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Abstract

The theme of this paper is to review work carried out in the area of applying expert systems and arti-
ficial intelligence in electrical power engineering. It surveys expert systems and artificial-intelligence-
based algorithms developed for solving decision problems in power network and generator fault
diagnosis, reactive power and voltage control, restoration of power supply, determination of load
circuits for shedding in under-frequency load shedding schemes, generator scheduling, allocation of
loads and circuits, load-flow planning, generation expansion planning and distribution expansion
planning.

1 Introduction

Modern power systems are required to generate and supply high quality electric energy to cus-
tomers. To achieve this requirement, computers have been applied to power system planning, moni-
toring and control. Power system application programs for analyzing system behaviours are stored
in computers. In the process of generating the development and operation plans for a power system,
engineers repeatedly execute system analysis programs by adjusting and modifying input data to
them according to their experience and heuristic knowledge about the system until satisfactory plans
are determined. However, the programs so far developed for power system analysis and planning
are based on mathematical models and are implemented using languages which are suitable for
numerical computation only. For sophisticated approaches to system planning, development of
methodologies and techniques are needed to incorporate practical knowledge of planning engineers
into programs which also include the numerical analysis programs.

In the area of power system monitoring and control, Computer-based Energy Management
Systems are now widely used in energy control centres. Power system analysis programs and pro-
grams based on control theory and mathematical optimization techniques are employed in Energy
Management Systems for the purposes of investigating and predicting the behaviour of power
systems under steady-state operations of power systems. While these programs are powerful tools,
their ability to assist operation engineers to make efficient decisions is very limited when unplanned
or unexpected modes of system operation occur. The abnormal modes of system operation may be
caused by network faults, active and reactive power imbalances, or frequency deviations. An
unplanned operation may lead to a partial or a complete system blackout. Under these emergence
situations, power systems are restored back to the normal state according to decisions made by ex-
perienced operation engineers. For efficient diagnosis of network faults, determination of opera-
tional strategies for network restoration, and balancing active and reactive powers, there is clearly a
need to develop new computer techniques and methods to build programs in which the precious
knowledge of experienced operation engineers can be accounted for in addition to the conventional
power system application programs.

The research of artificial intelligence has developed knowledge representation methods, search
strategies, automated reasoning techniques, expert system or knowledge-based system methodo-
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logy, and languages for symbolic and list processing. The artificial intelligence techniques and the
expert system approach provide power engineers with new tools to augment numeric programs with
their experience and heuristic knowledge. In the area of fault diagnosis and control of nuclear power
plants, some work have been reported by Nelson (1982), Underwood (1982), Cain (1985) and a sur-
vey of the applications of artificial intelligence in the nuclear industry in USA has been given by
Uhrig (1987). The possible applications of artificial intelligence to power system operations have
been investigated by Schulte et al. (1987) and Wollenberg & Sakaguchi (1987). The feasibility of
applying expert systems for handling alarms in power system control centres have been studied by
Wollenberg (1985), DeMontravel (1986), Hein (1986) and Kaninsono (1986).

This paper surveys work carried out in building expert systems and in developing artificial-intelli-
genced-based algorithms by power system research workers for solving decision problems in electric
power system planning, operation and control. These problems include network and generator fault
diagnosis, reactive power and voltage control, restoration of power supply, determination of load
circuits for shedding in under-frequency load shedding schemes, generator scheduling, allocation
of loads and circuits, load-flow planning, generation expansion planning and distribution expansion
planning.

2 Fault diagnosis

One application of artificial intelligence and expert systems in power is in the area of power network
and generator fault diagnosis. The following sections review some of the systems developed for
locating faults in high-voltage and distribution networks, and in turbine-generators.

2.1 High-voltage network systems

2.1.1 The blackboard approach

Talukdar et al. (1985, 1986) developed an expert system called TOAST for diagnosing high-voltage
network faults. In TOAST, a distributed problem solving approach and the blackboard model are
employed. Problem-solvers for diagnosing network faults can communicate through the blackboard
of the system. Also through the blackboard, power system operators may interact with a number of
programmed problem-solvers consisting of the economic-dispatchers, state-estimators and load-
flows for decision making in a power control centre.

