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(ABSTRACT)

As necessity for improvement in system operation demands the implementation of
distribution automation, design of the protection system becomes more involved. Several
goals of distribution automation -- improved customer reliability, reduced systems losses,
and balancing of substation loading -- are dependent on the ability to perform automatic
circuit reconfigurations. A prerequisite for implementing automatic circuit reconfiguration
is that the protection system design must operate properly for all configurations.

An integrated expert system for the protection system design of interconnected
distribution circuits has been developed using the DANE engineering workstation. The
expert system incorporates the basic requirements and guidelines as specified by IEEE for
protection system design. The expert system uses a relational database management
system, integrates system data, and provides a graphical user interface. The expert system
incorporates both procedural and declarative, or query, operating modes. Rules dealing with
the coordination, placement and selection of protective devices are presented that are used
to dynamically, incorporate expert knowledge into the knowledge base. The protection
system designer controls which rules are implemented in the design.

An example protection system design is presented using the integrated expert

system developed for DANE. The example problem consists of three interconnected



distribution circuits. Dynamic knowledge, created by the expert system from the rules and
system data, is used in the design. System data is presented pertaining to the circuits along
with the created dynamic knowledge. The implemented rules dealing with the coordination,
placement and selection of protective devices are presented, along with all associated
parameter values. The final protection system design and results are presented in a

research report.
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CHAPTER 1

Introduction

Electricity is supplied to a variety of customers via a complex network. The majority
of electricity is produced at large generation plants by various methods with the most
common methods being fossil, nuclear and hydro. These generation plants are centrally
located along major waterways and fuel sources. Electricity must be supplied from these
generation sites to customers by way of the electric network. The overall electric network is
generally viewed as two distinct operational systems.

A portion of the network transfers electricity from the generation sites to substations
that are dispersed locations in the network. This part of the electric network is commonly
referred to as the transmission operation level. The transmission level is characterized by
the two features of high voltage levels, from 135 KV up to 765 KV, and meshed, or looped,
circuits. The high voltage levels tend to reduce systems losses, and the meshed circuits
facilitate multiple paths to supply loading at substations.

From the dispersed substations the electrical system supplies electricity to the
customers. This portion of the network is commonly known as the distribution operation
level. Two distinet features of a distribution system are lower voltage levels, usually from
135 KV down to 4 KV, and radial circuits. Conductor sizes and safety concerns mandate
lower voltages at the distribution level. Distribution circuits are radial in nature which
implies no loops are present in the system. During operation only a single source at the
substation supplies all customers attached to a radial circuit. This radial structure of the
circuits is primarily due to the costs and load dynamics. The construction costs for radial
circuits are much cheaper than those for meshed circuits.

The reliability of supply to a customer is of major importance, since the industry is a

service oriented sector. Reliability is a qualitative measure of how efficient the utility is in



maintaining a constant power supplied to its customers. The electric power system network
in United States has been rated the most reliable worldwide [1].

The reliability of the power industry to supply electricity is due in large part to the
performance at the distribution level. Most end-use customers are supplied through local
distribution systems or utilities. These utilities are responsibility for maintaining a reliable
supply of electricity to its customers over its distribution circuits.

The reliability of any electrical power system is dependent largely on the proper
operation of its overcurrent protection system [2]. The proper operation of the protection
system is dependent upon its overall design [3]. For example, if a fuse blew every time a
temporary fault occurred on a line then customers would experience longer outages, and
reliability would be worse due to an improperly designed protection system. The planning
process involved in the protection system design ultimately determines how effectively the
protection system design responds and operates during periods of overcurrents on the
system.

The designers of overcurrent protection systems for electrical distribution circuits
confront numerous problems. These problems must be addressed if the design is to properly
function. Reference 4 notes this design process "is part science and part art." Numerous
decisions and tradeoffs exist in the process which leads to the artwork in the design. For an
electrical circuit, multiple protection system design schemes will exist that perform the
intended function.

