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Abstract:

Power companies want to minimize power outage time since it is an inconvenience to customers and
results in lost revenue. The time it takes to restore power after a fault depends upon quick and accurate
fault location. Errors in fault location distance from ten to twenty percent of line length are common
with the existing methods.

This thesis demonstrates the feasibility of a fault location system which detects and locates phase to
ground and phase to phase faults at the supporting structures of an overhead power transmission line. A
Fault Detector is placed on each tower of the transmission line. The direction of fault current in the
static wire is used to determine fault location for transmission lines with grounded static wires. The
magnitude of current flow in the tower is used to determine fault location for transmission lines with
insulated static wires. When a fault occurs the Fault Detector at the faulted tower reports the fault
location to a control room. Linemen are then dispatched to the faulted tower to correct the problem.

The feasibility of the fault detection scheme is demonstrated by the results of staged fault tests. Two
types of Fault Detectors were built and tested. Both types of Fault Detectors were tested on a scaled
model transmission line in Ryon Laboratory at Montana State University and on a low tension
transmission line on the Montana State University campus. Additionally, the system detected and
located staged phase to ground and phase to phase faults conducted on 100 KV and 115 KV
transmission lines. A proposed 500 KV transmission line staged fault test is also outlined.
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ABSTRACT

Power companies want to minimize power outage time since it is an
inconvenience to customers and results in lost revenue. The time it takes to restore
power after a fault depends upon quick and accurate fault location. Errors in fault
location distance from ten to twenty percent of line length are common with the
existing methods.

This thesis demonstrates the feasibility of a fault location system which detects
and locates phase to ground and phase to.phase faults at the supporting structures of
an overhead power transmission line. A Fault Détector is placed on each tower of the
transmission line. The direction of fault current in the static wire is used to determine
fault location for transmission lines with grounded static wires. The magnitude of
current flow in the tower is used to determine fault location for transmission lines with
insulated static wires. When a fault occurs the Fault Detector at the faulted tower
reports the fault location to a control room. Linemen are then dispatched to the
faulted tower to correct the problem.

The feasibility of the fault detection scheme is demonstrated by the results of
staged fault tests. Two types of Fault Detectors were built and tested. Both types of
Fault Detectors were tested on a scaled model transmission line in Ryon Laboratory at
Montana State University and on a low tension transmission line on the Montana State
University campus. Additionally, the system detected and located staged phase to
ground and phase to phase faults conducted on 100 KV and 115 KV transmission
lines. A proposed 500 KV transmission line staged fault test is also outlined.




CHAPTER 1
INTRODUCTION

Reliability of overhead transmission lines is a top priority of power companies.
Customer outage results in lost revenue and disruption of service. If the fault is found

quickly and éccurately, the cause can more likely be determined.

Background

Traditionally, faults in overhead cifcuits are located‘by isolating sections and
exposing the system to repeated close-ins. Linemen visually inspgct the isolated
sections for the fault. Helicopters are sometimes 'use& to decrease the inspection time.

Fault indicators may be employed to help identify where the fault exists. One
type of indicator placed on the static wire uses two magnets. Fault current

' demagnetizes‘ one magnet caus.ing.a red flag to sh(;w. The flag is held in this position
by the other magnet until a lineman resets i:he indicator. The trip current is set at the
factory. Many of these indicators on towers on each side of the 'faulted tower may

' trip if the fault current is higher than the trip current rating. Also, none of the

indicators may trip if the fault current is smaller than the trip current rating.

Coﬁfusion may occur on the locaﬁon of the present fault if all the indicators were not

reset after a previous fault [1]. Other indicafors of this type reset automaﬁcaﬂy aftér a

specified amount of time.
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Another type of indicator clamps directly around the high voitage conductor.
It sensés both line current and voltage. The simultaneous presence of line voltage and
a stepped increase in current triggers the unit [2]. |

Faults can also be located by using traveling wave time intervals from the
fault. Electronic clocks at each side.of a line section record the exact time a traveling
wave from the fault reaches its terminal. The fault is located by the incremental
difference in time between the clocks. This method requires the clocks to be precisely
synchronized. This is ac;complished with a microwave link. A major source of error
for this system is the variation in travel time over the communications link [3].

Another technique of locating faults is the Oscillograph and Fault Study -
Analysis Method. This method uses a model of the power system as fault study
program data. A fault on the line section of interest is fnoved along the line (i.e. a
sliding fault) until the magnitude of the current obtained from the fault study equals

that measured on the oscillograph [3].

Schweitzer Engineering Laboratories has developed a relay, SEL-21, which

provides fault location. The relay continually monitors voltage and current at one line

terminal. Pre—fault'and post-fault data are processed using the Takagi .algorithm to
determine the location of the fault [4,5].

Power companies want the location of the fault more accurately and sooner
than these methods can provide. This thesis investigates fault location based upon
direction of fault current in the static wire and also based uponhmagnitude of fault

current in the faulted tower.




Fault Location System-Design.

This Fault Location System was designed based upon the followiﬁg:

1.

Determine fault location by

i. direction of current flow in static wire for transm1ss1on lines
with grounded static wires.

ii. magnitude of current flow in tower for transmission lines with
insulated static wires.

Factors such as power consumption and circuit optimization were given
high priority. -

Implement decision logic for identification of faults iri software instead
of hardware to increase accuracy. This also enables easy modlﬁcatlon
of the dec1s1on criteria.

Fault Detector on faulted tower transmits fault location by radio. Use
an error correction code to increase the reliability of the transmitted
information.




CHAPTER 2
'FAULT LOCATION SYSTEM

Faults are classified into two types: phase to ground faults and phase to phase
faults. Most faults, about 90 percent, are phase to ground faults. A phase to ground
fault‘ occurs when one of the phases is shorted to ground. A phase to phase fault
occurs when either two or all three phase lines are shorted to one another. Faults are
caused by insulator breakdown, fallen lines, foreign objects (e.g. trees hitting the

lines), and other randomly occurring events. A phase to phase fault may also occur if

- high wind slaps the conductors together.

The system being developed locates phase to ground and phase to phase faults
to the nearest support tower of an overhedd transmission line. The system consists of
Fault Detectors, Repeaters anq a Cbntrol Room Monitor (Figure 1). A Fault Detector
is instailed on each tower of <th.e' transmission ﬁﬁe. When a fault occurs the Fault
Detector at the faulted tower transmits a message frame containing its unique Tower
Identification Code. Repeaters relay the message frame to the Control ~Room Monitor
at the power company's headquarters. The Moﬁitor displays the Tower Identification
Cotde of the faulted tower and other pertinent information.

The line configuration as discusséd later dic;ates whether Type I .or Type I
Fault Detéctors are installed. All the units on a single line must be of the same type.

When a fault occurs the Fault Detectors near the fault are awakened by the fault




Detector

Control Roon
Monitor

Figure I. Fault Location System

current. The Fault Detectors receive information on the fault currents at their
particular tower from their sensors placed on the static wire and/or on the tower itself.
Type | Fault Detectors make a decision whether the fault occurred at the tower or not
based on the direction of currents in the static wire. If the fault is at the tower, the
Fault Detector transmits a message frame containing the Tower Identification Code
and the type of fault. If the fault is at another tower no message frame is transmitted
by the Fault Detector. Conversely, Type Il Fault Detectors always transmit a message
frame when activated by fault current. The transmissions from adjacent towers are
staggered in time according to Tower Identification Code to prevent simultaneously
transmitted frames from interfering with one another. The message frames contain the
Tower ldentification Code and a value proportional to the RMS value of fault current

down the tower.