There are three different problem-solvers in TOAST: the Discrete Event Simulator, the Diagnos-
tician and the Matcher. Given the pre-faulted configuration of a power network and a disturbance,
the Discrete Event Simulator predicts the train of events as the result of the disturbance and the
post-fault network configuration. To make the prediction possible, knowledge about the protection
of the network including misoperating schemes, primary and back-up protection schemes and the
effects of the protection signal path are encoded in the simulator. The simulator also contains in-
formation about the protected network, a clock, an event calendar and a demon. The clock's unit of
time is 1/60 s. The event calendar contains an automatically compiled list of times at which events
are expected to happen in the network. The demon is designed to modify the descriptions of
network devices to simulate misoperations. This simulator has about 250 production rules and is
implemented in OPS5 (Brownston et al., 1986).

The Diagnostician in TOAST is an expert system which suggests different possible causes for a
fault and ranks them according to their likelihood for a given pre-fault and final states of the circuit-
breakers and relays in the network. It is a rule-based system written in OPS5 with about 150 rules.
The third problem-solver of TOAST is the Matcher. It verifies the hypothesis by comparing the
simulation of the hypothesis of the Diagnostician with the actual post-fault state of the network.

2.1.2 A rule-based approach

While TOAST diagnoses transmission line faults and circuit breaker misoperations, Tomsovic et al.,
(1987) built an expert system to assist system operators to locate a fault on a section of a trans-
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mission line when automatic switching fails to maintain the power supply to the customers. The
expert system is based on the rule-based approach and is implemented in OPS83 on a VAX 11/780
system. OPS83 is employed because it is easier to interface with power system application programs
written in Fortran and it is faster than OPS5. The heuristic rules obtained from the operators in
Puget Operating Centre are grouped according to the tasks that the expert system requires to per-
form. The tasks consisted of alarm processing, forming and verifying fault hypothesis, proposing
test actions and suggesting fault solutions. The CPU time for executing the system is less than 0.5 s
half of which is spent for data retrieval from the database.

2.1.3 A Prolog-based production rule system

Using a Prolog interpreter (Clocksin & Mellish, 1984) as the inference engine, an expert system for
identifying faults on transmission lines was built by Fukui & Kawakami (1986). This system dia-
gnoses a single fault and multiple faults from the operating status of the protective relays and circuit
breakers. In the Prolog database, three databases are constructed. The first database holds facts de-
scribing the network topology and the connectivities of all the relays and circuit breakers. The func-
tional behaviours of the protection relaying schemes are encoded in the second database in the form
of Prolog clauses. The schemes include the differential protection for transformers, busbar protec-
tion, distance and differential protection for transmission lines, and back-up protection. In the third
database, operators' diagnostic rules and heuristics are stored and used as the inference rules.

The inference rules are separated into rule groups for the cases of: (i) a single fault, (ii) multiple
faults, (iii) special fault patterns and (iv) insufficient information due to failure of relay operations.
During the diagnosis process, if the single-fault rules fail to diagnose the fault, the multiple-fault
rules are invoked. When the diagnosis of multiple faults arrives at a contradiction, rule groups in
(iii) and (iv) are used. This expert system has the ability to find possible relay misoperations and
explain its results.

2.1.4 Combined general problem solving and rule-based system

Komai & Sakaguchi (1986) commented on the limitations of expert systems which diagnose power
network faults based only on the diagnostic rules in the knowledge bases. The limitations mainly
arise from the incompleteness and inconsistency in a knowledge base. The knowledge base is incom-
plete when some of the necessary diagnosis knowledge is omitted or the known knowledge is not
encoded. The knowledge base is inconsistent when some of the rules contradict one another. To
overcome these limitations, they proposed to combine a general problem solving (GPS) system with
the knowledge intensive system. When the knowledge intensive system fails to diagnose the fault,
the GPS system is then employed. The GPS system developed is similar to that of SOAR built by
Laird & Newell (1983).

2.2 Distribution network systems

The probability of faults in distribution networks is generally higher than in high-voltage networks.
As the customers are closer electrically to distribution networks, a fault must be identified and
removed as soon as possible so that the power supply can be restored. Wong et al. (1988) developed
a system called SHERLOCK for diagnosing power distribution ring network faults. SHERLOCK
consists of a fault diagnosis subsystem and a user-friendly interface subsystem.