The design of the protection system involves both the collection and analysis of
various data about the distribution circuits. Data from fault analysis, power flow, and
protective devices along with the circuit configurations of the distribution system must all be
collectively used in this design. Manuals on standard practices and approaches have been

written by both organizations and manufacturers that address the design process [1,5,6,7]. A



wide variety of workshops are conducted to assist and educate the protection system design
engineer. These workshops provide background notes, standard practices among utilities,
and typical device operational data to use as reference data by the engineer [4].

It is not uncommon, particularly among the smaller utilities, for a single person to be
solely responsible for designing protection systems. This type of situation produces human
experts in protection system design purely from their experience gained over the years. The
major disadvantage of this arrangement is when the human expert retires or leaves the
company.

The function of a protection system is to protect both the general public and the
electrical system equipment [8]. When faults occur on the electrical system, the protection
system must be able to take corrective actions. This prevents both damages to the electrical
equipment and human exposure to dangerous conditions. If overcurrent system faults are
not cleared, tremendous damage can be inflicted on the electrical equipment components of
the circuit, or worse human fatalities may result from contact with faulted circuit
components, such as fallen, energized conductors.

The majority of fault conditions are characterized by current flows on the circuit that
are significantly above the normal current flow due to system loading. Fault conditions are
caused by a wide array of factors. The vast majority of faults are temporary in nature such
as when high winds cause bare conductors to come into contact momentarily [8]. This
creates a transient fault condition that will correct itself when the conductors separate.
However, a fault current is generated from the temporary short circuit between the bare
conductors which must be corrected by the protection system.

During fault conditions, excessive current may flow through several protective
devices in the system. Upon sensing the overcurrent the affected devices will operate based

on their operating characteristics. Initially, the protection system should treat the fault as



temporary in nature. Therefo;e, the protection system should perform some automatic
circuit reclosing in an attempt to clear the fault.

If the fault persists and the automatic circuit reclosing operations do not clear the
fault, the situation is handled as a permanent fault. At this point, the closest protective
device to the fault location should operate to clear the fault before any other affected devices
perform permanent fault clearing operations. The closest protective device is defined here as
that protective device that is encountered first when going from the fault location back along
the circuit towards the substation.

A protection system is composed of strategically located protective devices throughout
the system of distribution circuits. The basic protective devices consist of breakers with
attached relays, automatic reclosers, sectionalizers, and fuses. Relay controlled breakers and
reclosers have automatic circuit reclosing capabilities. At the distribution substation, either
a breaker or recloser is used as the main circuit protection. Reclosers, sectionalizers, and
fuses are primarily utilized for protection out on the circuit. The basic intent of the
protection design scheme is for breaker controlled relays and reclosers to provide total system

coverage to clear all temporary faults, and only have fuses operate for permanent faults [1].

1.1 General Design Process

A general description is given for the steps in the design process. The fault currents
must be known for each component on the circuit. This mandates that some type of fault
analysis, or short circuit calculations, must be performed for the circuit under study. The
fault analysis considers various fault types such as 3-phase bolted, 3-phase-to-ground,
2-phase bolted, and 1-phase-to-ground faults. A set of maximum and minimum fault
currents is calculated that each circuit component could experience when considering all of

these different fault types.



Using the calculated fault currents, the designer must decide at which circuit
locations to place protective devices. The placement of devices is based on such
considerations as the type of devices available, circuit length, cost, and customer loading.
Some common rules of thumb are used in the placement of devices. The placement of
protective devices at the start of all lateral line sections and relay controlled breakers or
reclosers at the substation are both examples of common rules of thumb.

After determining placement of devices, the final step is the selection of coordinated
devices. Any device selected must meet required circuit specifications, such as device
voltage, load flow current, and fault current interrupting ratings. Simultaneously, any
selected device must be coordinated with all other relevant devices. Coordination implies
that only the closest upstream protective device should operate during any permanent fault
condition.

The coordination of the selected protective devices is typically performed using data
from Time Current Characteristic curves associated with the devices. This can be a
laborious, time-consuming process as numerous devices are checked against each other [9].
Some manufacturers supply tables showing device coordination among devices that they
produce to aid in this process. These tables give the device combinations and the range of
fault currents over which they coordinate together.

