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FAULT LOCATION TECHNIOUES FOR TRANSMISSION LINES AND CABLES
) MARTIAL A. HONNELL* ’
»Prosonhd before the Radio Club, November 9. 1951
INTRODUCTION measurement of the distance to faults that are as

The- problem of locating faults on transmission

~lines has existed ever since the installation of
the first commercial telegraph system over a hun-
dred years ago. Needless to say, many refined
techniques have been developed for>locat1ng faults
and minor irfegularifies on lines varying in length
from a six-inch wave guide to a 2000-mile ocean
cable. The basic principles underlying some of the
methods employed to find the distance to discon-
tinuities on metallic circuits are identical to
those émployed in radar devices, in mine detectors,
and in surersonic thickness detectors.

The testing departﬁents of the large communi-
cation and power companies employ highly trained
personnel who are experts in the- use of fault-loca-
tion devices which are suitable for their particu-
lar line facilities. Typical fault location sets
vary in price from $150 for-a resistance bridge to
over $10,000 for a d-c cable-fault locating set

which weighs over 3000 pbunds. It can be said that

the large companies-are adequately handling the
problem of fault location. But small companies
such as radio stations cannot normally justify the
~ cost of fault-locating equipment, because of the
infrequent occurrence of faults on their radio-fre-
quency lines, on their audio circuits or on their
private program circuit facilitiés. Nevértheless,
a line fault is a serious and expensive problem for
these organizations when it does occur.

The major portion of this talk is devoted to a
fault-location technique which is particularly use-
ful to groups who have occasional line fault prob-
lems. It is believed that a portable test set
-based on the principles outlined will be useful to

all organizations having fault location problems on

}heir communication, power, and radio-frequency
transmission lines and circuits.

TYPES OF FAULTS

In view of the fact that the measuring tech-
nique which is to be demonstrated permits the

*Professor Electrical Engineering, Georgia Institute of
Technology.

3

"close as 2 feet and as far as a hundred or more .

miles on appropriate wire circuits, the viewpoint
adopted is that a lamp cord, or any two-conductor
circuit is a transmission line.

Most faults may be placed under the general

classification of shorts, opens or crosses. Various

combinations of these faults maygexist. Further-
more, some faults exhibit a low resistance, while
others exhibit a high resistance. It is clear that
a fault may be of a permanent or of an intermittent
character. In'many cases, an intermittent fault,
or a high resistance fault may be carbonized and
reduced in resistance by passing a large current
through the fault. In other cases, shorts caused
by slivers of copper in coaxial cables may be burn-
ed out by discharging a charged condenser through
the cable fault.

METHODS OF FAULT LOCATION

Most fault location methods now in general
usage can be classified as follows:

1. Inspection methods. )
A. Direct visual examination for a visible
fault.*
B. Close inspection for evidence of heat,
smoke, odor, or noise resulting from in-
sulation break-down.

2. Continuity tests.
A. Test lamp and battery.
B. Ohmmeter, voltmeter and ammeter tests.

3. Resistance bridge tests.
) A. Wheatstone bridge tests for resistance.
B. Loop tests of the Murray and Varley types.

4. Capacitance bridge tests.
A. Capacitance bridge with low-frequency a-c,
or slowly—revepsing d-c, excitation. ‘

*Editor's Note: Emphasis was called to the importance
of visual examination. A small length of solid copper,
gas-dielectric, coax was exhibited having a pronounced
dent in the outer surface (made by a rifle bullet).
This fault could not be detected at low power levels -
only at higher power sufficient to arc over internally.
The fault was readily located by visual inspection
after several electrical methods had failed.
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B. Special capacitance bridge configurations
employing the capacitance between lines as
bridge arms.

Tracing current methods.
A. Steady, or pulsing, direct current is

caused to flow on cable and fieldkor poten-‘

tial drop is explored along cable.
Audio—frequency a-c current is sent through
cable and magnetic field is explored with
,pick—up coil, or device, connected to head
" phones.

B.

-Pulse tests.

‘A. Radar technique utilizing d-c pulses.

B. Radar technique utilizing pulse—modulated
) carrier.

Radar technique utilizing fault—generated
surges. '

C.

Impedance variation ‘methods.
A. Measurement of complex input impedance of
"1line over a. w1de frequency range with im-
pedance bridge or other 1mpedance-measuring
instrument.

