APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4

ELeU i> ON >
BY
38 APRIL 1988 M. N. MIKHAYLOY, L.D. RAZUMOVY AND S.A. SOKOLOY 1 OF 4

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4

FOR OFFICIAL USE ONLY

JPRS L/9060
30 April 1980

Translation
Electromagnetic Effects on Communications
By

M.N. Mikhaylov, L.D. Razumov and S.A. Sokolov

FBIS| FOREIGN BROADCAST INFORMATION SERVICE

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4

NOTE

JPRS publications contain information primarily from foreign
newspapers, periodicals and books, but also from news agency
transmissions and broadcasts. Materials from foreign-language
gources are translated; those from English-language sources
are transcribed or reprinted, with the original phrasing and
other characteristics retained.

Headlines, editorial reports, and material enclosed in brackets

[] are supplied by JPRS. Processing indicators such as [Text]

or [Excerpt] in the first line of each item, or following the -
last line of a brief, indicate how the original information was

processed. Where no processing indicator is given, the infor-

mation was summarized or extracted.

Unfamiliar names rendered phonetically or transliterated are
enclosed in parentheses. Words or names preceded by a jues-
tion mark and enclosed in parentheses were not clear in the
original but have been supplied as appropriate in context.
Other unattributed parenthetical notes within the body of an
item originate with the source. Times within items are as
given by source.

The contents of this publication in no way represent the poli-
cies, views or attitudes of the U.S. Government.

For further information on report content
3 call (703) 351-2938 (economic); 3468

(political, sociological, military); 2726
(life sciences); 2725 (physical sciences).

COPYRIGHT LAWS AND REGULATIONS GOVERNING OWNERSHIP OF
MATERIALS REPRODUCED HEREIN REQUIRE THAT DISSEMINATION
OF THIS PUBLICATION BE RESTRICTED FOR OFFICIAL USE ONLY. -

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4

FOR OFFICIAL USE ONLY
JPRS L/90G0
30 April 1980

ELECTROMAGNETIC EFFECTS ON COMMUNICATIONS

Moscow ELEKTROMAGNITNYYE VLIYANIYA NA SOORUZHENIYA SVYAZI in
Russian 1979 signed to press 15 Jun 79 pp 1-263

{Book by M.N. Mikhaylov, L.D. Razumov, S.A. Sokolov, "Svyaz"'
Publishing House, 9000 copies]

CoNTENTS

Foreword ‘ 2
Chapter 1. Sources of External Electromagnetic Fields 5

1.1. Brief Information on the Development of Electrification
and Wire Communications in the USSR 5
1.2. Electric and Magnetic Fields 7
1.3. Sources of Electromagnetic Fields of Different Frequencies 11
1.4, Sources of Stray Currents in the Ground 43

Chapter 2. Effect of High-Voltage Lines on Single-Wire Circuits

B of Overhead Lines 45
2.1. General Principles of the Theory of the Effect of High-
Voltage Lines 45
2.2, Characteristics of the Interfering Circuits and Wire
Communications Circuits 48
2.3. General Equations of Magnetic and Electric Effect Between
Single-Wire Circuits 50
2.4. Equations of Effect for Closure of the Interfering Circuit
- to Resistances Equal to the Phase Impedance 56

2.5. Equations of the Effect Between the Single-Wire Circuit
for a Negligibly Small Variation of Currents and Voltages

in the Interfering Circuit 65
2.6. Effect on Bunched Conductors 73
2.7. Equations of Magnetic and Electrical Effect Through the .
Third Circuit 75
-a - i1 - USSR - F FouUO]

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4

FOR OFFICIAL USE ONLY

CONTENTS (Continued)

2.8.

2.9,

Chapter 3,

Determination of the Electrical Effect Using the
Maxwell Equations
Galvanic Effect on Single-Wire Circuits

Effect of Entirely Asymmetric Circuits on the Two-Wire

Overhead Line Circuits

3.1,
3.2,

3.3.

3.4,

3.5.

Equations in General Form

Determination of the Interference Voltage Components
Caused by Asymmetry of Arrangement of the Telephone
Circuit Wires with Respect to the Interfering Wire
Determination of the Interference Current and Voltage
Components Caused by Asymmetry of the Electric Parameters
of Telephone Circuit Wires

Determination of the Voltage in the Two-Wire Circuit
Caused by Asymmetry of the Introductory Equipment

Effect of the Two~Phase and Three-Phase High-Voltage
Overhead Lines on the Overhead Communication Line Circuits

- Chapter 4, Effect of the Electric Field of a Suﬁerhigh Voltage
Line on the Organism of Man

Chapter 5. Effect of Cloud Discharge on Overhead Communication

Lines
_ 5.1.
5.2.
5.3.
5.4,

5.5,

Inductive Effect on the Communication Lines

Cases of Occurrence of Inductive Overvoltages on the
Wires of Overhead Lines

Magnitude of the Overvoltages Induced in the Wires
Considering Corona

Effect of Direct Lightning Strikes on Overhead
Communication Lines

Overvoltages on the Entrance Cables and Cable Inserts
to Overhead Lines

Chapter 6. Effect of Magnetic Storms and Currents in the Ground on
Communication Lines

6.1.
6.2.

