequacy and security, the higher the reserve margin the higher the system reliability but at a substantial
economic cost [9].

In addition, the reliability of a network could be judged on the basis of reliability indices. Sustained
Interruption system reliability indices are considered over the distribution side of the power network [19].
System reliability indices include: System Average Interruption Frequency Index (SAIFI), System Average
Interruption Duration Index (SAIDI), Customer Average Interruption Duration Index (CAIDI), Average Service
Availability Index (ASAI), Average Service Unavailability Index (ASUI), Expected Energy Not Supplied
(EENS) and Average Energy Not Supplied (AENS) [2]. However SAIFI, SAIDI and CAIDI imply how often an
average customer experiences sustained interruption over a predefined time of year and they are the most used
reliability indices for distribution system [20].

2.1. System Average Interruption Frequency Index
System Average Interruption Frequency Index (SAIFI) indicates the average frequency of sustained interruptions
per customer over a predefined area [27]. The number of customers and the interruptions experienced by them
vary from time to time. For instance, feeder SAIFI indicates the average number of interruptions a customer
experience on a particular feeder in a year. Similarly SAIFI reported that a substation or a distribution system
encloses the total customers in the service area [30]. The System average interruption frequency index (SAIFI) is
given by [8]
SAIF] = TotalNumberofCustomersinterruptions 1)
TotalNumberofCustomersServed

In order to calculate the index, data of individual sustained interruptions in a year are required. For each of
these interruptions, the number of customers affected comprises the customer interruptions for the particular
outage. The denominator is the total number of customers in the service area under consideration. Thus, the
SAIFI is represented by [21]:

Z N i

SAIFI = ~ 2

Ni is the number of interrupted customers for each interruption event during the reporting period and Nt is the
total number of customers served in the area.

2.2 System Average Interruption Duration Index
System Average Interruption Duration Index (SAIDI) indicates the average time a customer has an interruption
during a time cycle (1 year). It is usually specified in customer minutes or customer hours of interruption per
year. SAIDI is the average interruption duration per customer served and it is determined by dividing the sum of
all customer interruption durations during a year by the number of customers served. SAIDI is given by [26],
[28],[29].
SAIDI = ¥ CustomerinterruptionDurations 3)
TotalNumberofCustomersServed
SAIDI can be improved by reducing the number of interruptions or the duration of the interruptions. For
a given service area, system average interruption duration index SAIDI is represented as given by
saIpr =21 @
Nt

where; N; is the number of interrupted customers for each interruption event during the reporting period, Nt
is the total number of customers served in the area and r; is restoration time for each interruption event. The
number of customers affected and the time it took for the restoration for each interruption event are the
parameters required to estimate the system average interruption duration index. The restoration time includes,
the time taken to notice an outage, the time taken to locate and reach the location and the time to repair the fault

[23], [27].

2.3 Customer Average Interruption Duration Index
Customer Average Interruption Duration Index (CAIDI) is the average interruption duration for those customers
interrupted during a year. It is determined by dividing the sum of all customer interruption durations by the
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number of customers experiencing one or more interruptions over a year period [18], [25].The index is the ratio
of SAIDI to SAIFI as given in equations (2) and (4) respectively. It represents the average time taken to restore
service to the customers when a sustained interruption occurs. CAIDI is given by [13].
Y CustomerinterruptionDurations
CAIDI = - . )
TotalNumberofCustomerinterruption
The value of CAIDI for a given service area is given as:
XN
CAIDI = —— 6
IN; ©
where; N;j is the number of interrupted customers for each interruption event during the reporting period and riis
restoration time for each interruption event.

