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This paper presents the expert modules which construct the novel Expert System (ES) used
to calculate the reliability and bus failure frequency of composite generation and
transmission power systems. Also a small rule-based ES is developed to help power system
planning engineers in finding alternative solutions for improving the reliability of a specified
bus. This is carried out by using a log file in which all the solution steps are recorded and
using this file to find solutions to improve certain bus reliability without solving the network
from the beginning which saves computing time. Pascal language is used to implement the
developed system. The proposed ES is more efficient and faster than those analytical
methods in which the execution of load flow programs requires hundreds of time to solve the
composite system reliability problem. The proposed ES is tested on the IEEE-Reliability Test
System (RTS), which have 24 buses, 38 branches and a load of 2850 MW.
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1. Introduction

The reliability studies of bulk power
system indicate the ability of the composite
generation and transmission system to satisfy
the load demand at the major load points.
Considerable effort has been applied over the
two last decades to develop techniques and
criteria for adequacy evaluation of composite
power systems. A major burden in the
developed methods used in evaluation of large
composite system reliability is the computing
time required to solve a large number of
credible contingencies or outage states. Power
system reliability evaluation techniques can be
generally categorized as being either analytic
or simulation. Analytic techniques represent
the system by analytical models and evaluate
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the indices from these models using mathe-
matical solutions. Mont-Carlo simulation
methods estimate the indices by simulating
the actual process and random behavior of the
system. Composite  reliability = methods
currently in use employ one of the following
approaches, or combinations:

1. Contingency enumeration.

ii. Mont-Carlo simulation.

iii. State space decomposition.

Contingency enumeration consists of
listing all contingencies of up to a given order,
computing their probabilities, and evaluating
the reliability indices from these probabilities
as in [1]. A major concern in contingency
enumeration method is the selection and
testing of outage contingencies which occur
frequently and have a sever impact on system
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performance. The computational time in-
creases rapidly as the contingency level
increases, particularly when an a.c. load flow
is used to analyze each contingency.

The Mont-Carlo simulation is one of the
most powerful available methods to evaluate
system reliability. This method can be used to
evaluate composite power system reliability by
analyzing a large number of system states
identified by sampling component outages. An
approach using an annual chronological load
curve for each load bus and a sequential
Mont-Carlo approach for composite system
reliability assessment was developed in [2]. A
Mont-Carlo simulation approach to generation
/transmission reliability evaluation assuming
the loads are defined by fuzzy numbers was
developed in [3]. In this approach data uncert-
ainties were modeled more adequately, system
component outages were represented by
probabilistic models and load uncertainties
were modeled by fuzzy numbers. For each
sampled state, one can obtain the power not
supplied membership function by running a
fuzzy optimal power flow [4]. A major limita-
tion associated with Mont-Carlo methods is
the computational time required to obtain an
acceptable degree of accuracy.

State space decomposition is an analytic
method which recursively decomposes the
system state space into sets of acceptable,
unclassified, and loss of load states [5-7]. The
coherency property, which requires that an
acceptable set be homogeneous to the extent
that it should have no loss of load states, and
that a loss of load set should likewise be
devoid of acceptable states, is a necessary
condition for this method. This condition
restricts the flexibility of the power flow model
which can be used for composite reliability
analysis, because for DC and AC flow models,
changes in transmission line states result in
non-coherency of the state space [8].

The objective of this paper is to develop an
effective ES to assess the reliability and failure
frequency of bulk power system and to find
solutions for improving the reliability at
certain buses. The main motivations to use
rule-based ES are [9,10]:

i. It is open to inspection, both in presenting
intermediate steps and in answering questions
about the solution process.

ii. It is easily modified, both in adding and in
deleting skills from the knowledge base.
iii. It is heuristic, in using (often imperfect)
knowledge to obtain solutions.
To the knowledge of the author, the use of
rule-based ES in composite power system
reliability assessment was not tried before.
The developed ES is based on the
algorithm described in [11] which is mainly
based on the tearing process to calculate
buses reliability of composite system [12]. In
this developed ES the constraints which
control the flow direction in the tearing
elements, the initial calculation part and the
process of adding the tearing elements are
presented in three ES modules, each of which
consists of a group of rules and each rule
satisfies certain constraints. The developed ES
also has an Expert Module (EM) to improve
the calculated reliabilities of selected nodes.
The implementation of the ES is achieved
using the PASCAL language. The developed ES
is applied to the IEEE-Reliability test system
(RTS) [13] to compare results with other
traditional methods.