6.3,

6.%.

Occurrence of Magnetic Storms

Variation of the Earth's Magnetic Field During Ultraviolet
Radiation

Variation of the Magnetic Field of the Earth in the Case
¢f Corpuscular Radiation

Potential Difference Between Different Points of the
Earth During Magnetic Storms and the Effect of it on
Communications Circuits

- b -
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4

81
88
101

101

105

108
119

123

127

133
133
138
139
141

145

150
150
153

153

154



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4

FOR OFFICIAL USE ONLY

CONTENTS (Continued)

Chapter 7
7.1.
7.2.

7.3.

7.4,

Chapter 8
Cable

8.1.
8.2.
8.3.

‘8.4,

8.5.

8.6.

8.7.
8.8.
8.9.
8.10.
8.11.
8.12.

_ 8.13.

8.14.

APPROVED FOR RELEASE

. Effect of High-Voltage Lines on Communication Cables

Effect on Cables Without Metal Coverings

Effect on the Metal Covers of Cables in the Absence of
Intermediate Grounds

Effect on the Metal Sheathing of Cables in the Presence of
Intermediate Grounds

Effect on Cable Cores in the Absence of Intermediate
Grounds on the Metal Coverings

Calculation of the Effect in the Case of Several Cables
Laid Parallel

Effect on Cable Cores with Multiply Grounded Sheathings
Effect on the Two-Wire Circuit of a Cable Line

. Voltage Between the Cable Core and Sheathing When the
Is Directly Struck by Lightning

Formation of an Electric Arc Between the Point Struck by
Lightning and the Cable

Derivations of the General Formula for Calculating the
Voltage in a Cable

Calculation of the Voltage in the Cable, the Metal
Sheathing of Which Has a Constant Contact With the Ground
Calculation of the Voltage if Lightning Strikes the Cable,
the Metal Sheathing of Which Is Insulated from the Ground
by a Flexible Tube

Calculating the Voltage When Lightning Strikes a Cable
with Periodically Grounded Sheathing

Calculation of the Voltage Along the Communication Cable

in the Case of Breakdown of the Insulation of the Cores From

the Sheathing at the Point Where the Lightning Strikes
Calculation of the Voltage in a Coaxial Cable, the Tube of
Which Is Insulated from the Metal Sheathing

Probability of Lightning Damage to a Cable Laid in Open
Terrain

Probability of Light:ning Damage to Underground Cable Laid
Beside a Forest

Probability of Lightning Damage to Cable Laid Along a Cut
Through a Forest

159
159
159
166
174
190

193
194

197

197
200

203

206

207

209
211
215
218

221

Effect of Single Trees Located Near a Cable or High Structures

on Damage to the Cable by Lightning Strikes

Effect of Overhead Lines Located Near the Cable on the
Degree to Which It Is Subject to Lightning Strikes
Calculation of the Probable Number of Cases of Damage to
Cables by Lightning in Permafrost Zones and with Two-
Layer Structure of the Soil

Maximum Lightning Current as a Function of the Specific
Soil Resistance

-Cc -

FOR OFFICIAL USE ONLY

1 2007/02/08: CIA-RDP82-00850R000200070053-4

223

223

224

227



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4

CONTENTS

FOR OFFICIAL USE ONLY

(Continued)

Chapter 9. Parameters of the Electromagnetic Coupling Between

Circuits

9.5.
9.6.
9.7.
@.8.
9.9.
9.10.
9.11.
9.12.

9.13.
9.14.

of Different Electric Systems

General Principles

Capacitive Coupling Between Single-Wire Circuits of
Overhead Lines

Capacitive Couplings Between the Triple-Phase and Single-
Wire Circuits

Capacitive Coupling Between the Entire Symmetric Triple
Phase and Single-Wire Circuit

Capacitive Coupling Between the "Triple Wir=-Ground"
Circuit of a Triple-Phase Line and Single-Wire Circuit
Capacitive Coupling Between a Triple-Phase Symmetric
Line and a Two-Wire Circuit

Capacitive Coupling Between Single-Wire and Two-Wire
Circuits

Determination of the Mutual Inductance Between Single-
Wire Circuits of Overhead Lines

Determination of the Mutual Inductance Between Single-
Wire and Double-Wire Circuits

Determination of the Mufuﬁl'inductancé Between Two-Wire
Circuits

Determination of the Mutual Inductance Between the Three- -

Phase Symmetric Line and the Communication Circuits
Determination of the Active Component of the Parameter of
the Magnetic Effect Between Single-Wire and DC Circuits
Specific Conductivity of the Ground

Measurement of the Specific Conductivity of the Ground

Chapter 10. Electrical Circuit Parameters

10.1.
10.2.