3. Materials and Method

In this study, power distribution network which is narrowed down to 33 kV and 11 kV for Ibadan, Ikeja and
Port-Harcourt distribution systems were used. Ten years of outage data were collected from the records of the
system operators and analyzed. The data collected include the recorded faults, outage times, number of
customer’s interruptions and the number of customers served. Relative CAIDI Model for reliability assessment
of the selected power distribution feeders was develop using the three major reliability indices (SAIDI, SAIFI
and CAIDI) as input parameters and validated by subjecting the model to Lagrange polynomial functions,
Newton polynomial functions and Chebyshev polynomial functions to determine and compare their coefficients.

The following assumptions were made In the development of the model.

I The reliability of the distribution system feeders does not vary with time.
ii. Adequate and prompt maintenance and repair actions make the distribution feeders as good as new and
iil. The time between faults on the distribution feeders has an exponential distribution.

Graphs of relative CAIDI for the case studies areas were potted and curve fitting tools in MATLAB were
used to develop the Relative CAIDI model. Relative CAIDI was computed using MATLAB with the aid of the

expression:

Mean Value of SAIDI

Relative CAIDI = (7)
Mean Values of SAIFI

3.1 Algorithm for Relative CAIDI Model

A Pseudo code was written using MATLAB program for electrical distribution system reliability analysis using
curve fitting tools to obtain the Relative CAIDI Model. The following steps were followed in the development of
the Relative CAIDI model.

1. Identification of the system reliability indices for the selected power distribution systems under study.
These indices are SAIDI, SAIFI and CAIDI.
il. The identified system reliability indices were computed using ;
SAIDI = % CustomerinterruptionDurations (8)
TotalNumberofCustomersServed
_ % riNj
== ©)
Hence, the Pseudo code for calculation of SAIDI is given as;
BEGIN

For feeder = 1 to last_feeder
For year = 1 to last_year
Saidi_per_feeder = interruption_duration per year/served_per_year
End For
End For

END
TotalNumberof Customersinterruptions
SAIFI = (10)

TotalNumberofCustomersServed
— 11
- (1n
Also, the Pseudo code for calculation of SAIFT is given as;
BEGIN

For feeder = 1 to last_feeder
For year = 1 to last_year
Saifi_per feeder = interruption_per year/served_per year
End For
End For
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END
Y CustomerinterruptionDurations
CAIDI = : _ (12)
TotalNumbero fCustomerinterruption
Y nN;
CAID] = —— 13
SN, (13)

where; N;j is the number of interrupted customers for each interruption event during the reporting period, Ny is
the total number of customers served for area being indexed and riis restoration time for each interruption event.

3.2 Models Validation
The Relative CAIDI model was validated using Lagrange polynomial functions, Newton polynomial functions
and Chebyshev polynomial functions as performance metrics. Pseudo code programs were written using
MATLAB for each of the performance metrics.

i. Lagrange polynomial function:

By considering a given set of N+1 data points,  {(Xo,Y0), (X1,¥1),...(XN,¥N)}, the Lagrange polynomial
equation is given as:

Y — Hszm(x_xk} _ TIN XXk
Lym(0) == 5 = e=m; — (14)
where; N-degree polynomial function matching the given N+ 1 point is unique.
The Pseudocode for calculation of Lagrange polynomial functions is given as:
BEGIN
Input coordinates x and y
Set m = N+1, [=0;
For eachm
P=1
For each order k
If k is not m
P = [convolve P and x (k)] / [x (m) —x (k)];
End If
End For
Lm) =P
[=1+ym)*P
End For
END
ii. Newton polynomial function:
The N™ coefficient of the Newton polynomial function is given as:
DN-1p _pN-1p o
ay = — =D"f, (15
N—%o
The Pseudocode for calculation of Newtonpolynomial functions is given as:
BEGIN
Initialize the divided difference DD to zero
Input coordinates x and y
Set DD = y coordinates
For each order k
d = (next DD — current DD) / (next x — current x)
End For
END
iii. Chebyshev polynomial function:
The Chebyshev coefficient polynomial is defined as
N
f(x) = CN(x) = deTm ('x')
n=0 (16)
¥ P
b—a 2

where
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1 1
do — m grzof(xk)Toxk — m ?;:O f(xl) (17)