The diagnosis subsystem is based on a logic model. The model is implemented using Prolog. The
description of the network topology and the fault-finding rules are in the knowledge base in the dia-
gnosis subsystem. In the knowledge base, a ring network busbar is represented by a node and a
feeder were represented by an edge. An edge is denoted by a Prolog term u + v where u and v are the
nodes of the feeders. The connectivity of these nodes is described by the " + " operator. A parallel
branch in a ring network is represented by a series of edges. This representation utilizes the associ-
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ativity of the " + " operator in such a way that a node, an edge or a combination of edges can be
extracted by the unification mechanisms embedded in Prolog. Circuit breakers are denoted by terms
having the form u-v and overcurrent relays are represented by the node names.

From the relations between the possible network faults and their fault symptoms, fault-finding
rules are established for diagnosing feeder faults, busbar faults and transformer faults. The effects of
defective batteries and misoperations of differential protection schemes are also accounted for in the
rules. The symptoms are given by the trippings of circuit breakers and overcurrent relay operations.
In the solution-seeking process, the network is searched using a recursive depth-first search pro-
cedure to find all the possible fault solutions.

The user-friendly interface subsystem is developed in the Smalltalk environment. It allows engin-
eers to interact with the fault diagnosis subsystem through the use of a mouse. From the specified
network configuration and fault symptoms, this interface subsystem displays in graphical form the
network and the fault solutions generated by the fault diagnosis subsystem. One interesting feature
of this diagnosis system is that it can also be executed in a "reversed" manner to find the related
symptoms when a fault is specified. This feature is particularly useful for the purpose of training
inexperienced engineers.

2.3 Turbine-generators

In the area of trouble-shooting in turbine-generator plants, in 1982, Gonzalez et al. (1986) started to
build an expert system for on-line diagnosis of turbine-generators. The system is implemented using
an expert system shell called Process Diagnosis System (PDS). This shell is built for sensor-based
on-line fault diagnosis for equipment developed by Fox et al. (1983) of Carnegie-Mellon University
Robotics Institute and Westinghouse Electric Corporation. It is written in Franz Lisp and it runs on
a VAX/780 computer.

The expert system resides in a central Diagnostic Centre. It communicates through modems with
the data centres located in the generating plants. In the data centres are stored the real-time sensor
inputs from the turbine-generators. From the sensor inputs, the expert system forward-chains the
rules in the rule base to evaluate the problem or the conditions of the turbine, generator, and equip-
ment and recommends some appropriate actions. It can explain how it arrives at its conclusions.

Sensor values over a period of time are also stored in the rule base. The accuracy of these values
are checked and verified by the sensor diagnosis rules in the rule base and by calling analysis func-
tions in a library. After the verification, certainty factors are assigned to the sensor inputs. The dia-
gnostic rules for the turbine-generator plant are established by interviewing several experts. A
diagnosis rule base developed for an 800 MW gas inner-cooled turbine driven generator has 900
rules which can identify 185 different conditions. These rules are supported by 102 on-line sensors.

3 Power system control

3.1 Reactive power and voltage control

Voltage levels in a power network are normally maintained by injecting or absorbing reactive
powers in the network system. Conventionally, computer programs based on linear programming
are used to solve the problems of reactive power dispatch in a network. However, Liu & Tomsovic
(1985) found that when the small voltage change occurs in one or two busbars in the system, some
empirical rules can be used to decide on the control actions on shunt capacitors, transformer tap
changers and generator voltages. They implemented an expert system for detecting the voltage vari-
ations and recommending appropriate control actions.

The expert system is rule-based and is implemented in OPS5. It has two rule bases. The first rule
base consists of 12 rules. They detect slight violations of the voltage limits, suggest control actions
and check for voltage violations that local and neighbouring control are insufficient to alleviate the
problems. The second rule base has 16 rules for checking and classifying the severity of the voltage
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problem. When the problem is severe, a reactive power dispatch algorithm based on linear program-
ming is called. If the formal method cannot solve the problem, the operators are informed to use
nondisruptive control.