- 10.4.
10.5.
10.6.

Primary Parameters of Single Circuits of Overhead Lines
Total Resistance of the Communications Wire in Bunched
Conductors

Primary Parameters of the 'Metal Coverings—Ground” Circuit
Primary Parameters of the "Core-Sheathing" Circuit
Parameters of the "Core~Ground" Circuit

Bibliography

-4 -
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4

230
230
231
233
238
242
243
247
247

263

266
267
269
270
273
279
279
283
288
297
299

301



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4

English title

Russian title

Author (s)

Editor (s)

Publishing House

Place of Publication

Date of Publication

Signed to press

Copies

COPYRIGHT

FOR OFFICIAL USE ONLY

PUBLICATION DATA

: ELECTROMAGNETIC EFFECTS ON COMMUNICATIONS

ELEKTROMAGNITNYYE VLIYANIYA NA

SOORUZHENIYA SVYAZI

S.A. Sokolov

"Svyaz e

Moscow

1979

15 Jun 79

9,000

Izdatel'stvo

- @ -

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4

M.N. Mikhaylov, L.D. Razumov,

"Svyaz'", 1979



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4

UDC 621.316.9
ELECTROMAGNETIC EFFECTS ON COMMUNICATIONS

- Moscow ELEKTROMAGNITNYYE VLIYANIYA NA SOORUZHENIYA SVYAZI in Russian 1979
signed to press 15 June 1979 pp 1-263

[Book by M. N. Mikhaylov, L. D. Razumov, S. A. Sokolov, Svyaz' Publishing
House, 9000 copies]

[Text] A study is made of the theory of the effect of the electromagnetic

- fields created by high-voltage electric power transmission lines, the cate-
nary systems of electric railways and lightning discharges on communica-
tion lines and equipment and also the theory of the galvanic effect of
stray currents arising in the ground (water) in the presence of magnetic
storms and with energy transmission over single-water lines. General
formulas are presented for calculating the voltages and currents occurring
in the cable cores and lines under the effect of electromagnetic fields,
and the formulas are given for calculating the circuit parameters and the

_ coefficients of electric and magnetic coupling. The principles of shield-
ing theory are presented.

_ The book is designed for engineering and technical workers dealing with
the problem of quantitative estimation of the magnitudes of the extraneous
voltages and currents in the circuits and communication chanmnels arising
from the electromagnetic effect of different sources. i -
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FOREWORD

The basic areas of development of the national economy of the USSR in 1976-.
1980 adopted by the 25th Congress of the CPSU define the further develop-
ment of electrification, transport and communication means, improvement of
_ the efficiency of social production and production quality, The Tenth
Five-Year Plan provides for continued work on the creation of a United
Automated Communications Network for the Country (YeASS), an increase in
the extent of the long distance telephone channels by 1,6 times, the number
of telephones in the cities and rural areas by 1.4 times, the number of
newspaper strips transmitted by phototelegraphic means, by 2 times, and so
on. The requirements are being raised on noise immunity and protection of
the circuits and channels of the transmission systems from the effect of
external electromagnetic fields.of different sources, including the high-
voltage lines -- electric power transmission lines and electric railways,
lightning strikes and radio statioms. :

The problems of protecting the communication lines from the effect of
external electromagnetic fields :have become highly urgent in recent years
in connection with fast rates of electrification, the construction of '
hundreds of new powerful electric power plants, new high and superhigh-
voltage, long electric power transmission lines. The convergence of
communication lines with high-voltage linec is taking place over longer and
longer stretches. At the present time there 1s no main cable which does
not converge with an electric power transmission line or electric railway.
Inasmuch as there are high~intensity electromagnetic fields near overhead
electric power transmission lines and the contact networks of electric rail-
ways, on mutual convergence of the communication lines and the high-voltage
lines in the networks and channels of wire transmission systems, prolonged
(for normal operation of the high-voltage lines) and short~term (in the
case of emergency operating conditions of the overhead electric power
transmission lines) extraneous voltages aml currents can occur in the wire
transmission system circuits and channels. These voltages and currents
have both a dangerous effect on the service personnel, the communication
lines and equipment and an interfering effect on the transmission of
electrocommunication signals, lowering their quality and reliability.
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In the next 15 years significant expansion of the construction of electric
power plants, electric power transmission lines, electric railways and
cable communication lines (mains, zonal and local) is planned. Therefore
the solution of the problems of electromagnetic compatibility of high-
voltage lines and communication lines is especially important,

The interfering and dangerous voltages and currents in the communication
line wires and cores can also occur during discharges of atmospheric
electricity during thunderstorm activity., When lightning currents enter
the wires of overhead and cable lines directly, the lines are damaged along
with individual elements of the equipment leading to prolonged interrup-
tions and idle time of the communications, Usually such damage to the
communication lines brings significant economic losses to the national
economy, and it must be prevented, especially on the long distance cable
lines with symmetric and coaxial circuits on which hundreds and thousands
of electrocommunication channels are organized.