N
) 2 m(2N + 1 — 2k)
dl —N—H;f(xk)?'}n(xk) - N _I_ ‘lzkacos Z(N + 1)

form=12,N (18)
The Pseudocode for calculation of Chebyshevpolynomial functions is given as:
BEGIN
%initialization parameters
Set order of polynomial, N
Set intervals a = -1 and b = 1
Setk=0to N
For each k
theta = (2*N+1-2%k)*pi/(2*N+2)
xn = (b -a)/2%cos(theta) + (a+b)/2
evaluate yy from coordinates x and y
d (1) =yy/N+1
End For
Compute the coefficients T 1 = cos (theta)
{
Form =2 to N+I
Cosm = cos((m-1)*theta)
d=y *cosm*2/(N+1)
T 1 = 2*convolution of cos(theta) and T 1
c=d*T 1
update the polynomial coefficient ¢
End For

END

4 Discussion of Results
The results of the system reliability indices for Ibadan distribution system, Ikeja distribution system and Port-
Harcourt distribution system are presented. These results are discussed subsequently in Figure 2 to Figure 15.

Figure 2 shows the combined reliability indices of Ibadan distribution systems. Moniya feeder had the
highest CAIDI index with a relatively low SAIDI index owing to the prolonged customers interruption on this
feeder compared to all other feeders in the distribution system. Agodi feeder had low system reliability indices
compared to all other feeders in the system. This is as a result of customer interruptions which had reduced
appreciably.

Figure 3 shows the graph of Relative CAIDI and the number of feeders for Ibadan distribution system. The
distribution system has a percentage relative CAIDI of 71.86 %. The model confirmed that Eleyele feeder
appeared to be a critical feeder with a relative CAIDI of 0.8747, hence the most reliable of all the feeders. This is
because customers’ interruptions on these feeders were greatly reduced and clearing of the faults were done
properly. Bashorun feeder with a relative CAIDI of 0.5895 appeared to be the least reliable feeder. Customers
attached to the remaining eight feeders experienced a prolonged period of interruptions.

Figure 4 shows the combined reliability indices for Ikeja distribution systems. The relatively high values of
CAIDI index on Olowu and Opebi distribution feeders suggested that customers on these two feeders were
interrupted for a long period of time. General Hospital feeder had a low system reliability indices since
customers’ interruption on this feeder had reduced.

Figure 5 shows the graph of Relative CAIDI and the number of feeders for Ikeja distribution system. The
relative CAIDI varies directly as the number of feeders i.e. the relative CAIDI increases as the number of feeders
increases and vice versa with average percentage relative CAIDI for 39.76%, hence having a poor reliability
level. Olowu and Opebi feeders had relative CAIDIs of 0.5333 and 0.5336 respectively, hence improved
reliability levels, while the remaining eight feeders had relative CAIDIs of less than 0.5, thus poor reliability
levels. This is in agreement with the IEEE standard. Opebi feeder recorded the highest relative CAIDI of 0.5336
while Alagbole feeder recorded the least relative CAIDI of 0.2853, hence the least reliable feeder.

The reliability indices for Port-Harcourt distribution system is shown in Figure 6. Customers attached to
Airport and Port-Harcourt 1 feeders were interrupted for a long time, thus, making the CAIDI index values of
these feeders to be relatively higher than any other feeder in the distribution zone. Airport and Port-Harcourt 1
feeders still maintained relatively higher values of CAIDI owing to the fact that the prolonged customers’
interruptions on these two feeders still continued.
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Figure 7 shows the graph of Relative CAIDI and the number of feeders for Port-Harcourt distribution
systems with percentage relative CAIDIs of 52.79% hence having an improved reliability. Five of the
distribution feeders — Airport, Port-Harcourt town 1, Refinery 1, Refinery 2 and Port-Harcourt town 2 feeders
had relative CAIDI of 0.7540, 0.7057, 0.6372, 0.6305 and 0.5448 respectively, thus having improved reliability
levels. This agrees with the IEEE Standard. The remaining five feeders had poor reliability levels as a result of
their relative CAIDIs. Airport feeder appeared to be the most reliable of all the feeders while glass factory feeder
appeared to be the least reliable.