2. The developed expert system

Three simple ES modules are developed
based on the algorithm proposed by the
author in [11]. This algorithm is divided into
the following modules:

i. Data-input module: Power system
configuration is presented in a text file. The
computer program reads the data from this
input file and saves them in records.

ii. Generation failure frequency module: In
this module failure frequency of the installed
generation capacity at each bus is calculated.
iii. Tearing module: The aim of this module is
to tear the whole network into “a” trees and
“b” tearing lines [12].

iv. Initial calculation module: The aim of this
module is to calculate failure frequency at all
buses of each tree. Two factors must be taken
into consideration. The first is that the power
flow in each line has only one direction, the
second is that the power flow in each line
must not exceed its maximum capacity.

v. Repetitive calculation module: In this
module the tearing lines are added one at a
time and after each the reliability vector of all

774 Alexandria Engineering Journal, Vol. 43, No. 6, November 2004



E.N. Abdallah / Novel expert system

system buses are updated. The addition of the
tearing lines will be carried out in number of
passes. In the first pass only the tearing lines
whose addition results in feeding all the loads
are added. In the second pass each load is fed
again by another path constructed by adding
the remaining tearing lines. Subsequent
passes are carried out until all tearing lines
are added. The steps and explanation of these
modules are presented in [11].

The purpose of the first ES module is to
specify the flow direction in each tree line and
in each tearing element according to certain
specified rules. The purpose of the second EM
is to calculate nodes reliabilities and failure
frequencies in each tree in the initial step. The
purpose of the third module is to specify the
order of adding tearing lines and calculate the
final value of nodes reliability and failure
frequency according to some heuristic rules.
The block diagram of the developed ES
including the EM for improving bus reliability
is shown in fig. 1.

2.1. The initial knowledge base for the
proposed ES

The initial knowledge base of the proposed
ES is gained from the following sources:
i. The input text file from which the power
network topology, maximum load and
installed generation at each bus, transmission
lines availabilities and capacities, and Forced
Outage Rate (FOR) of each generator.
ii. From these data, by applying data-input
module, generation  reliability = module,
generation failure frequency module and
tearing module, the virtual lines and their
availabilities will be added to the knowledge
base. Also the construction of each tree will be
known.
iii. All the information about each line or node
is saved in data record format.

2.2. The EM for specifying power flow direction
in each line:

The goal of this EM is to specify the flow
direction in each line of the system. Using
pruning technique [10] the EM classifies the
network lines into two groups:

- The first group contains the lines which
belong to a certain tree (type 1).

- The second group contains the tearing lines
(type 2 to type 7)

If a line satisfies certain rule then this rule
specifies the first node in this line and
accordingly the flow direction will be from the
first node to the second one. This EM uses the
following five heuristic rules:

i. Rule # F1 which is used to specify the group
which the line belongs to, will be as follows:
For each line in the system,

IF (its tree field higher than zero) THEN

- It belongs to the first group.

- The line is from typel.

- Let its first node field be the nodes whose
order field is less than the other one.

IF (its tree field equals zero) THEN

- It belongs to the second group.

- Test this line under the following rules to see
which of them it satisfies:

ii. Rule # F2 will be as follows:

IF (the order of one of its two end nodes equals
one) THEN

- The line is from type 2.

- Its first node is the second node of a virtual
line.

iii. Rule # Fs will be as follows:

IF (the order of each of its two end node equals
one) THEN

- The line is from type 3.

- Calculate the difference between the in-
stalled generation and connected load at each
end node. The first node will be the nodes
which has the higher difference.

iv. Rule # F4+ will be as follows:

IF (its two end nodes belong to the same tree)
THEN

- The line is from type 4.

- Let its first node field be the nodes that its
order field is less than the other one.

v. Rule # F5 will be as follows:

IF (the tree field of one of its two end nodes
equals zero, i.e., an isolated node) THEN

- The line is from type 5.

- Let its second node be the isolated nodes.

If there is any line which belongs to the
second group and does not satisfy any of the
previous four rules then its type may be type 6
or type 7. The flow direction in it will be
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Fig. 1. Block diagram of the developed expert system.
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specified in repetitive calculation EM. After
applying the previous rules to all lines, the
flow directions become known for them except
those of sixth or seventh type.