Often more protective devices may have to be placed on the circuit to achieve
coordination among devices. This addition of more protective devices may occur during the
planning stages or in later years. Over time as circuits expand, an upgrade of existing
protective devices will be necessary to maintain proper operation of the protection system due
to load growth on the circuit.

Unexpected load growth accounts for as much as 50 percent of improper protection

system operations [1]. This occurs because normal current flow to supply circuit loading



increases to the point that it equals the minimum fault current levels calculated in the
original design. Thus, the protection system mistakenly senses the new load current as an
overcurrent fault and performs clearing operations on the circuit. At this point the

protection system must be updated to handle the increased loading.

1.2 Factors Influencing Protection System Design

Utilities are implementing distribution automation features that among other things
strive to reduce system losses, to balance loading among substations and to decrease peak
loading conditions. The ability to perform reconfiguration of interconnected circuits in the
distribution system has been shown to achieve some of these results [10]. For interconnected
radial circuits the actual configuration of the system will affect the calculation of both fault
currents and load flows. A protection system designed for solely one configuration of the
distribution system becomes invalid when the system undergoes reconfiguration.

Customer reliability is improved when outaged customers are re-supplied by
alternative routes [11]. Reliability can be improved if the utility is able to perform automatic
reconfiguration of the distribution circuits following outages. However, a proper protection
system design is a prerequisite for being able to perform reconfiguration.

Another recent trend of concern for local utilities is cogeneration. Cogeneration is
broadly defined here as some industry that generates a surplus of electricity at its facility.
This energy surplus may be continuous or only for certain periods of time. By law the utility
must allow the cogeneration facility access to the distribution system to sell surplus power.
The problem is what affect the cogeneration has during faults on the distribution system [12].
The cogeneration source contributes to the induced fault current on the system. The

cogeneration source will amplify the magnitude of the fault current flowing by some factor.



1.3 High Impedance Faults

It should be stated at this stage that even the most rigorously developed protection
system will, unfortunately, not provide absolute protection for every type of fault on the
system. Human fatalities still occur from human contact with energized downed conductors.
Under certain conditions when electrical conductors break and fall to the earth the
impedance is such that the protection system is unable to detect the generated fault current.
This phenomenon is commonly referred to as high impedance faults. Because of the high
impedance, the induced fault current is significantly below the minimum fault detection level
of the protection system. Numerous research projects have been conducted to develop
strategies to overcome this problem, as evident from a recent IEEE tutorial [13]. The study

of high impedance faults is beyond the scope of this research.

1.4 Scope of Dissertation

As necessity for improvement in system operation demands the implementation of
distribution automation, design of the protection system becomes more involved. Several
goals of distribution automation -- improved customer reliability, reduced systems losses, and
balancing of substation loading -- are dependent on the ability to perform automatic circuit
reconfigurations. A prerequisite for implementing automatic circuit reconfiguration is that
the protection system design must operate properly for all configurations.

Before reconfiguration occurs on the system, the utility must be confident that the
protection system is adequate for the new circuit configurations. If the protection system has
been designed to function solely for a given configuration of the distribution system, the
protection system design becomes invalid whenever the configuration is changed for the
system. The implementation of circuit reconfiguration often causes the protection system to

operate incorrectly during faults. Thus, for interconnected circuits, multiple fault analysis



and power flow studies must be conducted that encompass all feasible configurations of the
system.

For interconnected radial circuits utilizing reconfiguration, certain line sections,
referred to as tie-lines, will experience bi-directional current flows. Fault analysis will need
to produce two sets of maximum and minimum fault currents for each such tie-line
component. One set of maximum and minimum fault currents will be for the forward
direction of current flow on the tie-line. Forward current flow is defined here as the current
flow direction on the tie-line during the normal configuration of the circuit. The second set of
maximum and minimum fault currents will be when the current flow reverses from the
normal flow direction on the tie-line.