The general relative CAIDI model for Ibadan, Tkeja and Port-Harcourt distribution systems is given by
equation (19) with polynomial order of 6.

RC = Pex%+ Psx’+ P +Psx3+Pax’+Pix+Py (19)
R?=10.9815
where:

RC = Relative CAIDI,

x = Number of feeders,

Po, P;, P2, P3, P4, Ps, Ps are the coefficients. They depict the behaviour of the system.

R’ = Coefficient of Determination.

The values of the coefficient of determination, R’ show the extent of the reliability of the model to predict
the relationship between the relative CAIDI and the number of feeders.

In addition Tables 2, 3 and 4 depict the comparisons of the coefficients of the model equations using
different methods for Ibadan, Ikeja and Port-Harcourt distribution systems respectively. Observation shows that
the results obtained for the coefficients were the same irrespective of the methods used. The result compared
favorably well with the model results.
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Figure 2: Combined Reliability Indices for Ibadan Distribution Systems
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Table 2: Comparisons of the coefficients using different methods for Ibadan distribution system

Coefficients | Model Results Lagrange polynomial Newton polynomial Chebyshev polynomial
Ps 0.0003 0.00029 0.00028 0.00029

Ps -0.0084 -0.00839 -0.00838 -0.0084

Py 0.1092 0.1091 0.1093 0.1091

P; -0.688 -0.688 -0.6889 -0.688

P, 2.163 2.163 2.163 2.162

Py -3.1433 -3.1435 -3.1432 -3.1434

Po 2.4361 2.4363 2.4361 2.4365

Table 3: Comparisons of the coefficients using different methods for Ikeja distribution system

Coefficients = Model Lagrange polynomial Newton polynomial Chebyshev polynomial
Results
Ps 7x10°¢ 7x10°¢ 7.1x10%¢ 7.2x10°¢
Ps -0.0002 -0.00021 -0.00022 -0.00021
P4 0.0019 0.00191 0.00192 0.00187
P; -0.0062 -0.0061 -0.0060 -0.0061
P> -0.0121 -0.0122 -0.0122 -0.0121
Py 0.0545 0.0546 0.0545 0.0545
Po 0.4956 0.4956 0.4956 0.4957
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Table 4: Comparisons of the coefficients using different methods for Port-Harcourt distribution system

Coefficients Model Lagrange polynomial Newton polynomial Chebyshev polynomial
Results
Ps -3x107° -3x10° -3x10° -3x107
Ps 0.0009 0.00091 0.00090 0.000941
P4 -0.0104 -0.0105 -0.0105 -0.0103
P; 0.0533 0.0533 0.0534 0.0536
P, -0.1305 -0.1306 -0.1307 -0.1305
P 0.0911 0.0911 0.0910 0.0912
Po 0.7507 0.7506 0.7507 0.7504

5 Conclusions

This study has developed a relative CAIDI model for reliability assessment of electrical power distribution
system of Ibadan, Ikeja and Port-Harcourt distribution systems. The developed model started with identification
of system reliability indices-System Average Interruptions Duration Index (SAIDI), System Average
Interruptions Frequency Index (SAIFI) and Customer Average Interruptions Duration Index (CAIDI). These
reliability indices were used as input parameters for the relative CAIDI model. The model is a polynomial of
order 6 whose order depends on the level of power requirements of the distribution network.Three different
methods — Newton, Lagrange Polynomial and Chebyshev polynomial methods were used to validate the values
of the coefficients of the models. The results compared favourably well with the results from the models.
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