Sttttic Vire
.<4/(Solid Line)

Conductors
(Dttshed Lines)

Tower Tower Tower
A Ground Vire Ground Vire Ground Vlre
Type | Three Phase Vith Static Vire Grounded At Each Tower
Middle Tower
Ground Vire

Il - Three Phase Vith SectionaUzed Static Vire

Type 1l Three Phase Vith No Static Vire

Figure 2. Power Transmission Line Configurations
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Transmission Line Configurations

In this thesis, overhead power transmission linesvare classified according to the
arrangement of the static wire (f‘igure 2). In Type I'line configuration the static wire
is grounded at each tower by a tower ground wire. Type II line cdnﬁguration isa
sectionalized line in which the static wire is divided into segments (typically six miles
long) that are insulted from one another. The middle of each of these segments is
grounded by a tower ground Wire. The ségrﬁent is insulated from all other towers.

- Type III line configuration coﬂs%sts of no static wire. Type I Fault Detectors are
installed on Type I transmis'sioﬁ lines.while_a Type II Fault Detectors are installed on

Type II and Type III transmission lines.

Type I Line Configuration

Most overhead power transmission lines used b}; Montana Power Company are
Type I configuration. Because of this, most of the work described in this thesis

pertains to fault detection for Type I transmission lines. '

Phase To Ground Fault Currents

Current flows away from the faulted tower through the static and tower ground
wires during a phase to ground fault. The static and tower ground wires can be
modeled as an impedance ladder network (Figure 3). The current splits according to

the current divider rule. The current splits evenly if the impedances seen by the fault




Conductor
Non-FaUted Towen Faulted Towen Non-Faulted Tower"
Current In Static Vire Current In Static Vire Current In Static Vire
Is In-Phase. Is Out Of Phase. Is In-Phase.

Figure 3. Type | Line Configuration Phase to Ground Fault Currents

current are equal on each side of the tower. In a realistic situation the impedances are
not equal on each side of the tower. Differences in impedances are due to different
ground resistances, poor connections, tower being at the end of the transmission line,
etc. Unequal impedances cause more current to flow on one side of the tower than on
the other side. If there is a large enough difference most of the current flows on one
side of the tower and the current on the other side may not be distinguishable from

noise present in the static wire. In either case the current in the static wire flows (1)
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in the same direction through the non-faulted towers and (2) in opposite direction at
the faulted tower (Figure 3). Furthermore, the fault current in the static wire becomes
less farther away from the faulted tower due to current flow to the ground at each

grounded tower to which the static wire is connected.

Static Wire Current Sensors

Current sensors are placed around the static wire on each side of the tower to
sense the fault current direction. The current sensor consists of a secondary winding
wrapped around a ferromagnetic ring. The static wire runs through the center of this

ring and acts as a primary winding (Figure 4). The current sensor design allows only

Sensor A Sensor B
C
Static Wire Sensor Perpendicular Flux Sensor
(Sensors A and B) (Sensor C)

Figure 4. Type | Line Configuration Current Sensors and Their Placement

the current in the static wire to develop a voltage on the secondary terminals. Flux
produced by current outside of the ring will not develop a voltage on the secondary

terminals of the sensor.
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The total flux in the core of the ring is

o, = 4let,ISNOE | )
2nr )

where A = cross-sectional area of the core, m?
p, = permeability of free space, 4% X 107 H/m
i, = relative permeability of the core
I = fault current in the static wire, A
» = frequency of the current, rad/sec
r = average distance from the static wire to the core, m.

The voltage developed on the terminals of the secondary winding can be calculated by
combining eqilation. (1) with Faraday's Law,

do, - | @)
dt

where N = number of turns on the secondary winding.

.V = -N

This result is shown as equation (3).

V. = _NcoAuou,ICOSwt | 3)
2nr

The volta;ge induced acr'oss the secondary terminals is used to sense the direction of
the fault current in the static wire (F.igure‘ 3).

- The placement of thé sensors on the static wire is important (Figure 4). A
sensor is placed on the static wire on eaéh éide of the tower. In addition, tile

orientation of these two sensors must be the same, otherwise the information regarding

fault current direction is lost.
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Phase To Phase Fault Currents

Current flows between the phases through the short during a phase to phase
fault (Figure 5). The current flow in the shorting arc is perpendicular to the current
flow in the phase conductors. Thus the flux developed by the current in the arc is

also perpendicular to the flux developed by the current in the phase conductors.

Short

Figure 5. Type | Line Configuration Phase to Phase Fault Currents

Perpendicular Flux Sensor

An air core sensor is used to detect the presence of flux from the shorting arc
during a phase to phase fault. The sensor is placed directly on the tower with the
plane of the sensor perpendicular to the phase conductors. It has been shown that
locating a sensor in this manner will only detect the flux produced by the shorting arc
and not the flux produced by the current in the phase conductors during normal

operation of the transmission line [6]. Figure 4 shows the design and location of the
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sensor. No significant fault current is present in the static wire during a phase to

phase fault. The voltage developed on the terminals of the air core sensor is given by

v = _NwAp.op.,ICOSwt @
2nr

where A = area of the circle formed by the sensor windings
r = the average distance from the shorting arc to the sensor windings.

Type II Line Configuration

The Montana Power Company;s 500 KV transmission line is a Type 1I line
configuration since the static wire is insulated from the tower using a 12.5 KV
insulator. The static wire consists of sections of approximately six miles long,
grounded in the middle only at one tower, and insulated from the adjoining six mile

sections (Figure 2).

Phase To Ground Fault Currents

During a phase to ground fault the current flows down the faulted toWer into
the ground (Figure 6). Additionally, a flash-over across the insulator between the
faulted tower and the static wire may cause current flow in the static wire. This
current may again flash-over from the static wire to -adjacent towers. Eventually some
current may flow down the grounded tower (i.e. center tower of the 6 mile segment).
Ground impedance, insulator breakdown yoltage and static wire impedance between
towers will affect the amount of current in.the static wire. In any case, the current

down the tower where the fault occurs should be greater than at any other tower.
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N 18 No16 N4 13 N8
— Insulator Insulat
% ————— - Short
Conductor
Non-Faulted Tower Non-Faulted Tower Faulted Tower
17<16<14<12< 1II  (Middle Tower) 2<l
5<14<12<1l

Figure 6. Type Il Line Configuration Phase To Ground Fault Currents

Tower Current Sensors

Current sensors are placed around one leg of the tower structure to sense the
magnitude of fault current down the tower. The four current sensors are separate
windings wrapped around an air core ring. Each sensor has a different number of
turns so that the amplitude of fault current can be determined accurately. Only the
current flow in the tower leg will create a voltage on the winding terminals (effect of

outside flux is minimized). Figure 7 shows the design and location of these sensors.
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Tower Tower Leg

Figure 7. Type Il Line Configuration Current Sensors and Their Placement



15

CHAPTER 3
FAULT DETECTORS

A Fault Detector is mounted on each tower of the overhead power transmission
line. All Fault Detectors on a smgle line must be of the same type. (Type I Fault
Detectors are used on Type I line configurations while Type II Fault Detectors are
used on Type II and Type III line configurations.) Although, Type I and Type II
Fault Detectors use differént sensors both systems use the same hardware for the Fault
Detector unit itself. However, the software interrupt service routine that is executéd

by the micrecontroller for determination of fault location is different for the two types.
Instrumentation

The Fault Detector as shown in Figure 8 has the following subsystems: -

Power Souice

Sensors

Amplifier and Comparator Circuit
Software Based Logic (Mlcrocontro]ler)
Analog to Digital Convertor

Tower Identification Code
Communications .