Measurement of line 1nput voltage, current
or phase angle over a wide frequency range
in order to locate several successive zeros
and poles of impedance.
" 1. These measurements may be made with a
signal generator used in conjunction
with a high-frequency voltmeter, ammeter,
phase meter, or oscilloscope.
These measurements may also be made with
a frequency-modulated oscillator and os-
cilloscope to provide a panoramic dis-
play of relative impedance.

Location of successive zeros or poles of
line input impedance by use of grid-dip
oscillator.

_B.

~ Special unexploited methods.
A. Frequency—modulatediradar techniques.
B. Phase measurements on steady-state reflect-
ed signal. :

THE PULSE TECHNIQUE

bridge. The relative merits of other techniques
are discussed later.

Application of the pulse technique for the
location of faults on transmission lines was des-
cribed in a paper published by the author in the
November 1944 issue of Electronics magazine. Tests
made on a 146-mile open-wire line from Atlanta to
Birmingham indicated that the pulse technique will
accurately display on an oscilloscope the distance
to several discontinuities simultaneously present
on a line. The conclusions reached as a result of
these experiments were stated as follows:

"The pulse technique appears promising as a
method of measuring the distance to a discontinuity
on a transmission line. If the nermal pulse his-
tory of a particular line is photographically re-
corded; any new discontinuity can be readily de-
tected by placing the negative of the photograph
over the oscilloscope screen.

An advantage of the pulse tecnnique over other
methods of measuring the distance to discontinui-
ties is that a complete instantaneous picture of
the entire line is revealed at a glance. In addi-
tion, the nature of the discontinuity is immedi-
ately dpparent.

Possible applications of the pulse technique
are: (1) To measure the distance to an open: or
short-circuit on transmission lines. (2) To
measure the distance to irregularities on lines.
(3) To measure the velocity of propagation of

- pulse signals on transmission lines of known length.

It is believed that the combination resistance-

.capacitance -bridge arranged for Murray-Varley tests
represents the most universally satisfactory device
for the location of faults. Outstanding merits of

the bridge are its inherent accuracy, its portabil-
ity, and its modest battery requirements. Special

forms of the resistance bridge have been developed

for low-resistance and high-resistance faults.
signa1~tracing~devices are very useful for finding

the exact position of a fault on a short section of
a cable, or if the approximate location of the .

. fault on a long cable has been determined with a

The .

- able rather than a portable test set.
‘with its 165-microsecond pulse will indicate very

(4) To rapidly check the value of the character-

istic impedance of a transmission line, or to de-

termine whether or not a line is terminated in its
characteristic impedance. (5) To continuously ’
monitor a line to determine where and when a break <
occurs during inclement weather, or during periods E
when sabotage is expected."”

An excellent pulse fault-location test set
named "The Lookator" was described in the October ~
1945 issue of the Bell Laboratories Record. This
test set, housed in a case approximately 19 x 19 x
15 inches, weighs a little over 100 1lbs., and oper-
ates from a 110-volt a-c power supply. In the
opinion of the author, this represents a transport-
The Lookator

clearly the distance to missing loading coils in
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" loaded transmission lines, to contact made by
swinging tree branches, and to high-impedance inter-
cepting taps. A similar pulse test set employing a
0.25-microsecond pulse and appropriate line-bal-
ancing, terminating and compensating impedances has
been used to measure minor irregularities on co-
axial cables in order to insure a minimum of dis-
continuities on cable installations. ’

Several organizations have recently conducted
experiments in the use of pulse equipment for the
‘location of transient faults on power lines.
Stevens and Stringfield of the Bonneville Power
Administration have reported the use of the tran-
sient surge generated at a fault on a high-voltage
transmission line as the pulse signal to indicate
the distance to the fault. Leslie and Kidd of the
Hydro-Electric Power Commission of Ontario, Canada,
have successfully employed d-c pulses and pulse-
modulated carriers to measure the distance to
faults on power lines. The major disadvantage of
the carrier burst method is that the nature of the
fault is not clearly revealed in terms of pulse
polarity as it is when d-c pulses are employed.
The sensitivity of the pulse test is demonstrated
by the fact that power-line transpositions were
clearly revealed during the course of these experi-
ments. An important advantage of the pulse fault-
locating test set from the power viewpoint is its
ability to show transient faults and intermittent
faults in the presence of existing normal line dis-
continuities.