The introduction of multichannel transmission systems over cable lines
with semiconductor equipment sensitive to current overloads and long-
distance remote feed circuits, the appearance of new types of cables in
plastic outer sheathings, the construction of high-voltage electric power
transmission lines have posed new problems for the theory of the effect
of external electromagnetic fields on communication lines.

In this book a discussion is presented of the principles of the theory of
the effect of electric and magnetic fields of high~voltage lines, lightning
discharges and magnetic storms ou the overhead and cable communication
circuits, A study 1s made of the theory of the effect through third cir-
cuits; a detailed discussion is presented of the theory of the effect on
cables with grounded metal sheathings and metal sheathings insulated from

- the ground; formulas are obtained for calculating the electric field
intensity created by high and superhigh voltage electric power transmission

- lines.

The given book 1s a supplement to the monograph by the same authors pub-
lished in 1978 ZASHCHITA SOORUZHENIY SVYAZI OT OPASNYKH I MESHAYUSHCHIKH
VLIYANIY [Protection of Communications from Dangerous and Interfering
Effects], which was devoted to the theory and practice of protecting over-
head and cable communication lines and the equipment included in thenm
from the dangerous and interfering effects of external electromagnetic
fields.

The book 1s designed for engineering and technical workers involved in the
design, construction, operation and maintenance of communication structures.
It can serve as a textbook for postgraduates and students at the institu-
tions of higher learning who are studying the problems of the effect of
external electromagnetic fields on overhead and cable communication lines,
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CHAPTER 1. SOURCES OF EXTERNAL ELECTROMAGNETIC FIELDS

1.1. Brief Information on the Development of Electrification and Wire
Communications in the USSR

The production of electric power and electrification in our country is
developing at exceptionally high rates. In 1975 the generation of electric
pover reached 1038 billion kilowatt-hours (370 times more than in 1913),
and the power of the electric power plants increased to 218 million kilo-
watts. By the end of 1980, the production of electric power is to be
increased to 1340-1380 billion kilowatt-hours [1]. In conmection with the
uniting of the electric networks into the Integrated Power System of the
country, powerful high and superhigh voltage electric power transmission
lines are being built,

The extent of the electric power transmission lines with a voltage from
35 to 800 kv was 440,000 km in 1970, of which 63,000 km were 220-330 kv
overhead lines, and 12,000 km were 500 kv overhead lines. The length of
the distributing networks on a voltage of up to 20 kv exceeded 3 million
km in 1975. The construction of the triple phase, 750 kv overhead lines
is being realized, the construction of the 1150 kv overhead lines is being
planned [2]. The first 800-kv DC electric power transmission lines in the
world have been built in the USSR, and a 1500-kv DC overhead line is to be
built. The dynamics of the development of electric power engineering in
the USSR are illustrated in Fig 1.1,

Simultaneously with the development of electric power production, the
growth ratesof the electric railways are increasing. 1In 1970 about 40,000
km of railroads have been electrified, which amounts to 28.8% of the total
railroad network of the country. The AC electric railways have reached
15,000 lm at this time., By the end of the Tenth Five-Year Plan another
2500 km of railroads are to be electrified [3].

Simultaneously with electrification of the country, communication lines
are being built at high rates. The length of the long distance communica-~
tion channels has increased by more than 6 times in the last 12 years.

The coaxial cables have received predominant development. For.example,

in 1970 the production of coaxial cables increased by 5.4 times by

5
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comparison with 1958, and symmetric cables, by 1.5 times. In the Tenth
Five-Year Plan, further significant growth of cable production is planned:
main‘communication lines by 1.44 times, intrazonal communication cables by -
1.5 times, municipal telephone communication cables by 1.29 times [4]1. At

- the present time the main communicatioms over symmetric cables are being
realized primarily by the six~ten-chamnel transmission systems, and over
the coaxial cables, using the K-300 and K-1920 systems.
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Figure 1. Graph of the development of power engineering
in the USSR
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The creation of the United Automated Communication Network (YeASS) imposes
increased requirements on the noiseproofness and protection of the electro-
communications networks and channels from the effect of external electro-
magnetic fields of various sources.

Therefore, the problem of the proper consideration of this effect and the’ ‘

development of economically substantiated protectlon measures have great
- urgency.
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1.2, Electric and Magnetic Fields

_ Basic Principles. The existing sources of electric power can create
currents and voltage which are constant with respect to magnitude and
direction, constant with respect to direction but variable with respect to
magnitude, periodically variable with respect to magnitude and directlon,
and of a pulsed nature (monopolar and bipolar) in the electric networks.
The variable currents and voltages of different form create variable elec—
tric and magnetic fields in the space around the electric circuit. The -
nature of the variation of these fields is similar to the nature of varia- -
tion of the electric voltage and current in the investigated circuit, If
an AC voltage which varies, for example, according to a sinusoidal law, is
applied to the circuit, then the current in the circuit and the magnetic
and electric fields around the circult wires will also vary variably by
this law (see Fig 1.2). When a pulsating current flows through a con-
ductor, the magnetic and electric fields formed around this conductor will
also be pulsating (see Fig 1.3).