NAR DN
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Communications

' Radio
Sensors Transmitter
MC68HC8UE2
Microcontroller
" Differential 8 Bit i Serial 1300 Baud '
, Amplifiers 4 Channel 1 Communications , Modem

A/D Convertor I'Interface

" Window
, Comparators

Amplifier and ' 2K Bytes EEPRDM

Comparator Core i 256 Bytes RAM

Circuit

Tdowerf J80 M | Power Source
Identification

Code LE-yS*M I software Based Logic (6 Volt Battery)

Figure 8. Fault Detector Subsystems Block Diagram

Power Source

The Fault Detectors are self contained and require only solar power. This is
required since it would not be feasible to bring power to each unit along a
transmission line. The Fault Detector is placed in a low power mode while waiting
for a fault to occur. In this mode only the Amplifier and Comparator Circuit and the
Microcontroller (in a low power wait state) are using power. The Analog to Digital
Convertor, Tower Identification Code and Communications subsystems are turned on
only when a fault has occurred. A 6 volt, 1.2 amp hour rechargeable acid gel battery
is used to power the unit. In wait mode the current drawn by the unit is
4.3 milliamps. The battery can power the unit for over 11 days (1.2 amp hour / 4.3

milliamps = 279 hours). The battery is charged by a solar panel attached to it.
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Table 1 shows the current delivered by the 6 volt rechargeable battery to the Fault .

Detector in different modes of operation.

Table 1. Current Drawn By Fault Detector

Mode Current (milliamps) Time
Low Power (Wait) | . 4.3 usual mode
Fault Processing:
switches off 12.0 2 minutes
switches on 17.7 1 second
Transmittiﬁg : 18.8 | twice for 1.5 to
' 4 seconds

Sensors
i For Type I Fault Detectors, Sensor A and Sensor B sense the fault current
direction in thé static wire during a phase to ground fault. Sensor C is mounted on
the tower and senses the flux developed by a short or flash-over during a phase to
phase fault. The output of these sensors are the voltage inputs to arhpliﬁers A, B
_and C respectively (amplifier D is hot used). R
For Type. II Fault Detectors, all four sensors sense the niagnitﬁde of fault
current flowing down the tower. The sensors are connected to amplifiers A, i3, C and
D. ’1“he sensor with the lowest number of turns is connected to ampﬁﬁér A, the
sensor with the ﬂext lowest number. of turns is connected to amplifier B and so forth.
In Type I Fault Detectors the wires connecting the sensors to the Fault
Detectors may be long (e.g. up to 60 feet in length). A voltage may be developed on

these wires since the sensor end will be near high electro-static field and the Fault _
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Detector end will be near ground potential. The wires are encased in a grounded

metallic shield to reduce this noise voltage.

Amplifier And Comparator Circuit

A differential amplifier is used to increase the voltage signal from the sensor
since this amplifier configuration has low common mode gain. Due to the Fault
Detector power being supplied by a battery the operational amplifier itself must have
low power consumption and run off a single voltage supply (i.e. Vcc or +5 volts). A
pseudo-ground at AVcc or 2.5 volts is used. Large resistor values are used to

minimize power consumption and to increase input resistance.

Rf

RI

Figure 9. Differential Amplifier

The outputs of the amplifiers are connected to the Analog to Digital Convertor
(contained within the microcontroller). Additionally, the outputs of amplifiers B
and C are connected to window comparators (Figure 10). The output signal from the
comparator circuit is connected to the external interrupt pin of the microcontroller.

Until a fault occurs the voltage on Sensors B and C will be minimal and therefore the
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Sensor Analog To Digital i
Convertor
XIRQ Pin
(External Interrupt)
Sensor
Sensor
Diff erentlal IWindow _
Amplifiers, _ LCpngarators_ Microcontroller

Figure 10. Amplifier and Window Comparator Circuits

output of the comparator circuit will be a logic high (i.e. Vcc). When a fault occurs
the amplified signal of Sensor B or C will swing below ZaVcc or above %Vcc. When
this happens the output of the comparator circuit will be a logic low (i.e. 0 volts).
The interrupt service routine software is executed once the external interrupt pin

receives this logic low signal.

Microcontroller

A Motorola MC68HC811E2 microcontroller is used. The software program is
described in Software Based Fault Detection Logic below. The Analog to Digital
(A/D) Convertor and Serial Communications Interface (SCI) subsystems are contained
within the microcontroller. The code executed by the microcontroller is stored in 2K

bytes of internal EEPROM. The digital data from the A/D Convertor are stored in



20
- 192 bytes of the 256 byte RAM while fhc remaining 64 bytes are used for the stack,

the message frame, and other variables needed by the microcontroller. The

microcontroller uses a 2 MHz clock frequency.

Analog To Digital Convertor

The four channel A/D Convertor digitizes analog voltage signals provided by
the amplifier circuits. An analog voltage level is converted into an eight bit digital
data byte in 16 microseconds (four channels in 4 * 16 microseconds or 64
microseconds). The period of a 60 Hz wave is 16.67’ msec. For Type I Fault
Detectors, two cycles of the signél waves are digitized at 1920 safnples per second
(i.e. 64 samples for each sensor: A, B and C). For Type II Fault Detectors, two
cycles of the signal waves are digitized at 1440 samples per second (i.e. 48 samples
for each sensor: A, B, C and D). Because of the pseudo-ground used in the ampﬁﬁer
circuit a digital 80H is considered "ground“. or no induced voltage, FFH is +2.5 volts
and O0H is -2.5 volts. The digital data are stored in RAM and later analyzed by the

software.

Towér Identification Code

The Tower Identification Code is selected by 12 binary switches. The switches
are set to a unique code (one of 22 or 4096) by a lineman when the Fault Detector is
installed on the tower. To reduce the power used by the circuit the switches are tied
to Ve and electrically disconnected from ground using a transistor switch. Just

before the binary switches are read the transistor switch is turned on to complete the
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power supply circuit to the binary switches. The Tower Identification Code is then

read and stored in RAM. 'The transistor switch is then turned off to conserve power.

Communications
The Fault Detectors are non—interrogati.ve, that is, message frames are
transmitted but no message or control frames are received. The communications are
controlled by the Serial Communications Interface (SCI) within the microcontroller.
Standard non—r@tufn to zero (NRZ) format (i.e. one start bit, eight data bits, and a
- stop bit) at 300 BAUD is used. A National Semiconductor MM7_4HC943 Modem in
Originate Mode is used; to frequency shift key (FSK) the NRZ output of the"
microcontroller. The dﬁal tone frequency allocation is giveﬁ in Table 2. An FM
transceiver is used to transmit the FSK ‘sign'alls at 49‘..8 MHz. The entire
corﬁmunicaﬁons subsystem (i.e. SCI, Modem and Transceivgr) is turned on only when
a message frame is transmitted, otherwise the subsystem is turned off to save power.

Table 2. Frequency allocation of MM74HC943 Modem

Data Originate Mode Answer Mdde

Transmit | Receive Transmit | Receive

Low (Space) 1070 Hz 2025 Hz 2025 Hz 1070 Hz
High (Mark) 1270 Hz 2225Hz | 2225Hz | 1270 Hz

Error correction encoding is-used to improve data reliability. A systematic
(7,4) Hamming code is used; the low four"bits of the c;odewérd are the same as the

four bits of the uncoded data nibble (Appendix A, Table 4). The data nibbles are
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encoded using a look-up table f_hat is irﬁplemented in software. A single bit error per
byte can be corrected by this code.