3.2 Blackout restoration

When a severe disturbance occurs in a power system, part of the system or the whole of the system
may blackout and the system is operating in a restorative state. Under these emergency situations,
system operators must derive plans for restoring the system. Due to the combinatorial nature of the
restoration problems, mathematical models are impossible to establish. Some of the developed
methods using an expert system approach are reported in the following sections.

3.2.1 A rule-based system

Sakaguchi & Matsumoto (1983) proposed a knowledge-based approach to solve the restoration
problems. The system developed is one of the first expert systems applied to power engineering.

In this Lisp-based expert system, transmission lines and busbars are represented by property lists.
Restoration knowledge from operators is encoded as production rules. A top-down inference
method is employed in the inference engine. The system first determines the restorable busbars and
transmission lines, and the available power sources. It then determines the restoration plan by res-
toring a source or a line step by step subject to the constraint that the lines in the network must not
be overloaded. To check the line overloading conditions, power flow in the network in each stage of
restoration is found by executing a DC load flow program called by one of the rules in the know-
ledge base. However, this system only deals with subtransmission network systems and it does not
check for voltages and stability of the power system.

3.2.2 A restoration guidance method

To alleviate the drawbacks of the above expert system, Kojima et al. (1989) suggested a guidance
method for the on-line generation of restoration plans and restorative procedures for bulk power
system when a blackout occurs. Using the knowledge engineering approach and from the analysis of
operators' restoration problem solving process, a model for the guidance method is formed.

In the model, there are two main procedures. The first is the construction of a new target system
by constructing a restoration plan. The line overload constraints are checked by executing a DC
load flow program and the stability constraint is checked based on off-line case studies. The second
procedure is to determine the restorative switching and load-dispatching operations for arriving at a
target system when there is a change in the state of the real system. The prototype based on this
model allows operators' participation in modifying the restoration plans and commanding the res-
toration actions which can be verified by the prototype using a simulation method.

The knowledge base of the prototype is implemented in OPS83 and is run on an engineering
workstation. It can access a power system database for information about the power system.
Analytical programs written in Fortran are linked to the knowledge base so that they can be called
when necessary. The user interface for communication between the operators and the prototype is
also written in Fortran. This prototype is now being tested by applying it to a real power system.

3.2.3 An approach based on object-oriented programming, production rules and blackboard model

To generate detailed restoration procedures taking into consideration of restoration operating tim-
ing, overloading and over-voltage constraints, and the availability of power imports from neigh-
bouring power systems, Kojima et al. (1989) developed an expert system for restoring bulk power
systems. The expert system is based on object-oriented programming techniques, production rules
and the blackboard model.
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In this system, generating plants, loads, substations and transmission lines are represented by
frames and they are processed using messages and methods in object-oriented programming. The
groups of frames are controlled by production rules which evaluate the transition times of the res-
toration operations.

The knowledge for creating restoration procedures for a substation is stored in a knowledge base.
This knowledge base acts as the first knowledge source which communicates with the blackboard of
the expert system. The other knowledge sources linked to the blackboard are for investigating the
possibility of operation at the device level of each substation when there are faulty equipment or
operation constraints in the substation. The first knowledge source is used to direct the expert
system to generate the restoration procedures.

The restoration procedures are generated by the expert system in two phases. The first phase is
the energizing phase. It determines the system energization policy and individual restoration opera-
tions taking into account of the change of the conditions in the power system. The second phase is
the load supplying phase. In this phase, the load supply policy is first created. Individual operations
are then generated in accordance with the conditions of the power system.

This expert system has been applied to the 500 kV bulk system of Tokyo Electric Power Co. with
36 power plants, 68 transmission lines and 48 substations. Currently the system has 350 frames, 11
production rules, 20 demons and 500 methods. The developers of this system are investigating the
possibility of integrating the system with an Energy Management System.

