Agent-Oriented Approach to Work Order
Management for Circuit Breaker Maintenance

X. Xu, Sudent Member, IEEE, M. Kezunovic, Fellow, |IEEE, and D. Wong, Member, |EEE

Abstract—Compared with Object-Oriented Programming,
Agent-Oriented Programming provides higher level abstraction
and encapsulation. The software agents are autonomous entities
with abilities to adapt the changing environments. An example of
carrying out a circuit breaker maintenance work order has been
used toillustrate the flexibility and advantages of Agent-Oriented
Programming.

Index Terms--Circuit breaker, maintenance, monitoring, agent,
power systems, substations, distributed processing.

|. INTRODUCTION

IRCUIT breakers play a crucia role in power network

switching aimed at facilitating both the routine network
operation as well as protection of other devices in power
systems. To ensure circuit breakers are in healthy condition,
periodical inspection and preventive maintenance are
performed. Maintenance crews typically carry out the tasks of
inspecting and testing circuit breakers manually after a work
order is issued. The decision about the time intervals for the
testing and inspection, as well as the details related to the
maintenance and repair tasks are based on some standards [1-
3] or obtained using a maintenance management solution such
as Reliability Center Maintenance (RCM) software [4].

Prior to issuing the work order, and during the maintenance
or repair work, the information distributed across the utility
and stored using different data formats may have to be used.
Once the tasks are done, there is a need to file reports and log
the maintenance activities. Due to the heterogeneous and
distributed property of the information sources, the current
information exchange methods involved in the maintenance
management practices still require human interference and are
thus paper-based. This information exchange method may take
both the maintenance crew and the management personnel a
considerable amount of time. A new method that can facilitate
the whole process of searching the information needed for
issuing a work order, verifying availability of the spare parts,
and scheduling the work as well as automating the reporting
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and logging processes after the work is done is desired. The
new method should be capable of handling heterogeneous
information sources and providing security support for
working on public networks. It should also have more flexible
structure and more intelligence than the software solutions
usually used, therefore it can achieve the functions that the
current techniques cannot.

Software agent technique provides a flexible framework for
distributed applications. Software agents can travel securely
through the internet/intranet to the computers where the
information is located. Software agents are self-upgradeable,
therefore it is relatively easy to implement applications and
have different types of workflow based on the same set of
information sources. Also, it is natura to add certain
intelligence into software agents and therefore they can act on
behalf of the user in some cases. With features to support
distributed processing, multi-agent collaboration, intelligence
for reasoning and planning, and more friendly user-interface,
software agents may be a good candidate for the next
generation information exchange and management systems.

In this paper, we considered how software agents might be
applied in the scenarios of circuit breaker maintenance from
the viewpoint of facilitating the tasks of the management
personnel and the maintenance crews. Different from our
previous work [5,6], the new approach is totally agent-
oriented. This new point of view may provide an even more
flexible software structure and more user-friendly interfaces.
At firg, the problems of circuit breaker maintenance are
reviewed, following by a brief introduction to software agent
technique. After that, the new agent-oriented approach is
discussed and a work order agent is implemented as an
example. The benefits are summarized at last.

Il. CIRCUIT BREAKER MAINTENANCE TASKS

The circuit breskers consist of the interrupter assembly
(contacts, arc interrupters and arc chutes), operating
mechanism, operation rod, control panel, sealing system, and
breaking medium (SF6, oil, vacuum and air). To ensure the
performance of acircuit breaker, al the components should be
kept in good condition, therefore time-directed preventive
maintenance has been widely adopted. The preventive
maintenance tasks include periodic inspection, test, and
replacement of worn or defective components and lubrication
of the mechanical parts. The maintenance intervals are usually
determined using experiences or following the recommended



schedules provided by the vendor or standard [1].

The maintenance practices can be divided into three
categories: corrective maintenance, preventive maintenance,
and predictive maintenance [4]. The different strategies are
summarized in Table I. Each maintenance strategy has its own
advantages and disadvantages, and thus most suitable
application scenarios. A systematic solution is to utilize the
Reliability Centered Maintenance (RCM) methodology. It
performs analysis of the failure modes and the cause-effect
impacts on the devices as it tries to find which strategy is the
most cost-effective and appropriate for an application. The
result of utilizing the RCM techniques and tools will be an
optimal maintenance schedule for a specific application
scenario.

TABLE|
MAINTENANCE STRATEGIES
Strategy Description
Run-to-failure The repair and restoration of equipment or
maintenance components that have failed or are malfunctioning
(Corrective, and are not performing their intended function
repair only)
Time-directed The periodic and planned maintenance actions taken
maintenance to maintain a piece of equipment within the expected
(Preventive) operating condition. It extends the equipment life and
is performed prior to equipment failure to prevent it.
Thisincludes technical specification surveillance, in-
service inspection, and other regulatory forms of
preventive maintenance
Condition- The continuous or periodic monitoring and diagnosis
directed in order to forecast component degradation so that as-
maintenance needed planned maintenance can be performed prior
(Predictive) to equipment failure. Not all equipment conditions
and failure modes can be monitored; therefore,
predictive maintenance must be selectively applied.