/ g :

b).

Figure 1.2, Intensity of the electric field (E) and magnetic
induction of the magnetic field (B) in the space near a wire (a)
and sinusoidal voltage and current curves in the wires (b)

Key:
1. U, I wire
2. Air
- 3. Ground

H

~ A

AV AWAWAN
VARV

A%

Figure 1.3, Curves of a pulsating current (1) and the
intensity of its magnetic field (H)
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Figure 1.4, Overhead lines affecting (1) and subjected to the
effect of (2) an electromagnetic field,
Key:
1. Magnetic lines of force near a line with current I

If another line is placed (see Fig 1.4) near the line with AC voltage

_ U=¢(x,t) and current I=¢(x,t), thenunder the effect of the electric and
magnetic induction in the second wire the so-called induced voltages and
currents occur: u=¢(x,t) and i=¢(x,t). In the case where a wire with
a source of electric power in it forms a circuit through the ground (a
single wire circuit), in addition to the induced voltages and currents,
currents and voltages of galvanic coupling (Fig 1.5) occur in a parallel
second wire closed through the ground. In other words, the current in the
first wire, returning through the ground, can branch from the ground into
the second wire at the point where it is grounded.

The first system of wires to which the voltages are applied and through
which currents flow from any source of electric power are called the
influencing wires or circuits. The second system of wires in which
voltages and currents arise is called the wires or circuits subjected to
the electromagnetic effect.

X

Figure 1,5. Galvanic effect between Figure 1.6. Electromagnetic field

single~wire circuits of a single~wire overhead circuit

_ and underground cable aubjected to
the effect of a magnetic field
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The interfering systems include the following: the electric power trans=—
mission lines, the traction networks of electric railways, radio stations
which emit high-frequency electromagnetic energy, the lightning discharge
channels, and so on. The systems of wires subjected to the effect of the
indicated sources include any electric networks for any purpose. In this
book a study is made only of the circuits subjected to the effect, through
which electric power of extraordinarily small magnitude is transmitted by
comparison with the power transmitted over the wires of the interfering
systems. In this case, it is poesible to ignore the reaction of the wires
subjected to the effect, Such circuits include the overhead and cable
communication line circuits.

The overhead communication line circuits are influenced by the electric
and magnetic fields of the interfering linmes. On underground cable cir-
cuits or cables with metal sheathings suspended on supports, are affected
only by the magnetic fields of the interfering lines, for the lines of
force of the electric fields are shielded by the surface of the ground
of . the metal sheathing of the cable (Fig 1.6). In the case where a
cable in a nommetallic sheathing and without shielding is hung from the
supports of an oyerhead line the circuits of this cable are subjected to
the effect of the magnetic and electric fields (Fig 1.7).

The voltages and currents induced by the external electromagnetic fields
are extraneous for the communication circuits. Mixing with the trans-
mitted working currents and voltages, these currents distort them, which

; has a negative effect on the transmission quality. Under known conditions
the magnitude of the induced voltages and currents can reach very large
values which are dangerous for the insulation of the communication wires
and equipment. The extraneous voltages and currents occurring in the
communication circuits are called dangerous or interfering depending on
the effect which they have.

Figure 1.7. Electromagnetic field of a single-wire overhead
circuit and overhead cable without metal sheathing subjected
to the effect of electric and magnetic fields

For overhead and cable lines subjected to the effect of external electro-
magnetic fields, let us consider the following values:
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For overhead lines:

1
The induced voltages in each wire of the communication line with respect
to ground;

The potential difference between the wires of the two-wire circuit (U13);

Induced currents in the wires of the single-wire and double-wire circuits;

For cable lines:

- The induced voltages between the core and the metal sheathing of the catle
and also between the core and ground;

Induced voltages between the metal sheathing and ground;
Induced current in the metal sheathing of the cables;
Induced current in the cable cores;

Potential difference between the cores of a symmetric pair or between the
outer and inner conductors of the coaxial pair.

Brief Information About the Electromagnetic Field. The electromagnetic
field is the basic form of matter. It is characterized by four vector _
values: the intensity of the electric field E, the electric induction D,
the intensity of the magnetic field H, the magnetic induction B, To define
a field in some region in space means to indicate these field vectors at
any_point of it. The electromagnetic field components — electric (vectors
E, D) and magnetic (vectors H, B) —- are mutually dependent. For a field
in a vacuum the following expressious-are valid: .

=gk, B=pH, (1.1) (1.2)
where €9 1s the electric constant equal to egp=(1/36m) 10~9:8.85x10~12
farads/m; up is the magnetic constant equal to ug=4m.10-7%1,257.10~6 g/m;
H is the magnetic field intensity, amps/m; D is the electric induction,

- coulombs/m2.