2.3. The EM for initial calculation part

In this part the EM wuses the initial
knowledge base and the determined flow
direction to calculate the nodes reliabilities
and failure frequencies included in each tree
taking the capacity of lines and maximum
loads into consideration. Using the pruning
technique the EM classifies network lines into
a number of groups equals the number of
trees, each of which contains the lines and
nodes which belong to a tree, in addition to a
group including the tearing lines.

2.3.1. Rules of the EM:

For each group # j except the last one,
each line in the system is tested under the
following rules:

i. Rule # Ni:

IF (the line belongs to group # j) AND (the line
order =1) THEN

- The reliability of the second node of this line
equals the availability of this line regardless of
the connected load at this node.

- Assign the value one to the variable “ord”
representing the line order.

ii. Rule # Na:

Increase the value of “ord” by one, then each
remaining line is tested under the following
rule:

IF (a line belongs to group # j) AND (the line
order = “ord”) AND (the power capacities of
this line and all other lines of less order in the
group-except the first line-are higher than the
line second node load) THEN

- The reliability of this line second node equals
the multiplication of the availabilities of this
line and all the lines of less order. The failure
frequency of this node equals the multiplica-
tion of the reliability and the equivalent failure
rate.

- Assign the value zero to the load connected
at the second node of this line.

- Decrease the capacity of this line and the
preceding lines-except the first one-by an
amount equals the “Load Connected at the
Line Second Node” (LCLSN).

- Let the pass flag for this node to be “true”.

iii. Rule # Na:

IF (the line satisfies rule # N,) THEN

- Repeat rule # N; for another line.

IF (the line does not satisfy rule # N,) THEN

IF (the line belongs to group # j) AND (the line
order = “ord”) AND (the capacity of this line
and preceding ones belonging to this group,
except the first line, are smaller than the value
of LCLSN) THEN

- Calculate the minimum capacity (min_cap) of
this line and preceding ones belonging to this
group.

- Decrease the value of LCLSN by an amount
equals (min_cap).

- Decrease the capacity of the line and the
capacities of all other lines of less order and
belong to this group-except the first line-by an
amount equals (min_cap).

- The reliability of the line’s second node will
be left without change.

- The temporary reliability of the line second
node equals the multiplication of the
availabilities of this line and preceding ones
belonging to this group. The temporary failure
frequency of this node equals the multiplica-
tion of temporary reliability and temporary
equivalent failure rate.

- Repeat the same procedures for another
group.

2.4. The EM for repetitive calculation part

In the repetitive calculation part the
tearing elements are added sequentially one
line at a time and the nodes reliabilities and
failure frequencies are updated accordingly.
The line addition must not be random other-
wise the final results will not be accurate. So
an EM is developed to specify the suitable
tearing line which has to be added at each
step. The main function of this module is to
use its knowledge base consisting of the initial
knowledge base and ten heuristic rules to
select the suitable line to be added at each
step. These rules are generated from the
experience gained through developing the
proposed algorithm to reach accurate results
in comparison with other methods. This EM
uses a backward chaining technique as its
goal is to select the optimal line to be added in
a certain step. The EM gives also the reasons
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why this tearing line is selected in this step.
After the suitable tearing line is chosen the
rule calls certain calculation procedures to
update nodes reliabilities and failure
frequencies.

The decision tree for this EM is illustrated
in fig. 2. Using the pruning technique the EM
classifies the network nodes in the beginning
of each pass into four main groups each of
which is subjected to certain set of rules.

2.4.1. Calculation modules

This section describes the calculation
modules called by the rules of the repetitive
calculation EM. Each of these calculation
modules has its own rules.
e Calculation module CM; This module is
called by the Identification number (I.D.) of the
active node and the I.D. of the tearing line.
Once the I.D. field is obtained the other entire
field’s information are known.
e Calculation module CMz. This module is
called by the I[.D. of the active node, the I.D. of
the tearing line and the order of the tearing
line second node r.
e Calculation module CMs. This module is
called by the I[.D. of the active node, the I.D. of
the tearing line, the order j of the tearing line
first node and the tree which the tearing line
first node belongs to.
e Calculation Module CMas. This module is
called by the I.D. of the active node, the I.D. of
the tearing line, and the order j of the tearing
line first node, the tree which the tearing line
first node belongs to and the order of the
tearing line second node r.
e Calculation Module CMs. This module is
called by the I.D. of active node, the I.D. of the
tearing line which its second node is this node
and the availability of the virtual line which its
second node is the tearing line first node. The
function of this module is to update the
reliabilities and failure frequencies of all the
nodes which are in the same tree and next in
order to the node which the module is called
by. This CM is repeated for each node next in
order to the active node.