Each transmission of data bytes (i.e. message frame) follows a specific format
defined for the Fault Location System. The first byte identifies the transmission as a
message frame of the Fault Location System. The second byte identifies the type of
message frame (e.g. Type I Fault Detector message frame, etc. ). Then follows all
the bytes of data for the message frame. A list of all the message frame types is

shown in Figure 18 in Appendix A.

Software Based Fault Detection Logic

The softwgre for the Fault Detector is stored in the 2K bytes of EEPROM
within the microcontro]ler.‘ The main pr_dgram for both Type I and Type II Fault
Detectors is the same (Figuré 11). On the other hand, the interrupt service routines
for the two detectors are differ:ent (Figure 12 and Figure 13).

Upon poweﬁng the system (i.e. Power’On Reset) and after initialization, the
microcontroller is placed in a low power wait mode. The microcontroller is awakened
from this mode by an interrupt sign'a_l from the window comparator circuit when a
fault occurs. Depending on the type of Fault Detector, eithef the Type I Fault
Detector interrupt service routine or the Type II Fault Detector interrupt service
routine is executed. While servicing the interrupt the microcontroller ignores any

additional interrupt requests preventing additional interrupts from the same fault.
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[Power Dn Reset]

5
[initialization |

[Enable Fault Interrupt!
|
————— "Vait For Fault|

L
-(Has Fault Occurred?

J

Execute Fault
Interrupt Service Routine

Figure 11. Fault Detector Main Software Routine Flow-Chart

After servicing the interrupt the microcontroller is again placed in the low power

mode and waits for another fault to occur.

Type | Fault Detector

The interrupt service routine for the Type | Fault Detector is shown in
Figure 12. First, the sensors are read and the fault type determined. If the Fault
Detector determines that the fault is at another tower it waits before returning to the
main program. This delay prevents additional interrupts from the same fault. On the
other hand, if the Fault Detector determines that the fault is at the tower the Tower
Identification Code switches are read and a message frame is built and transmitted.
After a sixty second delay the message frame is retransmitted in case the first message
frame was not received correctly. The interrupt service routine then returns to the

main program.
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[Read Sensors
Calculate Type Of Fault

No / Did The Fault Occur\ Yes
\ At This Tower? /

Read The Tower
Identification Code

Build Message Frane
Delay 60 Seconds Transmit Message Frame
Delay 60 Seconds

Retransmit Message Frame

Return From Interrupt
To Main Routine

Figure 12. Type | Fault Detector Interrupt Service Routine Flow-Chart

The software subroutines are described below:

READ SENSORS - The analog signals from the three sensors (i.e. A, B
and C) are digitized by the Analog to Digital Convertor. Two cycles of the 60 Hz
waveforms are obtained (i.e. 64 samples for each sensor at 1920 samples per second).
The digitized values are stored in RAM.

CALCULATE TYPE OF FAULT - Faults are classified into one of the
following categories and also summarized in Table 3:

Phase to Ground - Current in the static wire flows in opposite direction on each

side of the tower; The voltages induced in sensors A and B are out of
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f)hase or present only iﬁ sensor B; . Voltage may be induced in sensor
C due to Cufrent flowing in the tower ground wiré bﬁt is ignored.

Other Tower - Current in the static wire ﬂo§vs in the same direction on each
side of the tower; The voltages induced in sensors A and B are in
phase. Voltage may be induced in sensor C due to current flowing in

" the tower ground wire but is ignored. |
‘ Phgse to Phase - No current flow in the static wirei ‘No voltage induced in
sensors A and B. Voitage induced in sensor C due to flux from short
current .betweeri éopductors.

Table 3. Determination Of Fault Type Logic

Fault Type Voltage Induced'ln Voltage Induced In
Sensors A and B - Sensor C

Present | Out Of Phase |

Phase to Ground Yes - Yes *
Other Tower Yes No *
' Phase to Phase No * ‘ - Yes

* Don't care for fault determination

The softwére uses three internal variables: NUM_VALID_ON;STATTC,

- NUM_OUT_OF_PHASE, and NUM_VALID_ON_C to determine the faultv type.
NUM_VALID_ON_STATIC is thev total nurﬁber of séts of samples that either one or -
both of the samples from sensor A and sensor B are outside a region centered about
the "ground" value of 80H. These‘samples can be either in or out of phase (e.g. 45H
& 50H, in phaée éamples; 45H & 7AH, 45H & B8H, out of phase samples). If

NUM_VALID _ON_STATIC is greater than a preassigned minimum value then |

t




26

current is flowing in the static wire. NUM OUT OF PHASE is the total number of
sets of samples included in NUM_VALID_ON_STATIC in which the sample from

sensor A and the sample from sensor B are on opposite sides of the ground region

(e.g. 45H & AT7H). These samples are considered to be out of phase. If

NUM OUT OF PHASE is greater than 70 percent of NUM_VALID_ON_STATIC

then the current flow in the static wire is away from the tower. NUM_VALID ON C

is the total number of samples from sensor C that are outside the ground region. If

NUM VALID ON C is greater than a minimum value then current flow
perpendicular to the line conductors has occurred.

READ TOWER IDENTIFICATION CODE - Power is turned on to the 12
binary switches. The switches are read and the corresponding binary code is stored in
RAM. The power to the switches is then turned off.

BUILD MESSAGE FRAME - The message frame is built and stored in RAM.
A typical Type | message frame is as follows:

OA 03 FI OC 02 3A 40 29
I | H

Total Number of valid samples from sensor C
(NUMVALIDONC)
Total Number of valid samples from sensors
A and B (NUM_VALID_ON_STATIC)
— Number of Out of Phase samples
(NUM_OUT_OF PHASE)
Faulted Tower Identification Code
— Type of Fault: FI - Phase to Ground
| F2 - Phase to Phase
. Type | Message Frame Code
-——-FLS ID Code

—
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TR.AlNSMIT MESSAGE FRAME - Ail the communications subsystems (i.e.
SCI, Modem, and Transceiver) are turned on. Each byte of the message’freime is
encoded and transmitted. The communications subsystems are then turned off.
DELAY SIXTY SECONDS - The microcontroller delays execution for sixty
seconds. This delay prevents additional interrupts from the same fault.
RETRANSMIT MESSAGE FRAME - ‘Transmit the message frame again in

case the first message frame was not received correctly.

Type II Fault Detector

The interrupt service routine for the Type II Fault Detector is shown in
Figure 13. .First, the sensors are read and a valﬁe proportional to the RMS current
flowing down the tower is calculated for all four sensors. Next, the Towér
Identification Code switches are read. Processing is then delayed an amount based on
the Tower Identification Code. After the delay, the message frame is built and
transmitted. Then after a sixty second delay the message ffame is retransmitted in
case the ﬁrst.message frame was not received correctly. The interrupt service routine

then returns to the main program.
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Read Sensors

Calculate Relative RVB
Fault Current

Read The Tower
Identification Code

IStgggor Transmission Delay
Build Message Frame
Transmit Message Frame
Delay 60 Seconds
Retransmit Message Frame

Return From Interrupt
To Main Routine

Figure 13. Type Il Fault Detector Interrupt Service Routine Flow-Chart

The software subroutines are described below:

READ SENSORS - The analog signals from the four sensors are digitized by
the Analog to Digital Convertor. Two cycles of the 60 Hz waveforms are obtained
(i.e. 48 samples for each sensor at 1440 samples per second). The digitized values
are stored in RAM.

CALCULATE RELATIVE RMS FAULT CURRENT - The stored data
samples from all four sensors are analyzed. Values proportional to the RMS fault
current are calculated. These values will be transmitted in the message frame. The
operator at the power company's headquarters makes a decision on the fault location

based on these values.