3.3 Determination of load block composition in wider-frequency load-shedding schemes

When underfrequency occurs in a separated electric network, blocks of load circuits are shed in
stages so that a balance of load and generation may be recovered and the nominal value of operating
frequency may be regained. One of the factors in the design of an underfrequency load-shedding
scheme is to determine the load circuits that should be dropped in the load block at each stage. In
the selection process, the constraint on the load block size and some heuristic criteria must be con-
sidered. Due to the nature of this problem, it is difficult to formulate mathematical models for it.
The problem is usually solved manually. Tsang & Wong (1988) proposed a logic programming
approach and they developed two methods for selecting the load circuits in a block. The first is a
"combinatoric generation" method and the second is a "selection filter method". The second
method has the advantage of easily incorporating the heuristic criterion of selecting circuits accord-
ing to their assigned priorities and the criteria that circuits of equal priority should have an equal
opportunity to be selected.

3.4 Generator scheduling

The generator scheduling problem is known in power engineering as the unit commitment problem.
It is an essential part of the problem of the economic operation and control of a power system. This
problem arises from the need to assure that a sufficient number of generators are in service at vari-
ous times of the day to meet the daily load demand and spinning reserve requirement. The main
problems of unit commitment can be summarized as:

a. The selection of generators to be committed or decommitted.
b. To find schedules which satisfy all the operational and network constraints.
c. To account for the non-linear characteristics of the generator units.
d. To determine the most economical generator schedule.

To find the optimal schedule, numerous algorithms have been developed. These algorithms are
based on dynamic programming, integer programming and branch and bound methods. In these
methods, simplified sets of constraints are used in the process of minimizing the fuel costs of the
generators. However, the non-linear ramp rate characteristics of generators and some operational
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constraints are either too difficult to be included in these methods, or the already large
dimensionality of the scheduling problem will be further increased.

3.4.1 An expert system approach

Mukhtari et al. (1987) developed an expert system to assist power system operators in scheduling
generators. The expert system acts as a post-processor to a unit commitment program based on dy-
namic programming. Together with the unit commitment program, the system resides in a main
frame computer. The expert system is used to guide the operators in adjusting the program control
parameters and input data to the unit commitment program. The input data also includes the opera-
tional constraints which are not accounted for in the unit commitment program.

The heuristics for changing the data are captured from an experienced operator and a unit com-
mitment programming expert. These heuristics are encoded in the knowledge base in production
rule form. The system is built on an expert system tool called ES and it can perform forward and
backward searches. It has been found that the expert system approach enables a better and opera-
tionally more acceptable solution schedule to be determined. Further work has begun to integrate
the expert system with the dynamic programming algorithm.

3.4.2 A heuristic search method

For scheduling generators to meet the rapidly rising load demand in the next day, the operator has
to determine the schedule manually. In the manual process, the operational constraints and non-
linear thermal generator ramp rates are considered. The manual process, however, is time-
consuming and tedious. To determine the thermal generator schedule between the lowest and the
highest load demand levels in a day automatically, Wong & Tsang (1989) developed a scheduling
algorithm. The algorithm is based on artificial intelligence search techniques and scheduling heuris-
tics.

In their algorithm, the scheduling problem is interpreted as a tree searching problem. Each level
of the tree corresponds to a fixed scheduling interval and the depth of the tree corresponds to the
scheduling horizon. The tree is expanded by selecting a generator when the load demand at the next
scheduling interval is higher than the power generation level. If the power generation level is higher
than the load demand, the tree is still expanded but no generator is selected. A node of the tree is
thus defined by the selected generator, or by an empty list denoting that no generator has been
chosen. In the expansion of a node in the tree, the generation capacity error given by the difference
between the load and the generation level is calculated. The path between the start node and a leaf
node of the tree gives a possible solution schedule. During the expansion of the nodes, the crew con-
straints are used to prune the invalid paths. The schedule with the minimum total capacity error is
adopted.

A depth-first search procedure is developed to search the tree and alternative solution schedules
are found by backtracking. To generate the "best" solution early in the solution seeking process,
available generators are selected dynamically according to some scheduling heuristics. The algor-
ithm is implemented using the CLP(R) interpreter (Heintze et al., 1987). The developed program
runs on a National Semiconductor Sys20 micro-computer system. Further work is undertaken to in-
clude in the algorithm the economic aspects of the scheduling problem.

4 Load and circuit allocations

In the monitoring and control of a power system, operators are required to allocate loads and cir-
cuits to the busbars in power substations so that high security of power supply to the customers can
be achieved. The allocation schemes are normally derived by the operators manually. To assist the
operators in solving these allocation problems, a software system developed based on artificial intel-
ligence techniques for allocating loads in distribution substations and a computational algorithm
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using the best-first search strategy for allocating circuits in subtransmission substations were de-
veloped by Wong & Cheung (1987, 1988). This work is outlined in the following sections.