The design of the protection system for automated electrical distribution systems is
the backbone for both improved customer reliability and implementation of circuit
reconfiguration. An IEEE Committee Report concerning the design of protection systems
stresses the importance of an integrated approach to the solution [15]. Numerous software
packages exist that perform fault analysis for distribution circuits. Other software packages
have been developed for the computerized coordination of protective devices. However, the
majority of the software makes the designer responsible for interfacing data that is produced
by disjoint software algorithms. An example would be coordination software that calculates
the range of currents over which two devices coordinate, but is unable to utilize the
previously calculated circuit's fault currents in determining if the devices can be placed at
locations on the circuit.

The research work of Maghdan in protection system design was for distribution
system applications; Maghdan's work used a relational database system scheme for data

integration [16]. However, Maghdan's work did not address the critical issues of circuit



reconfigurations, or the impact of cogeneration during fault conditions on the distribution
system.

The goal of this research is to develop a totally integrated computer-aided approach to
protection system design for electrical distribution systems. The key elements in the new

approach are as follows:

(1) All of the pertinent data are both generated and stored for interconnected
radial distribution circuits utilizing reconfiguration.

(2) The issues of cogeneration sources in the system during faults are taken into
account.

(3) The methods for modeling and managing the data associated with protective
devices are addressed.

(4) The performance testing of the developmental expert system implementation
on interconnected distribution circuits.

An overview is presented for the remaining chapters. Chapter 2 provides a review of
common terminology in the area of protection system design. An example of a time current
characteristic curve for a protective device is given to graphically illustrate some of the
terminology. Additionally, tables of symbols and abbreviations are presented for later
reference purposes.

Chapter 3 is a review of previous works in the area of protection systems. As the
literature indicates, the area of protection system consists of many facets that includes
protective devices, fault studies and calculations, coordination studies, and computer
algorithms.

Chapter 4 pertains to the DANE workstation. The key components of the

workstation are presented which are critical to protection system design. In particular, a



discussion is presented concerning the Fault, Power Flow, and Circuit Configurations
analysis functions.

Chapter 5 deals with both the modeling and the management of the data associated
with protective devices. The relational model used for the protective devices is presented.
The modeling techniques developed are presented and an example is given which
demonstrates the data management realized when implementing the developed modeling
techniques.

Chapter 6 deals with the overall design of the developmental expert system. A
discussion about the expert system implementation is presented concerning the computer
language platform. The topics of and relationships between dynamic data creation, static
data, influencing rules, and rule processors are discussed concerning how each affects the
knowledge bases.

Chapter 7 provides a design example circuit pertaining to three interconnected
distribution circuits. This data was supplied by Arkansas Power and Light from its Hot
Springs Division in Arkansas. The expert rules associated with the Coordination, Placement,
and Selection Rule Processors are described, which were implemented in the design. The
results from the expert system design study are presented for the interconnected circuits.
The locations for which protective devices were selected are graphically shown in the
examples. The dynamically created protection object data is given that is utilized by the
Selection Rule Processor. Example SQL Select statements are given that were utilized by the
Selection Rule Processor, and the protective device data is presented regarding the selected
devices.

Chapter 8 gives the conclusions and recommendations concerning the developmental
expert system. The contributions are presented regarding this research along with

suggestions that could be undertaken in the future to improve the work.
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CHAPTER 2

Background Terminology

Some basic terminology is commonly used concerning the overall performance and
operation of radial distribution protection systems. Some of the terminology concerns the
radial circuits. Terms such as downstream and upstream are used when referring to device
locations on a circuit. This terminology is used to identify device locations relevant to the
substation source. The relevance to the substation or voltage source is due to the design of
radial circuits. In general, upstream implies that the location is toward the substation while
downstream is toward the end of the circuit away from the substation.

Primary and backup terminology are related to protective devices and protection
zones. Unlike transmission level power systems, the zones of protection are not clearly
definable for distribution power systems. This is due mainly to the dynamies involved in the
expansion of the distribution circuit to supply new customer loading. The protective zones at
the distribution level are loosely defined by the placement of the protective devices on the
circuits during the design process. This device placement is based on common practice from
experience with a particular protective device type.