THE IMPEDANCE VARIATION TECHNIQUE

The author has recently directed his efforts
toward the development of fault-location techniques
utilizing test equipment drdinhrily available at _
radio stations, or similar organizations. This
technique is based on the following well-known
principles: '

The input impedance-frequency characteristic
of a transmission line under bpen-circuited and
short—cifcuited conditions has the general appear-
ance illustrated in Fig. 1. It is to be noted - ‘
that, under either condition, successive impedance
minimas (or maximas) occur for frequency increments
which make the line electrically one-half wave-
length longer. For example, if the input impedance
of a short-circuited transmission line is measured
as the frequency is increased, the line presents a
maximum impedance to a frequéncy at which the line
is electrically a quarter-wavelength long. Next,
-the line presents a minimum impedance. to a frequency

Z
max |

Fig. 1 - Relative impedance values of short-
circuited 1line (SC) and open-cir-
cuited line (OC) for a transmission
line of fixed length. At the fre-
guency fy, the line is one wavelength

ong.

at which the line is é half-wavelength long, etc. -

The frequencies corresponding to successive
Zmin (or zmax) values may be employed to measure
the distance to an open-circuit, to a short-circuit
or to other types of discontinuities on a trans-
mission line by use of the following équation which

is derived in most standard transmission books:
.D _ v
21:2 - fli

Where D is the distance to the fault, V is the
average velocity of propagation on the line, fl is
the frequency corresponding to any Zhin (or zmax)
point, and f2 is the frequency corresponding to the

next successive Z (or zmax) point.

min

It is well to remember that the lowest fre-
quency corresponding to“zmin for a short-circuited.
line is the frequency which makes the line one-half.
wavelength long, while for an open-circuited line
it is the frequency which makes the line one-fourth
wavelength long. This information may also be em-
ployed to determine the length of a line by use of
the following equations: :

For short-circuited line D
For open-circuited line. D

V/2F

v/4f

Where f is the lowest frequency to which the line
presents a minimum impedance. (These equations are
interchanged for,resonance frequencies which pro-
duce a Zmax°) »

It is apparent that the input voltage, or the
input current, of the transmission line will go
‘thréugh the same cyclic variations as the input im-
pedance. These excursions may, therefore, be em-

-
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ployed to identify the frequencies of the_succes—
sive zeros or poles of the transmission line input
impedance. A suitable arrangement for locating '
faults”by using an audio oscillator, or a signal
generator, in conjunction with a diode voltmeter or
a vacuum-tube voltmeter is shown in Fig. 2.

LINE FAULT

VFO - Variable-frequency oscillator.
V' - Vacuum-tube voltmeter.
R - Any convenient value from z°/2 to 2Z.

Fig. 2 - Simple arrangement for locating a line
fault.

If the transmission line has moderate losses,

resistor to a value approaching the characteristic
impedance of the line. Since the effect of the
outgoing wave can now be reduced to the same order
of magnitude as that of the reflected wave, the
voltmeter reading will go through large excursions
as the frequency is varied.~ This will permit a

‘more rapid and precise determination of the fre-

quencies corresponding to the zeros and poles of
impedance.

A cathode-ray oscilloscope and an oscillator
may be used to determine the frequencies at which
the phase angle of the line input impedance goes
through zero, since for a low-loss line these fre-
quencies correspond to the zeros and poles of im-
pedance. - The vertical input of the oscilloscope
is connected across the line terminals, and the
horizontal input is connected across a small re-

* sistor in series with one oscillator lead to the -

the voltmeter reading will drop sharply at frequen- .

cies corresponding to zeros of impedance and it
will rise to a maximum at frequencies corresponding
to poles of impedance. It is obvious that the in-
put current will vary in inverse relationship to
the voltage. This current may be measured by con-
necting the voltmeter across the resistor shown in
Fig. 2. Allen and Gross of the Pennsylvania'Water_
and Power Company described a fault-location device
employing the current-measuring technique in the
Bulletin of the Edison Electric Institute for
August 1935.