4.1 Load allocation in distribution substations

The software system for the automatic determination of load allocation schemes in distribution
substations is based on the "generate and test" and the depth-first search techniques in artificial in-
telligence. The generator of the system generates all the possible allocation solutions using a formu-
lation developed on set theory. The generated solutions are evaluated by an evaluator which consists
of the operational constraints related to the busbar sections. The validity of the evaluated solutions
are then tested by checking the firm capacity constraints of the substations in the tester of the
system. By applying the "generate and test" method, feasible load allocation arrangements which
satisfy all the constraints can be obtained systematically and at a high computing speed by pruning
out invalid solutions.

The software system is implemented using Prolog and runs on an IBM/AT microcomputer. The
structure of the system has the flexibility that the solution process in the solution generator is in-
dependent of the structure of the substations. Changes are only made to the data in the database, in
the evaluator, and in the tester for different substations.

4.2 Circuit allocation in subtransmission switching substations

In this work, a general computational model for the automatic determination of circuit allocation
schemes in subtransmission substations is developed. From the studies of the allocation require-
ments of this allocation problem, busbar and circuit breaker fault indices are formed to grade the
possible allocation arrangements of a given group of circuits. The method for generating the load
allocation arrangements in section 4.1 is applied to generate allocation schemes of a group of cir-
cuits. Using the fault indices, allocation index trees for a number of groups of circuits are con-
structed for identifying and grading all the possible group allocation schemes.

Based on the fault indices of the groups, overall fault indices are derived for grading the possible
overall allocation schemes which can be found by combining the allocation schemes of all the differ-
ent groups of circuits. From the overall indices, an overall allocation index tree is constructed. The
group allocation and overall allocation index trees are then used to define the best-first strategy. A
best-first search procedure implementing this strategy is developed to determine the best overall
allocation arrangement. In the procedure, the validity of the schemes are checked against the con-
straints arising from the islanding of the busbar sections under emergency situations.

The best-first search procedure developed is fast. The expansion of the overall index tree is
limited to a single path at any one time using the depth-first search method. This method also elim-
inates the combinatorial explosion of the solution space. The computational model is implemented
using Prolog on an IBM PC/AT computer.

5 Power system planning

5.7 Loadflow planning

During the planning and the operational stages of a power system, it is required to determine the
voltage levels of the network nodes, the power flows in the transmission lines and the amount of
power generation in the generators in the power system under steady state operating conditions. It is
also required to predict the stability of the system when some unplanned disturbances occur in the
system. The first requirement can be met by executing a load flow program and the second can be
fulfilled by executing a stability program.

In load-flow planning, the planning engineers execute the load-flow program repeatedly by
changing the input data until satisfactory operation condition is achieved. To automate the plan-
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ning process, Fujiwara et al. (1985) built a ruled-based expert system acting as an intelligent load
flow engine on a scientific personal workstation, Apollo DN420. The workstation is interfaced with
a mainframe computer in which power system data and power system analysis programes are held.

From the initially allocated generator loadings and load demands, the load-flow program is exe-
cuted and a solution is obtained. The expert system then checks for any overloading condition of
transmission lines. It re-allocates the generator loadings according to the planning rules in the
knowledge base to remove any line overloading conditions. The system also checks on the over- and
under-voltage conditions at the busbars. If the voltage constraints are violated, the planning rules in
the expert system adjusts the voltage levels using reactive power compensation.

One feature of this system is that it has a sophisticated user-friendly interface. The power system
network can be displayed graphically. In the displayed network, overloaded transmission lines and
busbars violating the voltage constraints are identified. However, the explanation capability of the
system is limited to answering "how" questions only.

5.2 Generation expansion planning

In the area of generation expansion planning, Farghal et al. (1988) proposed an expert system
approach for the determination of the most economical and reliable generation expansion plans to
meet the predicted load growth over a horizon of 5 to 30 years. To account for the economical and
technical aspects of generation expansion planning, the developed expert system is linked to plan-
ning models consisting of the financial model, simulation model of the generation system, produc-
tion-cost model and environmental model.