29

READ TOWER IDENTIFICATION CODE - Power is turned on to the 12
binary switches. The switches are read and the corresponding binary code is stored in
RAM. The power to the switches is then turned off.

TOWER TRANSMISSION DELAY - The Fault Detector delays transmission
by a specified amount of time according to its Tower Identification Code. This
prevents simultaneous transmissions from adjacent towers.

BUILD MESSAGE FRAME - The message frame is built and stored in RAM.
A typical Type Il message frame is as follows:

OA 01 C2 IA 2B 3C 4D
e Tower Current calculated for sensor D
e Tower Current calculated for sensor C
e Tower Current calculated for sensor B
Tower Current calculated for sensor A
I % Faulted Tower ldentification Code

I % Type Il Message Frame Code
1 FLS ID Code

H-=

TRANSMIT MESSAGE FRAME - All the communications subsystems (i.e.
SCI, Modem, and Transceiver) are turned on. Each byte of the message frame is
encoded and transmitted. The communications subsystems are then turned off.

DELAY SIXTY SECONDS - The microcontroller delays execution for sixty
seconds. This delay prevents additional interrupts from the same fault.

RETRANSMIT MESSAGE FRAME - Transmit the message frame again in

case the first message frame was not received correctly.
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CHAPTER 4
REPEATER

The Repeater receives and retransmits all Fault Location System message
frames. Extraneous transmissions not having the Fault Location System start byte are
ignored.

The Repeater has the following subsystems:

1. Microcontroller (Software Based Control)
2. Communications

a. Reception

b. Error Correction

C. Transmission
3. Repeater System Check

4. Optional Liquid Crystal Display (Monitor)
Software And Communications

The Repeater uses th¢ same microcontroller as the Fault Detector (i.e.
Motorola MC68ﬂC81 1E2). The set up is similar to the Fault Detector but the
Repeater software does not have any interrupt service routines. Instead, the Repeater
continuously receives and transmits message frames. The flow-chart for the Repeater
software is shown in Figure 14. Error cc_)rrection is performed in software on the
received frames before being retransmitted (Appendix A - Error Correcting Code).

The Repeater receives transmissions at all times except while transmitting or

during a one minute delay after transmitting. The purpose of delaying reception is to
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[Power Ciw Reset!

lInitialization |

IWalt For Message Frame!

~~{Is There A Message Frane? )-""-

IGet A Byte |

I
[Decode The Bytel

-~-(Are There More Bytes )2
~L

ITransmit Message Frariel

Figure 14. Repeater Main Software Routine Flow-Chart

avoid feedback. Feedback will occur without the delay because the originating
Repeater will receive the transmitted frame of the next Repeater. This newly received
frame will be sent again by the originating Repeater and an endless cycle of
transmissions will occur. The Repeater receives message frames in Answer Mode and
transmits in Originate Mode (Table 2).

The software subroutines are described below:

POWER ON RESET - Starting location of software when power is initially
given to the microcontroller.

INITIALIZATION - Set up variables and other system parameters.

WAIT FOR MESSAGE FRAME - Monitor receiver until a start byte for a

message frame of the Fault Location System is received.
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GET A BYTE - Relocate the received byte from the receiver into the
microcontroller. |

DECODE THE BYTE - Decode the received byte. Calculate the syndrome.
Correct single bit errors.

ARE THERE MORE BfTES - Check tﬁe receiver for any more bytes in the~
message frame.‘ R |

TRANSMIT MESSAGE FRAME - Rebuild the received message frame. Each

byte of the message frame is encoded and transmitted.

Repeater System Check

The station at the power company's headquarters controls the 24 Hour
Repeater System Check. The check begins with a search for the Tast Repeater in the
system along the transmission line. The Répeater System is considered fully
functional if an acknowledgement from the last Repeater is received. If the check
frame is not ackl.lowledged within the spéc’iﬁed time limit the station sends out a
search frame for the next closest Repeater. If an acknowledgement is again not
received then the station séarches for the next closest Repeater. The station continues
to search in this fashion for the farthest Repeater acknowledging its check frame. The
first Repeater beyond the acknowledging Repeater ié considered inope'réble. A

lineman is then sent to the Repeater to correct the problem. -
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Optional Liquid Crystal Display

A Repeater can be equipped with a Liquid Crystal Display (LCD) for
monitoring and testing purposes. Received message frames are stored in RAM and
also displayed. Up to 8 fnessage frames can be stored. They can be recalled and

paged through by the operator. The Monitor in the control room can be a Repeater

with this option.
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CHAPTER 5
EXPERIMENTS AND RESULTS

A scaled model power transmission line in Ryon Laboratory and an
experimental low tension power transmission line next to the Huffman Building on the
Montana State University (MSU) campus have been used to simulate faults to test the

Fault Location System. Additionally, the equipment used and the results obtained

. from phase to ground and phase to phase fault tests conducted on 100 KV (Two Dot)

and 115 KV (Conrad ‘Auto) transmissi_on lines are given. The proposed 500 KV line

fault test detection scheme and sensor configuration are also outlined.

_ Fault Tests At Montana State UniverSity

A scaled model thrée phase transmission line (Type I configuration) in Ryon
Laboratory has been used to simulate faults. The transmission line consists of three
phése lines at 120 volts plus a st#tic wire grounded at each tower. The line is five
spans in length. A load of 50 amps is connected ~a1; the end Qf the line on each phase.
The power is supplied through a 150 amp breaker:. | A low tension three phase
transmission line in the field next to the Huffman building on the MSU campus has

also been used to simulate faults. It is larger in scale than the Ryon Laboratory line.

"It also is a Type I configuration transmission line at 120 volts with five spans but no

“load is connected to the line.
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Faults are achieved by placing‘ a shorting wire betweeh one phase and the static
wire or between two phases. ’fhe shorting wire is insulated from the operator by a
long wooden pole. Results from several tests are summarized in

Appendix B - Statistical Results.

Fault Test At Conrad Auto

The fault test at Conrad Au‘to was conducted on May 30, 1991. One phase to
ground fault and. one phase to phase fault were conducted on the 115 KV line between
breaker number 100-104 Cut Bank Glacier CO-OP substation and breaker number
69-45 Conrad Auto substatidn. The fault was achieved by closing breaker number
100-104 with a dead short at fower number 35-14 located near breaker number 69-45.

Fault test data are shown in Appendix C - Conrad Auto.

Equipment Placement For Fault Test

The test equipment was placed as shown in Figure 15. Due to the location of
the faulted tower only two instrumentation sites were used. Specifically, data from the
faulted tower, number 35-14, and the adjacent tower, number 35-15, toward breaker

number 100-104 were obtained.

Fault Test Equipment

Recorder. Two Digitél Transient Fault Recorders, designated as FLS-02DRO01,

were used to obtain fault current data at each ‘tower. This version of Recorder has the
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static VIRC STATIC VIRC
TO BREAKER TO BREAKER
100-104 69-45
CUT BANK CONRAD AUTO
REPEATER REPEATER
STATIC VIRE coiL B
TO BREAKER TO GROUND TO BREAKER
100-104 69-45
CUT BA#* CONRAD AUTO
TO DETECTOR TO RECORDER TO RECORDER TO DETECTOR

Figure 15. Fault Test At Conrad Auto Equipment Configuration

following characteristics:

1. Non-inverting amplifier configuration

2. Records 64 samples at 500 usee, interval between samples, i.e. 2

cycles of data

3. Capable of sampling four channels

4, Computer interface for data upload

5 On-board display of digital data
The Recorders were connected to an independent set of sensors, separate from the
Fault Detector sensors. The Recorders stored two cycles of digital data (32 msec.)
which were subsequently uploaded to a computer disk. The data were later graphed
as shown in Appendix C - Conrad Auto.