The location of the information needed to perform
maintenance can be the enterprise maintenance system, the
substation data concentrators and the maintenance crew’s
compulter.

The information about the spare parts, test procedures,
historical maintenance records, and instruction manuals, etc. is
typically accessible in the enterprise maintenance system.
Also, the enterprise maintenance will usually utilize a RCM or
conventional maintenance scheduling system to generate work
orders. The work orders indicate when and where to perform
what kind of maintenance on what devices.

The information about the substation equipment may be
retrieved from the substation computers or data concentrators.
With the introduction of continuous monitoring of circuit
breakers, the real-time data becomes available in the substation
concentrators for further accessing. The continuous monitoring
instrument may measure the coil current profiles and timing of
the circuit breaker switching during the normal operation. The
condition of a circuit breaker can be assessed using some
signal processing and artificial intelligence techniques. In this
way, the time-directed preventive maintenance may be
replaced by condition-directed predictive maintenance. The
real-time data in the substation concentrators is also a useful
complement to the historical information stored in the
enterprise maintenance system. The data may be utilized to

automatically update or populate the enterprise maintenance
database.

The maintenance crew may have the inspection or test
report stored on a mobile computer. Also, the crew may need
to update the status of the work order stored on the computer
as well.

Since the maintenance information is distributed among
different systems, a software technique that has the flexibility
of interfacing with multiple heterogeneous information
systems is desired. The software should have the following
characteristics to meet the maintenance information exchange
requirements:

e Security support (encrypted data transmission, user
authentication and authorization)

»  Efficient network bandwidth usage

* Robust and fault-tolerant communication over unreliable
environment and portable persona communication
devices

» Ability to integrate with heterogeneous systems
Automatic software update to ease the user burden

During the whole maintenance workflow, from issuing the
work order to completing the work order and filing reports,
some tasks such as checking the availability of circuit breaker
parts, recording the current circuit breaker status, etc. can be
automated. Those kinds of works should be taken care of by
the software to save the time of the maintenance crew and
prevent human errors. Also, the software should be adaptive to
the environment. For example, when certain parts are not
available, the software should be able to change the original
plan. Those preferences imposed on the software will require
the software having certain intelligence.

The maintenance management systems and the maintenance
crews may prefer some higher-level aid. The software should
have:

*  Ability to check the feasibility of a certain task

e Ability to plan the next step

«  Ability to adapt to changing environments

I1l. AGENT-ORIENTED PROGRAMMING

A software agent is defined as "an autonomous process
capable of reacting to, and initiating changes in, its
environment, possibly in collaboration with users and other
agents' [7]. A typical software agent is shown in Fig.1. The
agent reacts on the input percepts and may create output
actions. The percepts will come from sensors or other agents
or systems. The actions may be used to drive some effectors or
communicate with other agents or systems. The program will
control the agent according to the internal status. The
knowledge and algorithms of the agent will affect its decision
process. Better algorithms and more knowledge usually will
give an agent better chance when competing with other agents.

Software agents may also be able to provide friendlier user-
interface [8]. How to implement an efficient user-machine
interface is not an easy problem. Agent techniques may



provide a promising solution.

Input

perceptls Knowledge Base
e
h
M~ —

Control

actions —

47 ;/
Algorithm Lib
;/

Fig. 1. A typical software agent

Compared with objects, one basic characteristic of software
agents is autonomy, which means agents can exist
independently. This autonomy usually requires the agents to
act reactive or proactive and thus have abilities for reasoning,
planning, or even learning. Software agents provide higher
level abstraction and encapsulation, and they are generally
more intelligent and more adaptive.

While objects are the basic modeling units in Object-
Oriented Programming (OOP), software agents will be
exclusively used to model the physical world in Agent-
Oriented Programming. The basic idea of OOP is to
encapsulate the implementation details inside objects, thus
achieving more flexible software structure. Unlike in OOP,
where the objects only provide services and are usually
passive, the agents are autonomous and usually active. Agents
may initiate actions when necessary and often possess certain
intelligence.