_ The interrelation of the electromagneciic field vectors is defined by the
properties of the medium. The theory of an electromagnetic variable field
is based on the following four principles:

The total current law establishing the relation between the magnetic field
intensity and the current exciting this field,

. §; Hdl. “ o

10
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The concept of the "total current" includes not only the conductivity
current, the density of' which S.omb=°E, but also the bias current
Sbias=cg(9E/3t). From this law it follows that any variation of the elec-
tric field in the time |3E/3t| causes the appearance of a magnetic field

- (H);

The law of electromagnetic induction establishing the relation between the
emf induced in the circuit and magnetic flux intersecting this circuit

_ 0, a0
=226 QEd= 9@ . .
ot g) ! o a (1.4)

- From (1.4) it follows that any variation of the magnetic field in time
39/9 is accompanied by the appearance of an electric field (E);

The Ostrograd-Gauss theorem establishing the relation between the vector
flux of the electric field intemsity through the closed surface and the
electric charge located inside the given surface,

N=2Q/e,. (1.5)

If Q=0, then N=0, and then the electric field can occur only as a result
of variation of the magnetic field. In this case, the emf in the closed
circuit is

L )
e=§35dz= — = #0, | (1.6)

and the emf of the electrostatic field in the closed circuit is
e=§£dl=0.

This difference is caused by the facﬁ that the electrostatic field is a
potential field, and the electric field obtained as a result of variation
of the magnetic field has a vortex nature;

The cause of continuity of the magnetic flux expressed in the fact that the
total magnetic induction flux through any closed surface is equal to zero.
This is explained by the eddy nature of the magnetic field.

_ 1.3. Sources of Electromagnetic Fields of Different Frequencies

Triple-Phase High-Voltage AC Lines. The-set of electric power plants,

- substations and electric power receivers conmected to each other by the
electric network lines is called the power system, Part of the power sys-
tem consisting of the gemerators, distributing devices, step-up and step-
down substations, the electric network lines and the electric power
-receivers is called the electric system. The distance between the power

11
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engineering and electrical systems consists in the fact that the electric
system does not include the thermal or hydraulic parts of the system, that
is, the part pertaining to the primary motors and their power supply.

The electric system consists in the station and linear parts. The linear
part of the electric system, including the substations and lines of differ-
ent voltages, is called the electric network. The latter is used to trans-
mit electric power from the place of its production (the electric power
plant) to the user locations and for distribution of the electric power
among the users. The lines connecting the electric power plant to the

' step-down substations are called high-voltage lines (VL). 1In addition, any
high-voltage part of the rayon electric system network is called a high-
voltage line.

An example diagram of the electric system [5] is shown in Fig 1.8. From
the powerful rayon electric power plant (the.rayon hydroelectric power
plant [GES]) the AC electric power is tranmsmitted through the step-up
substation of the 220 kv overhead line (or 500, 750 kv line) and the step-
down substation to the 110 kv rayon ring network. This network is also
fed through the 110 kv line and the 6/110 kv step-up substation from the
rayon thermoelectric power plant located near the peat shows. Inside the
110 kv rayon ring network there are step—down 110/10 kv substations ser-
vicing a large industrial region, in the center of which there will be a
heat and electric power plant (TETs) operating on imported fuel and
supplying the users of the industrial area iocated near the plant with
electrical and thermal power. From the rayon 110 kv network through a
step~down substation, the 35-kv rayon ring network is fed, from which, in
turn, the local 6 kv networks with step-down transformers for the 380-220
volt distributing networks is fed.

In the lower part of the diagram, the local electric power plart of
comparatively low power with distributing network of 6 kv directly depart-
ing from the station buses (to the right) conmected to the system is con-
centrated. The feed network which provides electric power to the feed
stations in the 6 kv distributici network (on the left) is connected to the
same buses., The step~down transformers in the 6 kv network feed the
380/220 volt distribution networks. The step-up and step-down transformer
substations of the triple-phase electrical systems can have connections of
the transformer windings by the system shown in Fig 1.9,

If the star-connected line windings of a transformer have a neutral point
insulated from the ground, then the overhead line connected to such trans-
formers is called a symmetric-~voltage line with insulated neutral, If
the neutral points of the line windings of the transformers are comnected
to ground, then the overhead line connected to such transformers is called
a symmetric high-voltage line with rounded neutral. Finally, in the case
where the neutral point of the line windings of the transformer is
connected to the ground through an arc-extinguishing coil, the overhead

- line connected to such a transformer is called a symmetric high-voltage

12
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Figure 1.8, Example diagram of the electrical system

Key:

1. Rayon hydroelectric power plant 1l4. Rayon heat and electric

2. 10 kv power plant

3. Step-up substation 15. 110 kv step-down substation
4. 220-500-750 kv 16. 35 kv

5. 220 kv overhead line 17. 35 kv ring rayon network

(500, 750 kv) 18. 6 kv distribution network

6. Step-down substation 19. Transformer station

7. 110 kv 20. 35 kv overhead electric

8., 110 kv ring rayon network power transmission line

9. 110 kv overhead line 21, Feed network
10. Heat and electric power plant 22. Distribution station
11. To the local network 23. Local electric power plant
12, 6 kv 24, 380/220 v distribution
13, Step-up substation network

13
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line with compensated neutral, The high-voltage lines in which the ground
is used as one of the operating lines are called the lines of asymmetric

= electric systems,
VYD
A9 TN
Q " owb) ‘c)

Figure 1.9. Diagram of the connection of the power
transformer windings: a) ' triangle-triangle; b) triangle=
star; c) star-star

= J02mm

a

e),

Figure 1.10., Wires for overhead high-voltage lines:

a) single-wire 10 mm* in cross section (M-10); b) seven-
wire 35 mm® in cross section (M~35); ¢) multiwire 120 mm2
in cross section (AS-120); d) multiwire 332 mm2 in cross
section (ASO-332) made up of 54 aluminum wires d=2.8 mm and
7 steel wires d=2.8 mm; e) multiwire 480 mm2 in cross
section (ASO-480) made up of 54 aluminum wiresd=3.37 mm

_ and 19 steel wires d=2 mm

The rayon and distribution electric networks are divided into overhead
and underground. The overhead networks are made using bare wires sus-
panded on insulators mounted on supports. The wires of the overhead high-
voltage lines can be: single-wire -- copper or steel; multiwire, made up
of 7, 12, 19 or 37 individual copper or aluminum wires twisted together;
multivire steel-aluminum (AS and ASO); in each such conductor the core is
made up of 3, 7, 19, and 25 twisted steel wires, around which there are

; lays of aluminum wire. Certain types of conductors for overhead electric

1 power transmission lines are shown in Fig 1,10. The structural design
and the dimensions of the supports for the overhead lines depend on the

14
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magnitude of the operating voltage. The types of intermediate supports
for the high-voltage lines for various voltages are shown in Fig 1.11.
The basic dimensions of the wire suspensions on the overhead lines for
triple-phase current from 3 to 750 kv are presented in Table 1.1. '
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Figure 1.11. Intermediate supports of overhead high~voltage
lines: a) wooden for the 10 kv overhead lines with pin
insulators; b) wooden for 110 kv overhead lines; ¢) metal for
220 kv overhead lines; d) metal for 500 kv overhead lines
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Table 1.1.

Overall Dimensions of the Wire Suspension of Electric Power
Transmission Lines

P P Bucu:: bl BacoTa onops
Jiunolvios . . 5) - “ YouKs oA |Bucors
'-'2':3" qu}g:n. n:n:-‘&.::‘::n ::ﬂ ;;:ﬁu?n; :;c. e mgﬁn:u m:a:-—
(1) (2) (3) (4) 6) 1 (7)1 (8 (9)
3 50 1,0 — [—} -— —_
6 50 1,2 - - 17 —_ -—
10 50 1,5 - - |7 —_— —_
35 50 3,0 —_ -7 — —
_ 110 gg gg —_ - ; s - -
1 K — —_ . — —_
. 2% 50 7,5—8,5 — 2 18 25 3,0 -
" 500 50 - 12,6 0,5 2 |8 27 5,0
- 760 50 17,6 0,6 28 112 35 7.0
800 [ocronn- ¢10)%1,0 0.4 17 | 8 22 5,0
HOTO TOKE|
B 1500 To xe(11) 22,0 0,6 2 19 30 10

Key:

. Line voltage, kv

. Frequency, hertz

. Spacing between adjacent phase lines, meters

. Spacing between lines in split phase, meters

. Height of suspension, meters

. Maximum

« Minimum

. Height of support to the poiant of suspension of the insulator
chain, meters

9., Height of chain, meters

10. DC current :

11, The same

The underground networks are made from cables laid directly in the ground
or in a corridor. The high-voltage cables for electric networks are made

with insulation of the phase conductors for operating voltages of 1, 3.3,
10, 35, 110, 220, and 500 kv,

- The operating voltages and currents in all of the high-voltage transmission
lines contain harmonics, the frequencies of which are in the frequency
range from 0,1 to 150 kilohertz and higher. The harmonics have the high-
est amplitudes in the voice-frequency band (0.1 to 3.5 kilohertz). These
harmonics reach especially high values in the three-phase AC transmission
lines which feed the devices with rectifiers (electric traction DC sub-
stations, the AC electric locomotives with rectifying converters, powerful
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radios, electromelting furnaces, and so on). The studies made of the three-
phase transmission lines with voltages of 35, 110, 220, 330, and 500 kv

by the TsNIIS Institute for various load currents indicate that the curves
for the line or phase voltages and currents and also the curves for the
zero-sequence currents in the systems with grounded neutrals contain
high~amplitude harmonics in the frequency band from 100 to 3500 hertz.