If the transmission line has high losses, or
if it is terminated in a resistive discontinuity
having a magnitude which approaches the line char-
acteristic impedance, the voltmeter excursions will
be small, because the reflected wave will be much
smaller than the applied wave. In this case, the
circuit arrangement utilizing a bridge, a hybrid
coil, or other form of directional coupler, shown
in Fig. 3 will prove to be useful. The response
of the meter to the outgoing wave can be reduced:
to any desired magnitude by adjusting the balancing

@

LINE FAULT

Fig. 3 - Bridge arrangement used to increase
excursion of voltmeter reading when
measuring lossy lines. R may be a
1000-ohm carbon potentiometer.

"\ ~
<

line. With this arrangement -an elliptical pattern
is traced on the screen of the cathode-ray tube.

At frequencies corresponding to poles of impedance,
the ellipse closes to a thin line (or ellipse)
having a large slope; and at frequencies corres-
ponding to zeros of impedance, the ellipse closes
to a thin line (or ellipse) having a smaller slope.
It is apparent that similar measurements may be
made with a phase meter substjituted for the oscil-
loscope. This phase measurement technique is not
recommended for a high-ldss line since, in this
case, the frequencies at which the line input im-
pedance goes through maximas and minima§ are not
directly related to the frequencies producing unity
power factor.

GRID-DIP OSCILLATOR APPLICATION

The Megacycle Meter is the simplest and most
convenient instrument to use to make fault distance
measurements through application of the impedance-
variation principle. If the coil of the Megacycle
Meter is coupled inductively to a small loop formed
at the end of a transmission line, the grid meter
will dip sharply as the Megacycle Meter is tuned
through its frequency range. These grid meter dips
will occur at frequencies corresponding to zeros of
the line impedance.

Although any two successive frequencies cor-
responding to a zero of impedance suffice for the
calculation of the distance to a fault, greater
accuracy is achieved if the frequency differences
between several successive readings are averaged.
This will also reduce the likelihood that a zero
might be accidentally overlooked.
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Fig. 4 - Megacycle Meter coil used with clips to
form a coupling loop.

It may be necessary to try several different
coils initially before any resonances are discover-
ed. A convenient procedure is to start with a
high-frequency coil and work downward in frequency
until well-defined dips in the grid meter reading
are obtained. After resonances are located, the
coupling to the loop should be reduced as much as
pbssible in order that there will be a minimum re-
action on the frequency calibration-of the Mega-
cycle Meter.

Fig. 5 - ﬂegacycle Meter coupled to solid
coaxial line.

The loop formed at the end .of the line should

‘be small, and it is important to use close coupling

on high-loss lines. In many cases the loop may
consist of the extended ends of the line twisted
together. It is possible to couple the Megacycle

Meter capacitively to the open end of low-loss lines.

However, the inductive coupling is preferable.

Fig. 6 - Megacycle Meter coupled to flexible
coaxial line showing how loop is
formed.

Transmission line losses increase directly as
the length of the line and these losses also in- -.
crease with frequency. If the line losses are high,

‘there will be only a slight variation in impedance

as a function of frequency, and it may be impossible
to locate the zeros of impedance. - Fortunately, long
lines permit the use of low frequencies for the de- f
termination of a fault.

If other lines, or sections of wire, are
coupled or are connected to a line on which measure-
ments are being made, many random resonances will be
measured, and the desired frequéncies'will be ob-
scured. In many cases spurious couplings may be
made innocuous by application of basic transmission
line principles. For example, the offending line
section may be terminated in its characteristic im-
pedance in order to make it nen-resonant.

The standard megacycle Meter with a frequency
range of 2.2 to 400 megacycles will permit the

Fig. 7 - Measuring length of phonograph pickup
: ~cable on spool.
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measuremént of faults which are at distances of
approximately 2 feet to a half mile. With coils
covering the frequency range down to 100 kilocycles,
frequency increments of 10 kilocycle can be read
with a good deg;ee of accuracy so that the upper ’
fange of measurement is extended to 10 miles.

It is‘apparent that the velocity of propaga-
tion on a particular line can be determined by use
of the grid-dip technique on a line section of
known length. The grid-dip technique may.be em-
ployed to locate faults on wire circuits such as
radio-frequency transmission lines, microphone
cables, lamp cords, power lines, and telephone
lines. This technique has been employed to de-
termine the length of a shielded cable wound on a
spool. It is much simpler'and more rapid to meas-
ure a cable 1000 feet long in this manner than to
unreel the cable for direct measurement with a
rule.