Farghal et al. defined each state in the state space of the planning problem by the forecasted
random variables. These variables represent the uncertain events which may occur within the plan-
ning horizon. The random variables are represented by their probability distributions. For each
state, there is a decision tree modelling the decision variables of the generation planning process.
The decision variables are the variables which the power utility can control. Possible generation
expansion plans for a state are represented by the paths of the decision tree.

The task of the expert system is to manage the planning process. It uses the rules in the knowledge
base to prune the uneconomical and infeasible solution paths on a decision tree. Selected feasible
solution paths of all the states are stored. The path of minimum total weighted present worth is
selected as the optimal solution plan. The expert system can also generate and recommend a variety
of plans with respect to all states.

The expert system is implemented in Pascal and it runs on an IBM PC/AT microcomputer. It has
been applied to produce generation expansion plans on a 10 year planning horizon for an Egyptian
generation system which currently has 115 generating units.

5.3 Distribution expansion planning

Chen & Hsu (1989) developed a Prolog-based expert system to assist planning engineers to develop
distribution expansion plans. The expert system is a ruled-based system. Given the location of a new
substation and other system data, the expert system first identifies all the feasible load switching
patterns by which loads can be reallocated to the new station. For each of the pattern, it finds the
load reallocation plans together with their system losses, investment costs and reliability indices.
Infeasible plans are pruned by the use of heuristic rules related to the constraints on the substations
and feeders.

The generated plans are divided into two groups. The plans in the first group have the least dis-
tribution system losses and those in the second group have the least investment cost. It has been
found that the plan with minimum power loss has better service reliability than that with minimum
investment cost. By also considering the balance between the investment cost and reliability, the
political and social issues, planning engineers finally decide on the most appropriate plan to be
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adopted. The expert system has been applied to plan a new substation in a distribution system of
the Taiwan Power Co.

6 Summary and conclusions

6.1 Summary of work to date

Although the research in applying artificial intelligence and expert systems in power engineering is
new, much work has been carried out and the research and development in this area is still going on
strongly. The survey of this paper is by no means exhaustive, but it has provided a review of repres-
entative expert systems and algorithms based on artificial intelligence developed for solving decision
problems in power systems. Table 1 summarizes the systems surveyed. While most of these systems
are mainly prototypes, the system for turbine-generator fault diagnosis in section 2.3 has been in
operation and the blackout restoration systems in sections 3.2.2 and 3.2.3 are to be linked to real
power systems.

The majority of the developed systems tabulated in Table 1 is in the areas of power network fault
diagnosis and blackout restoration control. Some work has also been carried out in power system
planning, load and circuit allocation, voltage and reactive power control, load shedding and genera-
tor scheduling. In addition to the areas above, there are other areas in power engineering that arti-
ficial intelligence and expert systems can be employed. Some of these areas are:

• identification of network topology
• power network state estimation
• economic power dispatch
• steady-state and transient stability assessment
• distribution automation
• plant and equipment maintenance scheduling
• generator, transformer and transmission line design
• load forecasting
• electricity pricing
• system operation simulator

The techniques employed in the reviewed work consist of the rule-based expert system approach,
distributed problem solving approach, general problem solving approach, blackboard model, logic
model, logic programming, object-oriented programming and search methods including depth-first
search, breadth-first search, best-first search and heuristic search. Methods of knowledge
representation adopted are production rules, first-order logic, and frames.

The rule-based expert system approach is widely adopted in the work surveyed. Its flexibility and
modularity allow the incremental development of the expert systems and improvement on the
knowledge in the knowledge bases when new knowledge is gained from new events in the problem
domains. The blackboard model together with the distributed problem-solving approach provide a
powerful means to incorporate knowledge from different sources. The sources can be problem-solv-
ing heuristics, power system database or analysis programs. The systems based on logic and logic
programming demonstrated their suitability for building expert systems and solving combinatoric
problems by logic programming methods. The frame representation of power system components
and object-oriented programming give a highly structured way of organizing system data for
reasoning and processing.