For example, in the cases of circuit breaker maintenance, we
can represent a Work Order (WO) as an object. The Work
Order (WO) object may expose several methods to update its
status, log final results, etc. An outside process will be in
charge of creating, manipulating and destroying the WO
object. Usually the outside process will model the workflow of
carrying out awork order. The reasons that we do not build the
workflow into the WO object are: (1) In general, objects are
passive and only act as servants. (2) The whole workflow may
involve many other objects and must be adaptive to the
environment. It is difficult to achieve this by OOP. If utilizing
Agent-Oriented Programming, a Work Order (WO) agent can
be used to model not only the description of the work order but
also the procedures to carry out the order. The procedures can
be described using rules or predicate logic and will be
interpreted at runtime. Since the rules or logic can be updated
dynamically, the agents can adapt to new procedures and
Situations easier. No additional steps of compilation and
deployment are required.

It is possible to implement software agents using any
programming language (e.g. C/C++, Java). For example, we
can create an agent using C++ language and embed a copy of
CLIPS engine inside the agent. The workflow will be
described using IF-THEN rules, and the agent will find out
what is the next action based on the rules and the current

gtatus. Although we can use any language to build software
agents, some languages are more suitable than others. Java
language is such a language due to its cross-platform support
and standard programming libraries. Several software agent
systems, which are built using Java, are Concordia [12],
Voyager [14], and JADE [15].

There are dtill some problems in Agent-Oriented
Programming. First, there is no universal format for
knowledge representation. Usually the choice of the
knowledge representation is domain specific. Agents from
different domains will have difficulties to exchange
knowledge. Second, software agents built using different agent
system may not be able to communicate with each other due to
the different communication protocol or message formats.
There are some efforts of standardization under going. For
example, the Knowledge Query and Manipulation Language
(KQML) has been proposed for exchanging information and
knowledge among agents [9]. And the Foundation for
Intelligent Physical Agents (FIPA) was formed in Europe in
1996 aiming at producing standards for the interoperation of
heterogeneous software agents [10]. Several implementations
compliant to the FIPA specification are JADE [15], FIPA-OS
[16] and Zeus [17]. Also, the newly proposed Java API for
agents — JSR87 [11] is based on FIPA and will supersede
FIPA. Third, unlike many tools in existence for supporting
Object-Oriented Programming, the development tools for
Agent-Oriented programming are almost non-existent.

IV. APPLICATION EXAMPLE

The application scenario is shown in Fig. 2. Three
computers are used to represent the enterprise maintenance
system, the substation concentrator and the maintenance crew
respectively.
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The enterprise maintenance system may contain the
maintenance history database, the RCM system, warehouse
inventory system, and other information. The substation



concentrator is in charge of collecting data from the sensors
installed on the circuit breakers. Some analysis software may
be running and a status report describing the circuit breaker
operation can be generated. The maintenance crew uses a
mobile computer to access the information and prepare report
utilizing mobile software agents.

In our previous work [6], the mobile agents are mainly used
to address the problems of a distributed, heterogeneous
information retrieval. A prototype system with a Graphic User
Interface has been built to demonstrate the advantages. The
primary advantages can be summarized as (1) low network
bandwidth consumption and unlimited system extensibility.
(2) support of multiple platforms, and (3) reliable and secure
transmission.

Merely viewing agents as another type of information
retrieval tools does not utilize all their potentials. For example,
the users are still supposed to drive the maintenance workflow
to fulfill a work order. They have to decide when to retrieve
what information or what is the next place to go. Also they will
usualy need to update the plans according to the changed
situations. For an inexperienced worker, who is not yet very
familiar with the whole workflow, a software assistant that can
aid the whole process is desired.

We have utilized Agent-Oriented Programming to re-
implement some of the circuit breaker maintenance scenarios.
A work order agent is used to represent the actual maintenance
task. Once created, the work order agent will be in charger of
driving the whole maintenance workflow util it is finished. The
maintenance crew no longer needs to plan for the steps to
fulfill awork order.

Concordia [12] is selected as the supporting mobile agent
platform. Jess [13], a Java implementation of CLIPS, is chosen
as the embedded inference engine. The evaluation versions of
both Concordia and Jess can be downloaded from the Internet.
Jess is free for non-commercial use. We aso have
implemented a Java interface for CLIPS, which provides
another option.

An example of maintenance workflow is givenin Fig. 3.

Issue awork order

v

Check work order feasibility

v

Assign tasks to maintenance crew

v

Pick up test equipment or parts

'

Perform maintenance work

'

File corresponding reports

Fig. 3. An example of maintenance workflow
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Usualy, the work order is issued by a maintenance
management system. It will depend on the types of
maintenance practices that have been adopted. Once an order
isissued, the feasibility of the work order will be checked. For
example, if a certain maintenance task requires replacing some
parts, then those parts must be available. Otherwise, the work
order must be pending and waiting for the parts arriving. Then
the work order will be dispatched to an available maintenance
crew. After receiving the order, the crew may need to pick up
some testing equipment or parts before going to the substation
to perform the actual maintenance work. After the maintenance
work is done, some reports may be required.