As an example the function of CM; is
illustrated in fig. 3, where:
y: is the order of the active node as well as the
order of the line which the active node is its
second node.

Ai (j): is the availability of the jth line which
belongs to tree # i.

A¢: is the availability of the added tearing line.
Li (j): is the load connected to the jth node
which belongs to tree # i.

3. Improving bus reliability

An additional EM is developed in this
paper which suggests some solutions for
increasing the reliability of a certain bus.
When the execution of the previous expert
modules is finished, nodes reliabilities are
displayed. In the same time this EM is
activated and the user has the opportunity to
choose a node to improve its reliability value.
The EM then uses its knowledge base, its own
rules and some generated rules by inference
mechanism to find suitable solutions to
increase the specified bus reliability. Finally, it
displays to the user the alternative solutions
and allows him to select the best solution
depending on his requirements and con-
straints.

3.1. Knowledge base of the developed EM

The knowledge base used by this EM can

be classified into three parts as follows:

i. Initial knowledge base:

This knowledge base is explained previously in
sec. 2.1.

ii. Log file data base:

The log file data base is a text file which is
created during the execution of the expert
modules described previously. This file
resembles the black box in the airplane as it
records the values of all the system variables
at the end of each calculation step.

iii. Knowledge gained from the program user:

To activate this EM the program user must
answer “yes” when the previous EM finishes
its job and displays the final results and the
current EM asks if he wants to improve
certain node reliability. After its activation, the
EM needs three parameters from the user; the
first one is the I.D. of the node which the user
wants to improve its reliability, the second one
is the minimum limit of its reliability and the
third one is maximum permissible line over-
loading as percentage of its rated capacity.

778 Alexandria Engineering Journal, Vol. 43, No. 6, November 2004



E.N. Abdallah / Novel expert system

étart

vy

Begin a new

‘ -

step

Is there any
node satisfies
rule #G1 ?

Let this node be the
active node

No

#A1?

Add this tearing line in
this step and update
system nodes reliability
and failure frequency

Is there any
tearing line
satisfies rule

Is there any
tearing line
satisfies rule
#A2 ?

satisfies rule

Is there any
tearing line

#A3 ?

No
-t
Add this tearing line in
this step and update
system nodes reliability
and failure frequency
h 4

Is there any
node satisfies
rule #G2 ?

Let this node be the
active node

No

Is there any

tearing line

satisfies rule
#A4 ?

Is there any

tearing line

satisfies rule
#A5 ?

Is there any

tearing line

satisfies rule
#A6 ?

Is there any
node satisfies
rule #G3 ?

Let this node be the
active node

Add this tearing line in
this step and update

system nodes reliability
and failure frequency

Is there any
tearing line
satisfies rule

#AT ?

s there any

tearing line
satisfies rule

#A8 ?

Is there any
node satisfies
rule #G4 ?

Let this node be the
active node

Add this tearing line in
this step and update

system nodes reliability
and failure frequency

Is there any

tearing line

satisfies rule
#A9 ?

Is there any

tearing line

satisfies rule
#A10 ?

Fig. 2. The decision tree of the EM of repetitive calculation part.
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3.2. Solutions suggested by EM

The goal of this EM is to find suitable
solution for increasing the reliability at a
certain bus. This solution is based on one of
the following techniques:

i. Adding a new transmission line between
certain buses with power capacity greater
than a certain minimum value specified by
this EM.

ii. The second technique is used when the
minimum capacity required for the new line is
small. The solution is to adjust the protective
system which protect the existing line to allow
this line to operate under overload, which is
given by the program user as a percentage of
line capacity, for a certain period of time so
that it will not be switched out of service.