Devices provide protection coverage for specific zones, or regions, of the electrical
distribution circuit. The device that protects a particular zone is known as the Primary
protective device for that zone. The purpose of the Primary device is to protect all
components in the zone against permanent and temporary faults, unless the Primary device
is a fuse. For fuses all temporary faults should be handled by automatic circuit reclosing
devices [4]. This prevents unnecessary circuit outages due to blown fuses for temporary
faults.

When looking from the substation out into the distribution system, the Primary

device will have at least one Backup protection device; unless the Primary device is located at

11



the substation. One purpose of the Backup device is to provide protection should the Primary
Device fail to operate for a fault. All Backup devices associated with a given Primary device
must be selected such that they allow ample time for the Primary device to clear all faults
within its specific zone of protection. Additionally, the Backup device must serve as the
Primary device for its primary zone of coverage. Thus, a protective device must functionally
serve as both a Primary and Backup device, unless it is the last protective device on a lateral.
The last protective device on any lateral serves as only a Primary device.

The topics of Sensitivity and Selectivity define the ability of the protective devices to
detect faults on the circuit and operate to clear the faults. The operation of a protective
device in clearing permanent faults, for only those permanent faults within its primary
protection zone, refers to its Selectivity. A device's Selectivity must be such that for all
permanent faults within its protection zone the device operates to isolate the faulted zone.
The Sensitivity of a device concerns its ability to sense and to operate as a Backup device for
a fault when the Primary device has been given ample time to operate but fails to clear the
fault. Thus, a particular device must have Selectivity in clearing all faults within its primary
protection zone, yet not normally operate for faults in its backup protective zones. However,
its Sensitivity as a Backup device must be such that should any Primary device fail to
operate, then the Backup device must operate to clear any fault.

A key topic involved in protection system design deals with Coordination between
devices. Device Coordination is achieved when only the Primary Device operates for faults in
its zone of protection. Coordination between the Backup and Primary protective devices
must be achieved by proper selection of devices. The device selection criteria are based on
several factors. A primary factor in device selection is the anticipated levels of fault current
at a given protective device location. Protective devices are manufactured such that at a

given current the device operates within a specific time. Manufacturers typically supply
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what are commonly known as the Time Current Characteristic curves describing the

operational characteristics of devices.

2.1 Device and Time Current Characteristics

Time Current Characteristic, or TCC, curves are used to describe the operational
characteristics of protective devices. TCC curves show the relationship for time versus
current of the protective device. Using the TCC curve the engineer can determine the time
necessary for a device to start operating or totally clear a given value of fault current.

Relays are used to control the operation of circuit breakers. Current Transformers
are the most widely used method of physically connecting the relays to the actual electrical
circuit. Relays are built to sense low current levels, between 5 and 100 amperes, and as such
require some type of transformer to step down the actual fault currents [14].

A variety of relay types such Inverse, Very Inverse and Differential relays are
available from manufacturers. These different relay types describe the operational
relationship of the TCC curve. If a given fault persists for enough time the relay will initiate
breaker operation. The relay sends a signal to the breaker causing the breaker to perform
the fault clearing operation.

A relay will have multiple Time Dial Settings associated with it. A single Time Dial
Setting must be chosen for the relay. In general, the Time Dial Setting linearly scales the
time axis on the TCC curve. Thus, as the relay's Time Dial Setting increases, the operational
time required for the relay also increases to clear a given value of fault amperes.

The TCC curve for a fuse involves two separate curves. When dealing with fuses, the
Melting / Pickup and Total Clearing curves are synonyms, for the lower and upper TCC
curves, respectively. The lower curve specifies the time required for the fuse to detect a

given value of current. This detection of overcurrent is more commonly referred to as the
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fuse's pickup. When the fuse pickups on the fault current, it begins to melt which causes
damage to the fuse. Thus, the lower curve is often referred to as either the Melting or Pickup
Curve. Using the TCC data, the time that a temporary fault is allowed to persist before any
fuse damage occurs can be determined using the lower curve of the TCC. A typical fuse TCC
curve is shown in Figure 2.1.