Scope. A digital storage oscilloscope was connected to the outputs of the

amplifiers on the Recorder placed at the faulted tower. A portable generator
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(120 Volts, 60 Hz) was i;sed to bower the computer, -oscilloscope, and printer. This
power source was not stable. As a result the data from ‘ttle scope for sensors A and B
could not be obtained. |

Fault Detector. Two Type I Fault Detectors, designated as FLS-02FDO01, were
used to determine the location of the fault. This version of Type I Fault Detectors use
the detection scheme discussed in Software Based FaultDetection Logic section.
These Fault Detectors also employed a non-inverting amphﬁer configuratlon

Reoeater/Momtor Two Repeater/Momtors, designated as FLS 02RMO1, were

used to receive and display the message frames transmitted from the Fault Detectors.
» Brror correction and formatting of the received frame were not performed by the units

at this time.

Fault Test Results

P

PHASE TO GROUND FAULT (NUMBER 5-30A):

Received Message Frame 0CO02F13A4029
Faulted Tower Identification Code - 0C02

Type of Fault F1 (Phase to Ground)
Number of Valid Samples on Sensors A and B 64 (40 Hexadecimal)
Number of Out of Phase Samples 90.6% (58/64)
Number of Valid Samples on Sensor C 41 out of 64 samples

The out of phase current in the static wire at the faulted tower is shown by the
high number of samples that are out of phase (90.6%) and the high number of valid
samples (64). The number of valid samples on sensor C is irrelevant for a phase to

ground fault. The Fault Detector at tower 0CO2 correctly transmitted a message frame
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indicating a phase to ground fault (F1) at the tower. The Fault Detector at the

adjacent tower did not transmit since the fault was not at that. tower.

PHASE TO PHASE FAULT (NUMBER 5-30B)

Received Message Frame 0C02F2000040
Faulted Tower Identification Code 0C02

Type of Fault ) F2 (Phase to Ground)
Number of Valid Samples on Sensors A and B 0

Number of Out of Phase Samples o 0% (0/0)

'No current in the stati¢ wire is shown by the low number of valid 'Samples on
'SenSors A and B (d). The high number of valid samples on sensor C shows that
current is ﬂowing between phases. The Fault Detector at tower 0C02 correctly
transmitted a message frame indicating a phase to phase fault (FZ) at the tower. The

Fault Detector at the other tower did not transmit since the fault was not at that tower.

Fault Test At Two Dot

The fault test at Two Dot was conducted on July 25, 199i. Two phase to
ground faults and one phase to phase fault were conducted on the 100 KV line
between breaker number 100-160 at the Two Dot substation and the Groveland air
break. The fault was achieved by closing breaker number 100-160 with a dead short
at a tower located approximately three miles east of the air break. Fault test data are

shown in Appendix C - Two Dot.
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Equipment Placement For Fault Test

The test equipment was placed as shown in Figure 16. Three instrumentation

sites were used to collect data and locate the fault.

Fault Test Equipment

Recorder. Three Digital Transient Fault Recorders, designated as
FLS-02DR02, were used to obtain data at each tower. This version of Recorder has

the following characteristics:

1. Non-inverting amplifier configuration
2. User specified:

a. Fault Number

b. Sample Rate

C. Number of Samples

3. Default setting records 534 samples at 250 usec. interval
between samples, i.e. 8 cycles of data

4, Capable of sampling four channels

5. Computer interface for data upload

6. On-board display of digital data

The default settings were used to obtain data which were subsequently
uploaded to a computer disk.

Scope. A digital storage scope was connected to the outputs of the amplifiers
on the recorder placed at the faulted tower. A 12 Volt DC to 120 Volt AC invertor
was used to power the computer, oscilloscope and printér.

Fault Detector. Three ’i“ype I Fault Detectors, designated as FLS-02FD01,

were used to determine the location of the fault. The hardware and software detection

scheme is the same as for the previous fault test at Conrad Auto. However, the
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Figure 16. Fault Test At Two Dot Equipment Configuration

software for the detectors used at Two Dot contained error correction encoding for the
transmitted message frames. Additionally, the transmitted message frames contain
bytes used by the Repeater/Monitor for frame formatting.

Repeater/Monitor. Two Repeater/Monitors, designated as FLS-02RMO02, were
used to receive and display the message frame transmitted by the detectors. Error
correction and formatting of the received frame were performed by the units. The

Repeater/Monitors are capable of storing and recalling up to eight message frames.
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The Repeater/Monitor displays the received message frame in the following
format:

LGnd B4 S1E<|>1E 240
13— Total Number of Valid Samples on
Sensor C
e Total Number of Valid Samples on Sensors
A and B
e Number of Out of Phase Valid Samples
Faulted Tower Identification Number
kL Type of Fault

H-=

Note: All numbers are in hex.

Fault Test Results
FIRST PHASE TO GROUND FAULT:
Received Message Frame Lgnd ==AC 223<j>23 20
Faulted Tower Identification Code AC
Type of Fault Lgnd (Phase to Ground)
Number of Valid Samples on Sensors A and B 35 (23 Hexadecimal)
Number of Out of Phase Samples 100% (35/35)
Number of Valid Samples on Sensor C 0 out of 64 samples
Although the data received in the message frame seems reasonable the faulted
Tower Identification Code is incorrect since no fault detection unit has code AC. The
most likely reason for this is that two or more of the detection units calculated a fault
and then transmitted message frames simultaneously. This occurred because the non-

inverting amplifier configuration amplified the common mode signal. Subsequently,

the phase relationship of the signal was lost.
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'SECOND PHASE TO GROUND FAULT:

Received Message Frame Lgnd B4 235¢3A 224
Faulted Tower Identification Code B4 :

Type of Fault ‘ , Lgnd (Phase to Ground)
Number of Valid Samples on Sensors A and B 58 (3A Hexadecimal)
Number of Out of Phase Samples 91.4% (53/58)

Number of Valid Samples on Sensor C 36 out of 64 samples

The out of phase current in the static wire at the faulted tower is shown- by the
. high number of samples that are out of phase (91.4 %) and the high number of valid
samples (58). The number of valid samples on sens;)f C is irrelevant for a phase to
ground fault. ‘The Fault Detecfor at tower B4 correctly transmitted a message frame
indicating a phase to ground fault (F1) at the tower. The Fault Detector at the other

tower did not transmit since the fault was not at that tower.

PHASE TO PHASE FAULT:

Received Message Frame _ No Frame Received

No message frame was transmitted from Fault Detectors for the phase to phase
fault. The Féult Detectors at the non-faulted towers functioned cbrrectly since they
did not transﬁit a message frame. The Fault Detector at the faulted tower determined
that the fault was at another tower and did. notﬂtransmit a message fra;ne. It was
concluded that tﬁis malfunction was caused by transient noise which occurred during -
the first half cycle. It was also noted thaf significant common mode gain.of the

amplifiers for sensors A and B was present.
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500 KV Line Fault Test Proposal

The detection scheme for the 500 KV fault test will consist of four sensor
placed around one leg of the tower. Faults will be achieved similarly to the previous

faults at Conrad Auto and Two Dot.

Fault Test Equipment Placement
The test equipment will be placed as shown in Figure 17. Five instrument sites
will be used to collect data. Three of the five sites will be equipped with Type Il

Fault Detector units to locate the fault.