CONCLUSION

All of the fault-location techniques which
‘have been described are useful and important. No

single techmique is the best overall technique to
employ in all fault finding situations. . The pulse
technique reigns supreme in its ability to show the
distance to transient faults and to several simul-
taneous faults.

One of the most attractive features of the

>impedance-variation technique is that it can be

applied by using a variety of measuring equipment
usually found in a radio station or in an electron-
ics laboratory. The grid-dip meter is often the
most convenient instrument to use to locate line
faults. As a portable battery-operated fault-loca-
tion instrument, the grid-dip meter utilizes only
one tube. Because of its small size and its sim-
plicity, the Megacycle Meter is particularly con-
venient to use to locate line faults on antenna in-
stallations, and on board ships and airplanes.
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E W a-c operated
megohmmeter

% to 2,000,000 megohms with Constant 500 Volts Across Unknbwn )
RUGGED Y PORTABLE sk ACCURATE Y SIMPLE TO USE

SIMPLE TO USE — Minimum of panel controls for incx-
perienced personnel . . . value of unknown is product of
meler reading and multiplier swilch setting

SAFE TO USE— In the DISCHARGE  position of panel
swilch all vollage is removed from terminals, allowing

connections to be made or broken with complete safety

CONSTANT 500-VOLTS APPLIED TO UNKNOWN — the stand-
ardized vollage level for these measurements — balanced
vacuum-tube vollmeter indicating circuit with glow-
discharge type of voltage regulator tube and stabilized

© 500-volt supply — voltage on unknown is held at 500 to
within = 2%, over a 105- to 125-volt supply line range

RAPID MEASUREMENTS OF CAPACITOR LEAKAGE — in the
DISCHARGE switck position a shunt resistor is auto-
matually connected across the UNKNOWN lerminals,
removing any residual charge in capacitive component of
the unknown . .. this. feature is especially useful when
measuring Ieakage resistance of capacitors

For General-Purpose
Resistance Measurements

¥ in Producfion
"% in the Repair Shop
¢ in the Field

For Insulation

Resistance Tests : ,
on Transformers i'ri'_ACa‘pdcifors

Cables vx Rotating Electrical Machines
¢ Household Appliances

NOT NECESSARY TO CHARGE UNKNOWN before starting
measurements, as circuil resistance is so small that it has
negligible effect on charging time of even largest capacitors

VERY CONVENIENT IN OBSERVING APPARENT LEAKAGE

- RESISTANCE after one and ten minutes of charging time,

as is done commonly as routine checks on large electrical
machines :

“CHECK™ SWITCH POSITION PROVIDED for checking cali-

bration . : . controls provided for readjustment, normally
required only when tubes are changed

GUARD AND GROUNDING TERMINALS provided, in addition
to the two unknown binding posts, for making three-
terminal resistance measurements . . . ground terminal can
be connected either to guard termmal or lo one of the
UNKNOW N terminals

ACCESSORIES SUPPLIED — Two color-coded test leads with
phone tips, two insulated probes, two alligator chps and a
G-R Type 274-MB Plug

Type 1862-A
Megohmmeter: $225.
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275 Massachusetts Avenue, Cambridge 39, Mass.
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and trouble, just as other electronic designers, engi-
neers and production men are doing.
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West Orange, N. J.




AT ITS BEST—IT’S

PTM MICROWAVE
by federal

in North America’’

PTM pProvides INDUSTRY with complete, private,
high-reliability, weatherproof communications—over any ,
terrain—without costly line construction and maintenance

Federal PTM Microwave offers the most stable basic
- channels for pipe lines, power utilities, railroads, tele-
phone companies, broadcasting, aviation and others

PROVED performance in all large and small industrial applications!
F That’s why industry can rely on Federal Pulse-Time Modulation
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International Telephone and Telegraph Corporation, pioneer in
microwave techniques. Tens of thousands of channel-miles of PTM
have been installed in 15 countries by IT&T associates.

Federal PTM—providing all facilities simultaneously—meets all
communication requirements .
. markable reliability, using equipment of highest RF output and
simplest design. For details on microwave at its best, write to Wire
and Radio Transmission Systems Division, Dept.——.