The upper curve, or Total Clearing curve, for the fuse specifies the total time required
for the fuse to completely melt at a given value of current. Using the TCC data, a designer
can determine the time necessary for the fuse to completely clear for a permanent fault. This
is accomplished by taking the given fault current and using the Total Clearing curve of the
TCC to determine the time required for the fuse to melt.

In conjunction with automatic reclosers, the terms Instantaneous / Fast Trip and
Lockout / Delayed Trip curves are used for the lower and upper TCC curves, respectively.
Additionally, the total number of operations on the lower and upper curves is encountered in
the literature concerning automatic reclosers. The TCC curve for an automatic recloser also
involves two separate curves. Reclosers have a family of operational curves from which two
curves may be chosen for implementation. The utility has the option of setting which two
curves to implement. The arrangement of the hardware wiring configuration, internal to the
recloser, determines which two curves are utilized during fault operations. When the
recloser performs a fault induced operation the recloser remains open for brief time intervals.

The lower curve, or Fast Trip, is used to perform fast, or Instantaneous, operations
during faults. The lower curve is used to clear temporary faults. The upper curve, or
Delayed Trip, provides a longer operation time period to clear persistent, or longer duration,

temporary faults.
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Figure 2.1. Fuse Time Current Characteristic Curve
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The recloser also has a total number of operations sequence on each curve before it
eventually Lockouts, or remains open, for a fault. A typical number of operations sequence is
"2A - 2C." This implies that the recloser will operate twice on the lower curve, the "A" curve,
and twice on the upper curve, the "C" curve, before the recloser lockouts. A recloser lockout
occurs during permanent faults after cycling through its entire operating sequence on the
lower and upper curves.

Line sectionalizers do not have any TCC curves associated with them. They are used
in conjunction with automatic reclosers. Sectionalizers are switching devices that count the
number of recloser operations. They are preset to open prior to a recloser lockout operation.

This arrangement minimizes customer outages during faults.

2.2 Abbreviations and Symbol Definitions

This section presents definitions concerning symbols and abbreviations that are
commonly used throughout this report. Table 2.1 contains symbol definitions, and Table 2.2
contains abbreviation definitions. Note that special typeface is used to denote symbols which,

in general, have bold, italicized typeface. Abbreviations are given in all capital letters.
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Table 2.1 Symbol Definitions

Definition of Symbol

Si

Curve_Offset,;

Device_Offset,;

Sptr_Curve
Sptr_Device

pCmp

pFa

FA:

pPo

PO:

SubVoltVary

ZtoG

A logic variable that represents coordinationrulei, i =1, 2,... .
A logic variable that represents placement rule i, i = 1, 2,... .
A logic variable that represents selection rule i, 1 = 1, 2,... .

A data structure member of the component object which is used in
conjunction with the pointer to the Curve portion of the protective
device Parts object. It is associated with each protective device
componenti,i=1,2,3....

A data structure member of the component object which is used in
conjunction with the pointer to the Device portion of the protective
device Parts object. It is associated with each protective device
component {,:=1,2,3... .

Starting pointer to an object of type protective curve that is also the
first object in the linked list of objects of type protective curve.

Starting pointer to an object of type protective device that is also
the first object in the linked list of objects of type protective device.

Pointer to a Component object.

A data structure member of the Component object that is a pointer
to a Fault Analysis Object, i.e. FA1, FA2, ..., FAl4.

Fault Analysis data objects that are attached to every component
that is processed, i =1, 2, ... 14.

A data structure member of the Component object that is a pointer
to a Placement Object, i.e. PO1, PO2, ..., POS.

Placement Objects that contain data results from placement
function and are attached to every component that is a protective
device location ,i=1, 2, ... 8.

The percentage value, that is specified by the designer, by which
the substation source voltage is varied by Fault Analysis.

The value for ground impedance, that is specified by the user which
is typically set at 40 ohms, used by Fault Analysis.
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