FAULTED TOVER

REPEATER REPEATER
C:| SCOPE/PRINTER C -
500 KV
TdVER Td WINDINGS DETECTOR
LEG R
RECORDER

Figure 17. Proposed 500 KV Line Fault Test Equipment Configuration
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Fault Test Equipment

Recorder. Five Digital Transient Fault Recorders, designated as FLS-03FDO01,
will be used for this test. All five Recorders will have the new differential amplifier
coﬁﬁguration and will record the data generated by the four sensors. The Recorders
will acquire data on five towers covering approximately a oﬁe mile span.

Scope. To eliminate the Recorder and scope interference a separate self
contained analog circuit, designated as FLS-03SI01, will be built for the oscilloscope
which will be located at the faulted tower.

Fault Detector. Three FLS-O3FD01 Fault Detectors will be used to determine .

the location of the fault. This version of Fault Detectors have the differential

amplifier configuration. The detection scheme is discussed in Software Based Fault

Detection Logic section. It is important to note that only a software change is needed . |

to change the detectors between a Type I Fault Detector and a Type II Fault Deteétof:
Repeater/Monitor. Two complete Repeater/Ménitors will be used to receive
and display the Iﬁessage frames transmitted by the Fault Detectors. Error correction
and formatting of the received frame will be performed by tﬁe units. The
Repeater/Monitors are capable'of ‘storing and recalling up to eight messagé frames

from the Fault Detectors. A decision on the location of the faulted toWer will be

made based upon the information in the message frames from the Fault Detectors.
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CHAPTER 6
CONCLUSIONS

| A Power Transmission 'Line Fault Location System has been presented. The
system detects and locates phase to ground and phase to phase faults fo the nearest
support tower of overhead power transmission lines. Fault Detectors are placed on
each tower of the transmission line. When a fault occurs the Fault Detector at the
faulted tower transmits a message frame containing the location of the fault. The
message fralhe also contains the type of fault or values proportional to fault current -
magnitude. The message frames are relayed by fepeaters to a control room where the
message frames are displayed on a monitor. Control room personnel then dispatch
linemen to the fault location to fix the problem. Error correctiop encoding is used to
improve the reliability of the data in the received message frames.

In this thésis, transmission lines are classified according to the arrangement of
the static wire. In Type I line configuration the static wire ié grounded at each tower
by a tower ground wire. Type II line configuration is a sectionalized line in which the
static wire is divided into segments (typically six miles long) that are insulted from
one another. The middle of each of these segments is grouhded by a tower ground
wire. The segment is insulated from all other towers. Type III line configuration

consists of no static wire. Type I Fault Detectors are installed on Type I transmission
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lines while Type II Fault Detectors are installed on Type II and Type III transmission
lines.

In Type I line configuration current flows away from the faulted tower through
the static and tower ground wires during a phase to ground fauit. Current flows
through the non-faulted towers on the line. Sensors placed on the static wire sense the
direction of 'fault current. During a phase to phase fault an air core sensor is used to |
detect thé presence of flux from the shorting arc. The Fault Detector at the f;1u1ted
tower transmits a message frame containing‘qthe type of fault and fault location.

In Type II and III line configurations éurrent flows down the faulted tower into
the ground during a phase to ground fault. Current sensors are placed around one leg
on the tower structure to sense the magnitude of fault current down the tower. For
Type II lineuconﬁgurations flash-over from the faulted tower to the insulated statiq
wire may occur. If this happens more than one Fault Detector may be awakened.
Each Fault Detector that is awakened transmits a message frame containing the
magnitude of fault current down the tower and the tower's location. The tower with
the greatest magnitude of current down the tower is the faulted tower.

The Fault Detectors detected and located faults in the laboratory and on
100 KV and 115 KV Type I configuration transmission lines. Three staged phase to
ground faults 01_1, 100 KV and 115 KV transmission lines were detected correctly. The
phase relationship between the sensors on the static wire were as expected. One out
of two staged phase to phase faults on 100 KV and 115 KV transmission lines were

detected correctly. The presence of flux from the shorting arc for the correctly
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detected faﬁlt was :as expected. It was determined that transient noise duﬂﬁg' the first
half cycle of the non-detected fault caused the Fault Detector at the faulted tower to
malfunction.

Suggestions for future work on the Fault Location System involves:

1. Complete 500 KV Type II configuration transmission line fault test.

2. Design Fault Detectors which can be interrogated for system diagnosﬁc
purposes.

3. Integrate the Fault Location System in a power .compémy's

communications system.

4. Design software for the Fault Location System which locates faults to
within one mile spans instead of one supporting tower. A Fault
Detector will not be needed at each tower thus improving the cost
effectiveness of the system.
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COMMUNICATIONS
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Message Frames

There are 4 message frame types specified for the system (Figure 18). The
first byte identifies the frame as a Fault Location System (FLS) message frame. The
next byte identifies the source of the frame (e.g. from Type | Fault Detector, from
Type Il Fault Detector, ... ). The data for the frame are contained in the remaining

bytes.

Type | Message Frame
IFLS StgrtliType | Frame IFault Typel Tower ID Code

Type Il Message Frame
IFLS StartlType Il Frame ITower ID CodelQuad-Coil RMS Values |

Repeater Message Frame
IFLS Start IRepeater Frame | Received Message Frame |

24 Hour Check Message Frame
IFLS Start 124 Hour Check Frame Tower ID Code!

Figure 18. Fault Location System Message Frames
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Error-Correcting Code

Message frames are encoded using a (7,4) Hamming code (Table 4). The
seven bit codewords consists of a data-nibble (i.e. four data bits) and three parity bits.
A systematic code was chosen since data are easily identified within the codeword; the
last four bits of the codeword are the same as the data-nibble.

The construction of the code used is as follows. First, the parity check matrix

H is chosen with the first three columns containing an identity matrix making the code

systematic.
H =[I:P\
1000111
=01 01011
001 1101
Next, the generator matrix is defined.
G =[PT:]
0111000
1010100
1100010
1110001

The codewords are then generated by the vector-matrix product

c - aG

where a is the four bit data-nibble and c is the resulting seven bit codeword. The

sixteen possible data-nibbles and their resulting codewords are shown in Table 4. This
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table, stored as a look-up table in software, is used to encode the data. To transmit an
eight bit byte an additional filler bit is added to the codeword.
The decoder operates as follows. The received word r has components
r=c+e
where c is the uncorrupted codeword and e is the error vector. To isolate the error

vector the parity check matrix and the received word are multiplied

s =Hr
=HGTaT+He T
=Her
since
P
HGt ~ [/PlI
=P +P =0

The syndrome, s, is equal to zero if there is no error. If there is an error, the
syndrome is equal to a column of the parity check matrix H. This column
corresponds to the position of the error bit. The error bit is corrected by reversing its
binary value (i.e. 0 to | or I to 0). One bit error per codeword can be corrected
since the minimum distance between codewords is three. If the codeword has more

than one bit in error the codeword will be decoded incorrectly.
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Table 4. (7,4) Hamming Code

Binary Hexadecimal
Dataword Codeword Dataword Codeword
0000 0000000 0 00
000 1 1110001 | 71
0010 1100010 2 62
00 11 00 100 11 3 13
0100 1010100 4 54
010 1 0100101 5 25
0110 0110110 6 36
0111 1000111 7 47
1000 0111000 8 38
100 1 1001001 9 49
10 10 1011010 A 5A
10 11 0101011 B 2B
1100 1101100 C 6C
110 1 0011101 D ID
1110 0001110 E OE
1111 1111111 F TF
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APPENDIX B