We use IF-THEN rules to model the workflow of Fig. 3.
The antecedent part of the rule gives the requirements to
accomplish one step of the workflow, and the consequent part
defines the actual action of the step. An example rule is given
inFig. 4.

(defrule rule_task_assignment
(maint_task ?task $?param)
(feasible ?task)
(available_crew ?crew)
=>
(printout t "assigning " ?task " to " ?crew crlf)
(agent_func assignTask ?task)

)

Fig. 4. An examplerule

When all the conditions of a rule are satisfied, the rule will
be fired and new actions will be taken, which may bring the
workflow to the next stage. If one or several conditions are not
met, no rule will fire and the agent will wait for outside events.
By subscribing to events of interest (e.g. new-parts-arrived,
work-order-finished), the agent will be able to drive the
workflow asynchronously. How the rules control the behavior
of the agent is shown in Fig. 5. The software agent provides
callback functions to the rule base for controlling its actions.
Events are in fact a type of environment perceptions of the
software agent.
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Fig. 5. Interaction between rules and agent

A. Issuing a work order

The enterprise maintenance system will create a work order
agent for dispatching a work order. The work order will first
try to locate an available maintenance crew from the crew list
and communicate with other work order agents. If all
maintenance crews are busy with other work orders, the



current work order agent will subscribe to the Work-Order-
Finished events at the event server and then enter the “sleep”
status. When a maintenance crew finishes its task, the
corresponding work order agent will return to the maintenance
system and notify all the subscribers of the Work-Order-
Finished event. Then the work order agent that was in a
“deep” status can begin to enter the “ready” status.

In an ideal case, the maintenance crew should have a
personal agent, which is in charge of arranging its schedules.
And the work order agent should check against the crew's
personal agent for its availability. In the demonstration system,
we simply assume a maintenance crew is always available for
work.

After selecting a maintenance crew, the work order agent
will notify it about the work order. Also the agent will record
the name of the crew. When other agents query about the
availability of the crew, the agent will be able to give a correct
answer.

B. Driving the maintenance wor kflow

When the work order agent is created, the name of the
workflow rule-base is provided to the agent. With the
knowledge about the maintenance workflow, the agent knows
the procedures to finish the given work order. Therefore, the
agent will be in charge of driving the maintenance workflow.

First, according to the type of the maintenance task, the
agent may need to check the availability of the parts of a
certain circuit breaker model. The agent will check each
warehouse until the required parts are located. The checking
order of the warehouses is decided according to the distance to
the circuit breaker and maintenance crew. If the required parts
are not available, the work order agent will enter “sleep” status
and subscribe to the Parts-Arrived events at every warehouse
event server. The work order agent will release its maintenance
crew due to the inability to push forward the workflow. When
the parts arrive, the agent will receive the notification and it
will try again to find an available maintenance crew.

After the agent travels to the maintenance crew computer, it
will also provide driving directions to the warehouse and
substation along with maps to the crew. The crew will pick up
the parts and then drive to the substation.

After the crew arrives at the substation, the agent can show
the maintenance crew the one-line-diagram of the substation.
The agent may retrieve the diagram from the enterprise system
or from the substation concentrator. The agent will also
display the information about the circuit bresker to be
maintained. The information includes model, maintenance
history, etc.

More importantly, the agent will show the recommended
procedures for maintenance. The agent will try to retrieve the
procedure description from the enterprise maintenance system.
If some video (or audio) recordings about the maintenance are
available, the agent can play the video to the crew. Also, the
agent can check the experience level of the crew. If the crew is
very experienced, the display of the maintenance procedure
may be skipped.

If the recording device is available, the agent can begin to
record the maintenance process when the crew commands it.
The video can be used later to instruct new workers.

C. Completing the work order

When the order is finished, the work order agent can help
the maintenance crew to prepare reports. Usualy, the formats
of the reports are standardized in a company and the agent can
automatically fill most of the information in the reports.

The work order agent will return to the enterprise
maintenance system and submit the report. Also, it will notify
the event server with a Work-Order-Finished event. Then the
work order agent will destroy itself and its life-span will end.

V. CONCLUSIONS

Agent-Oriented Programming has been used to implement a
software agent capable of assisting the maintenance crew in
performing circuit breaker maintenance. The agent uses rules
to model the maintenance workflow where the workflow is
driven by events.

The agent-oriented approach provides more flexible
software structure by higher level of abstraction and
encapsulation. Since the modeling is much closer to the real
world concepts, the software becomes easier to understand.

Software agents are more adaptive to the changing
environments. By subscribing to the events of interest, the
agents can be notified timely and act accordingly. The rules
are interpreted by the embedded inference engine and can be
updated and changed dynamically.

The agent-oriented approach can provide higher level aid to
the maintenance crew. By integrating artificial intelligence,
agents can guide the crew during the whole maintenance
workflow.
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