’FIRST Commercial
Radio Relay System

. over long distances and. with re-"

HIGH POINTS of

PTM
PERFORMANCE

@® Unaffected by fog, rain, snow,

ice, static or magnetic storm.

® High signal-to-noise ratio:
@ Outstanding for high quality of

voice and other transmission.

® No inter-channel crosstalk due

to non-linearity of common ele-
ments.

® Energy beamed by non-critical,

directive parabolic reflectors.
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without RF stand-by.

“Federal Microwave —The System Backed by 20 Years of Experience’’

-
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IT&T’s world-wide research and
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B N EVERY FIELD
Veere 44 2 Leador/

MEASUREMENTS
“"FAMOUS FIRSTS”

Lobonatsg S indinds

1939 MODEL 54 STANDARD SIGNAL GENERATOR—Frequency
range of 100 Kc. to 20 Mc. The first commercial signal gen-
.erator with built-in tuning motor. . .
MODEL 65-B STANDARD SIGNAL GENERATOR—This instrument
replaced the Model 54 -and incorporated many. new features including an
extended frequency range of 75 Kc. to 30 Mc. )
194 MODEL 58 UHF RADIO NOISE & FIELD - STRENGTH
] METER—W/ith a frequency coverage from 15 Mc. to 150 Mc.
This instrument filled a long wanted need for a field strength meter usable
above 20 Mc.
MODEL 79-B PULSE GENERATOR—The first commercially-built pulse
generator. . :
1941 MODEL 75 STANDARD SIGNAL GENERATOR—The first -
"~ generator to_meet the need for an instrument covering the LF.
and carrier ranges of high frequency receivers. Frequency range, 50 Mc.
to 400 Mc. : 3 '
1942 %I;ICEZ%ISALIZED TEST EQUIPMENT FOR THE ARMED SER-

194.3 MODEL 84 STANDARD SIGNAL GENERATOR—A precision -
instrument in the frequency range from 300 Mc. to 1000 Mc. The .
first UHF signal generator to include a self-contained pulse modulator.
1944 MODEL 80 STANDARD SIGNAL GENERATOR—With 'an
i output metering system that was an innovation in the field of
measuring equipment. This signal generator, with a frequency range of .
2 Mc. to 400 Mc. replaced the Model 75 and has become a standard test
instrument for many manufacturers of "electronic equipment. )
.194.5 MODEL 78-FM. STANDARD SIGNAL GENERATOR—The
fist instrument to meet the demand for a moderately priced
frequency modulated signal generator to cover the range of 86 Mc. to
. 108 Mc. : ¢
-194.6 MODEL 67 PEAK VOLTMETER—The first electronic peak
. " voltmeter to be produced commercially. This new voltmeter
. overcame the limitations of copper oxide meters and electronic voltmeters
of the r.m.s. type. : i
1947 MODEL 90 TELEVISION SIGNAL GENERATOR—The- first
commercial - wide-band, . wide-range standard signal generator
ever developed to meet the most exacting standards required for high
definition television use. - j :
1948 MODEL 59 MEGACYCLE METER—The familiar grid-dip
meter, but its new design, wide frequency coverage of 2.2 Mc.
- to 400 Mc. and many other important features make it the first commercial
instrument of its type to be suitable for laboratory use. :
1949 MODEL 82 STANDARD SIGNAL GENERATOR—Providing
the extremely wide frequency coverage of 20 cycles to 50 mega-
cycles. An improved mutual inductance type attenuator used in conjunc-
tion with the 80 Kc. to 50 Mc. oscillator is one of the many new features.
MODEL 112 U.H.F. OSCILLATOR—Designed for the many applications
“in ultra-high frequency engineering that require ‘a signal source having
a high degree of frequency accuracy and stability. Range: 300 Mc. to
1000 Mc. :

1950 Model 111 CRYSTAL CALIBRATOR—Measurements™ most
M E A S U R E M E N T S recent “first”—a calibrator that not only provides a test signal
‘ . of crystal-controlled frequency but also has a self-contained receiver of 2

CORPORATION 1951 MODELS 30 and 31. INTERMODULATION = METERS—

" With completely self-contained test signal generators, analyzers,

voltmeters and power supplies. Other new Measurements’ “FIRSTS” soon

microwatts sensitivity.
BOONTON NEW JERSEY to be announced.
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