4. Application

To show the validity and accuracy of the
proposed ES, it is tested on the IEEE-RTS
[13]. This system is developed by the IEEE
Subcommittee on the Application of Probabil-
ity Methods (APM) in 1979 so as to provide a
consistent and generally acceptable set of data
that can be used in composite system
reliability evaluation [14]. The main aim to
develop this system is to enable results
obtained by different people using different
methods to be compared. Ref. [15] represents
two different approaches to solve the RTS to
calculate different buses reliabilities and
failure frequencies. The first one utilizes a
Monte- Carlo simulation and the second uses

a contingency analysis evaluation procedure.
The results obtained from the proposed EM is
compared with those obtained by the second
method of [15] as, the first approach does not
evaluate the failure probability at each bus.
The results comparison is listed in table 1, in
which bus failure probability is the comple-
ment to bus reliability. By comparing the
results it can be noted that the values of
failure probabilities for some nodes like nodes
# 2 and 4 are consistent while for other nodes
like nodes # 3,7,8 there are appreciable differ-
ence. Likewise the values of failure frequency
of nodes 7,8,14,19, are consistent while for
other nodes like nodes # 3, 6, 13 are different.
The reasons for the deviation in results for
some nodes are explained as follows:

i. The method presented in [15] takes some
more constraints, for example, the failure of
service at any bus in the system may result
from the violation of the minimum accepted
voltage at the bus and/or failure of the system
to supply the total load connected to that bus
after alleviating the overloaded lines,
generators MVAR limit violation, etc.

ii. For each contingency state the authors of
[15] used load flow analysis and if some lines
are overloaded, they permit them to operate
under overloading condition which yields
optimistic results.

iii. Also, in [15] load curtailment has been
allowed for some contingencies and it was
found that the numerical calculated indices at
each bus could vary widely when different load
curtailments philosophies were used [16].
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An attempt is made to improve the

reliability of bus no. 9 to be higher than 0.95
and the permissible overloading for the power
system lines is 5% of their rated capacities.
Following the calculation procedures
developed in sec. 3, the solution is:
“To improve bus #9 reliability from 0.84584 to
0.977, i.e., to reduce its failure probability
from 0.15416 to 0.023, add new line between
bus #12 and bus #9 with minimum capacity of
125 MW”.

5. Conclusions

In this paper an ES consisting of three
expert modules has been developed for
calculating the reliability and failure frequency
of composite power systems. The proposed ES
is based on the algorithm developed by the
author in [11]. This ES calculates each bus
reliability index which is the complement to
bus failure probability index and each bus
failure frequency.

The ES also interacts with the user giving
the reasons for each step it executes.
Furthermore, when requested by the program
user, it tries to find solutions for improving

Table 1
Results Comparison (system load = 2850 MW)

certain bus reliability using different tech-
niques. One of the advantages of using the ES
is the structure programming, i.e., it can
consist of separate modules each of which has
its own rules. Another advantage is that when
it is required to make modification in the ES
program, this is done by modifying certain
rule, deleting a rule, adding new rules or even
adding new expert modules without change
the heart of the program. The proposed ES
uses a log file in which all the solution steps
are recorded and wuses this file to find
solutions to improve certain bus reliability
without solving the network from the
beginning which saves computing time. The
execution time of the developed software
package program, using Intel 486 machine
and the compiler of the Pascal language, does
not take more than 0.1 of the second in
comparison with other analytical methods
which requires the execution of load flow
programs hundreds of time to solve the
composite system reliability problem and the
execution time on the same machine may take
several hours.

Bus failure probability

Bus failure frequency occ/yr

Bus #
us Method in ref. [15] Developed expert system  Method in ref. [15] Developed expert system

1 0.022446 0.0024415 16.59 7.17
2 0.040999 0.049204 30.01 72.44
3 0.022640 0.1965993 16.73 83.12
4 0.022394 0.0496271 16.54 72.77
5 0.022446 0.0021301 16.54 3.62
6 0.022395 0.0497247 16.54 72.85
7 0.015922 0.115264 11.98 19.37
8 0.015950 0.1155669 12.01 19.63
9 0.003171 0.1541644 1.98 22.33
10 0.003171 0.0426063 1.98 9.49
11 * 0.0058549 * 2.34
12 * 0.0218419 * 6.87
13 0.071273 0.0217716 45.83 6.81
14 0.009556 0.0404579 6.7 9.12
15 0.056509 0.0016189 35.38 1.85
16 0.026011 0.04 18.35 8.76
17 * 0.0071636 * 3.55
18 0.083433 0.0144464 51.51 1.72
19 0.011667 0.0404097 8.05 9.08
20 0.046213 0.0232532 29.97 6.77
21 * 0.120000 * 7.01
22 * 0.0070515 * 3.45
23 * 0.1521280 * 21.93
24 * 0.0020861 * 4.86

* Not given
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