From evaluations of the developed systems by practising power engineers, it has been found
that the expert system and artificial intelligence approaches provide a powerful means to develop in-
telligent software systems for assisting planning and operation engineers to solve various power
engineering decision problems. The power engineers are beginning to recognize the importance of
the application of artificial intelligence so they are now sponsoring and organizing specialised con-
ferences. Examples of conferences are the First International Symposium for Demonstrations of
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Expert System Applications to the Power Industry sponsored by Hydro-Quebec held in May, 1989,
in Canada, the Working Conference on Expert Systems in Electrical & Power Systems, organized by
Socie'te' des Electriciens & des Electroniciens within the framework of the Avignon '89 Conference
held in May, 1989, in France, and the Second Symposium on Expert System Application to Power
Systems organized by University of Washington and Puget Sound Power and Light Company,
USA, held in July, 1989.

6.2 Current and future trends

As shown in the surveyed systems, ruled-based expert system shells like EL, OPS5, OPS83, and PDS
together with artificial intelligence programming languages Lisp and Prolog have been used for de-
veloping expert systems and artificial intelligence programs. As power systems have complex struc-
tures and their decision problems are complicated, advanced expert systems shells are needed to
meet the various requirements in representing power system components and structures and to con-
trol the inference mechanisms. For immediate development work, expert system shells can be useful
tools. Hybrid tools such as Knowledge Engineering Environment (KEE), Knowledge Craft (KC)
and Advanced Reasoning Tool (ART) offer convenient and helpful software development environ-
ments for developing knowledge-based systems for power system planning, control and operation.
They provide different reasoning mechanisms and their friendly user interface systems enable im-
portant information and results to be displayed graphically.

However, the existing expert system shells are not specifically developed for use in power system
monitoring and control. More advanced software tools are required. These tools may be built on
top of existing tools and they should be fast and efficient for on-line power system operation control.
The advanced tools should be able to:

• integrate easily with the energy management systems
• generate and modify power network configurations and display them graphically
• accommodate various methods of knowledge representation
• create knowledge bases for different power system analysis and control applications
• link efficiently with numerical analysis programs
• incorporate and control different inference mechanisms including those which have the ability to

reason about time dependent events and deal with uncertainty
• provide adequate explanation facilities.

In addition, future tools should have low memory requirements and their execution time should be
short. These can be achieved by using more advanced hardware equipment which perform inference
efficiently.

Almost all of the work surveyed has been sponsored or supported by power companies. This
shows that the power industry is very interested in the artificial intelligence and expert system tech-
nology. Apart from sponsoring conferences, currently some power engineering organizations con-
duct investigations on the application of expert systems in power. In Australia, the Australian
National Committee of CIGRE (International Conference on Large Electric Systems) has set up a
joint sub-panel within the panels of power system analysis and techniques, and power system opera-
tion and control for this purpose. This subpanel will recommend research direction in this new area
to the Australian Electrical Research Board which funds research projects related to power engin-
eering in Australia.

6.3 Future research and development themes

The present review shows that the expert systems developed have limited explanation and know-
ledge acquisition capabilities. Improvement on these capabilities and the development of systems
which can learn from past events are two topics for further research. Research and development
efforts should also be directed to incorporate inference methods for reasoning with uncertainty and
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with time varying data and events in expert systems for power applications. In addition, work on
applying artificial intelligence and expert systems to areas which have not been attempted should
be carried out. Some of these areas have been summarized in section 6.1.

Another important theme on the future research and development in the application of artificial
intelligence to power engineering particularly in the area of real-time monitoring and control
application is the development of advanced software tools and hardware equipment. Some of the
main features of future advanced software tools have been listed in the last section.

To advance the development, close cooperation between practising engineers, knowledge engin-
eers, power system research workers, and artificial intelligence technology suppliers is essential. One
of the ways to achieve the required co-operation is to set up a team of engineers specially devoted to
work on expert systems in power within the power authorities. These engineers are responsible for
liaising with the research engineers who have sound knowledge of power system modelling and
analysis, the experienced engineers who are experts in power system design, planning and
operation, and the knowledge engineers who have deep knowledge about expert system tools and
expert system development. In this way, ideas from the various groups of experts can be pooled to
build expert systems and to develop advanced expert1 system tools for the needs of power
engineering.
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