STATISTICAL RESULTS
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Table 5. Statistical Results For Phase To Ground Faults At Montana State University

This VALID OUT OF
Fault Location Tower FTYPE SAMPLES PHASE Decision
11-29G6  Ryon Lab Yes OB OF OF Correct
11-29H Ryon Lab Yes OB OF OF Correct
11-29L  Field Yes 16 00 00 WRONG(I)
12-1A Field Yes 0B 08 06 Correct
12-1B Field Yes 0B 06 06 Correct
12-1C Field Yes 16 04 04 WRONG(2)
12-4A Field Yes 0B 05 05 Correct(3)
12-4B Field Yes 0B 0B 09 Correct(3)
12-4C Field Yes 0B 08 06 Correct(3)
12-10A Field Yes OB 09 07 Correct
12-10B Field Yes OB 09 07 Correct
11-291 Ryon Lab No 00 10 00 Correct
11-29J) Ryon Lab No 00 10 01 Correct
12-1G Field No 00 10 00 Correct
12-1H Field No 00 OF 00 Correct
12-11 Field No 00 10 00 Correct
12-4D Field No 00 10 00 Correct
12-10C Field No 00 10 01 Correct

(1) Before additional ground rods, current through one coil
is low.

(2) Just under number of Valid Samples, current through coil
B is low, note faults 12-1A and 12-1B.

(3) Gain on coil B was increased to 21 for fault 12-4A and
further increased to 41 for all subsequent faults.

Note: The fault numbering system consists of a date and a
fault Number. Example: 11-291 is the Ith fault on
November 29.
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Table 6. Statistical Results For Phase To Phase Faults At Montana State University

This VALID ouUT OF
Fault Location Tower FTYPE SAMPLES PHASE Decision
11-29A  Ryon Lab Yes 16 00 00 Correct
11-29B  Ryon Lab Yes 16 00 00 Correct
11-29C Ryon Lab Yes 16 00 00 Correct
11-29D Ryon Lab Yes 0B 07 07 WRONG(I)
11-29E Ryon Lab Yes 16 00 00 Correct
11-29F Ryon Lab Yes 16 00 00 Correct
11-29L Field Yes 16 00 00 Correct
12-1D Field Yes 16 00 00 Correct
12-1E Field Yes 16 00 00 Correct
12-1F Field Yes 16 00 00 Correct
12-4E Field Yes 16 03 00 Correct
12-10D Field Yes 16 01 01 Correct
12-1) Field No -- - - Correct(2)
12-1K Field No - — — Correct(2)
12-10E Field No - - - Correct(2)

(1) Coils 4" from pole, sparking effects coils on static
wire.
(2) Unit should not trigger, therefore no data is stored.
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Table 7. Fault Detector Data For Fault Tests At Montana State University

NOTES:
FI = Phase to Ground Fault
F2 = Phase to Phase Fault

All data in Hex
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APPENDIX C

FAULT WAVEFORMS
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Montana State University

Unit at Pole #3, Fault at Pole #3

2 3 45 6 7 8 9
Total Sample Time = 5 msec.

CoilA Coil B CoilC

Figure 19. Phase To Phase Fault (#11-29F) At Montana State University
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Unit at Pole #3, Fault at Pole #3

r
6 7 8 9 10 11 12 13 14 15 16
Total Sample Time = 5 msec.

* Coil A——Coil B +H Coil C

-2.5\+

Figure 20. Phase To Ground Fault (#11-29G) At Montana State University
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Unit at Pole #1, Fault at Pole #1

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Total Sample Time = 50 msec.

Coil A CoilB Coil C

v
/d Iv

-2.5V
-10ms

Figure 21. Phase To Ground Fault (#12-4B) At Montana State University
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Unit at Pole #1, Fault at Pole #2

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Total Sample Time = 50 msec.

CoilB CoilC

-2.5V
190ms

Figure 22. Phase To Ground Fault (#12-4D) At Montana State University
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Unit at Pole #1, Fault at Pole #1

:ﬁ'
S %nm
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Total Sample Time = 50 msec.
CoilA CoilB CoilC
-2.5 V¢
-10ms 190ms

Figure 23. Phase To Phase Fault (#12-4E) At Montana State University
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Conrad Auto

UnitatPole#3b-1h FaultatPole#ds-14

160.

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 .60
Total Sample Time = 32 msec.

Coil A Coil B Coil C

UnitatPole#3d-14 FaultatPolegds-14

192--

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60
Total Sample Time = 32 msec.

- Coil A Coil B -a - Coil C

Figure 24. Phase To Ground Fault At Conrad Auto
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Two Dot

----- COILA
0.0 16.7 33.3 50.0 66.7 83.4 100.0 116.7 133.4 150.0
TIME(msec)
----- COILB
0.0 16.7 33.3 50.0 66.7 83.4 100.0 116.7 133.4 150.0
TIME(msec)
————— COILC

0.0 16.7 33.3 50.0 66.7 83.4 100.0 116.7 133.4 150.0
TIME(msec)

Figure 25. First Phase To Ground Fault At Two Dot (Recorder B)
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g - COILA
il
o
>
0.0 16.7 33.3 50.0 66.7 83.4 100.0 116.7 133.4 150.0
TIME(msec)
—-——COILB
%)
'_
il
(e)
>
0.0 16.7 33.3 50.0 66.7 83.4 100.0 116.7 133.4 150.0
TIME(mscc)
-—-—-COILC
%)
|_
il
o
>

0.0 16.7 33.3 50.0 66.7 83.4 100.0 116.7 133.4 150.0
HME(Insec)

Figure 26. First Phase To Ground Fault At Two Dot (Recorder C)
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H 2.5 COILA

167 333 500 667 834 1000 1167 133.4 150.0

COILB

16.7 333
TIME(msec)

fJ 15

00 16/7 33J 50.0 66.7 83.4 100.0 116.7 133.4 150.0

Figure 27. Second Phase To Ground Fault At Two Dot (Recorder B)
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T COILA
.|
o
>
40.0 60.0 80.0 100.0 120.0 140.0 160.0
TIME(msec)
2 ColiLB
-
o
>
40.0 60.0 80.0 100.0 120.0 140.0 160.0
TIME(mscc)
%
s
a COILC
>

20.0 40.0 60.0 80.0 100.0 120.0 140.0 160.0
TTME(Inscc)

Figure 28. Second Phase To Ground Fault At Two Dot (Recorder C)
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VOLTS
O
Q
.
>

0.0 16.7  33.3 50.0 66.7 83.4 100.0 116.7 133.4 150.0
TIME(msec)

CoILB

VOLTS

0.0 16.7  33.3 50.0 66.7 83.4 100.0 116.7 133.4 150.0
HME (Hisec)

-—-COILC

VOLTS

0.0 16.7 33.3 50.0 66.7 83.4 100.0 116.7 133.4 150.0
UME((Insec)

Figure 29. Phase To Phase Fault At Two Dot (Recorder B)



VOLTS

VOLTS

VOLTS

- COILA

0.0 16.7 33.3 50.0 66.7. 83.4 100.0 116.7 133.4 150.0
HME(Insec)

- COILB

0.0 16.7 33.3 50.0 66.7 .83.4 100.0 116.7 133.4 150.0
TTME(msec)

-—-COILC

0.0 16.7 33.3 50.0 66.7 83.4 100.0 116.7 133.4 150.0
HME (msec)

Figure 30. Phase To Phase Fault At Two Dot (Recorder C)
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-1.5V-
-4 s

Figure 31. Phase To Phase Fault At Two Dot (Oscilloscope)