For an example in Fig 1.12 oscillograms are presented of the line voltage
of the triple-phase overhead line feeding the DC traction substations and
the zero sequence currents in the overhead lines with grounded neutral.

The example operating values of the harmonic components of the voltages and
currents (phase and zero sequences) for the 500 kv overhead lines are pre-
sented in Figures 1.13a and b; for the 220 kv overhead line, in Fig 1,l4a
and b; for the 110 kv overhead line in Fig 1.15a and b.

For normal operation of the overhead lines, the harmonic components of the
voltage and current curves of the overhead lines are sources of the
occurrence of interfering voltages and currents ir the circuits and
communications channels, The currents and voltages of the basic frequency
of the overhead line under defined emergency conditions are sources of
currents of dangerous effects in the communication circuits.

o 4
g, W

] N

a ‘

Figure 1.12 Oscillograms of the line voltage of a triple-phase
110 kv overhead line feeding the DC traction substations (a)
and the zero sequence currents in the grounded neutral of the
triple-phase high-voltage 110 kv overhead transformer (b)

High-Voltage DC Lines. The transmission of high electric power over a
distance of more than 1000 km will become more advantageous if it is
realized by superhigh voltage direct current. The construction of the
conversion substations and the DC overhead lines with a working voltage
between the conductors of 400 to 1500 kv is in general significantly
cheaper than the construction of the triple~phase super-high voltage AC
transmission lines. The super~high voltage direct current is obtained at
the electric power plants by conversion of the triple-phase industrial
frequency alternating current using multiphase rectifiers., The rectifying
current at the output of the rectifying unit is a pulsating current con-

- taining harmonics of different frequencles. At the distributing sub-
stations the direct current is again converted to triple-phase with the
help of inverters which, just as the rectifiers, are sources of curreats
containing harmonics of different frequencies.

17
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Figure 1.13. Harmonic components and psophometric value of the
phase current (a) and the zero sequency current (b) of the

500 kv overhead line for I¢=400 amps

Key:
1. amps 5. harmonics
- 2. hertz 6. Iy effective
3. pSOPh 7. IO psoph
4, 3.2 amps

The current harmonic frequencies in a high-voltage DC line are in the

frequency range from 0.3 to 150 kilohertz and higher. Inasmuch as the
DC lines are constructed for a working voltage between conductors from
400 kv and higher, the voltage harmonics in such lines have amplitudes
of several thousand volts, and the current harmonics reach several tens

- of amperes (especially in the voice frequency range).

In Fig 1.16 the effective values are presented for the harmonic voltages
in the "wire-ground” network of the DC 400 kv overhead line in the fre-
quency band of 0.3 to 6 kilohertz. From the graph it is obvious that the
ahsolute values of the harmonic amplitudes that are multiples of the
number of rectification phases m and the basic frequency of the rectified
alternating current f (£=50 hertz, m=6), in the "conductor-ground" loop

in the 0.3-6 kilohertz band vary from hundreds to tens of thousands of
volts., These figures indicate that the high voltage DC lines are the most
dangerous sources of interference for the low-frequency telephone channels
and the sound broadcast channels, The values of the harmonic voltages in
the frequency band of 12-24 kilohertz in the 400 kv overhead lines will
vary from hundreds of ‘volts to hundreds of millivolts. The harmonic .
components of higher frequencies (24~36 kilohertz) have effective values
from several tens of millivolts to several hundreds of millivolts.
indicated values of the harmonic in the 12-36 kilohertz band are
sufficlently serious sources of interference in the transmission channels,

18
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Figure 1.14, Harmonic components and psophometric value of
the phase current (a) and zero sequence current (B) of the
220 kv overhead line for I¢=106 amps

Key:
1, amps 5. Ig eff
2, harmorlics 6. Ip ;aoph
3, £, hertz
4. I¢ psoph

especially in the triple-~chanmel transmission systems using the overhead
communication lines (V-3)., The harmonics in the frequency hapmd of 36-150
kilohertz in the 400 kv overhead lines have such significant amplitudes

that it is possible to neglect them as interference sources from the
indicated overhead lines,

Inasmuch as at the present time DC overhead lines are being introduced with
a working voltage of 1500 kv, the magnitudes :of the current and voltage
harmonics in such overhead lines are approximately doubling by comparison
~with the 400 kv overhead lines and, consequently, the interference in the
low~frequency telephone channels is increasing as much, respectively.

The voltage and current harmonics under the corresponding conditions of
convergence of the overhead lines with communication lines have signifi-

cant interfering effect on the transmission channels in the low and high
frequency ranges.

19
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- Figure 1.15. Harmonic components and psophometric value of
the phase current of the 110 kv overhead lines for I;=150 amps
_ (a) and psophometric values of the phase voltages and currents
- of the zero sequence of the 110 kv overhead line for traction

load (b)
Key:
1, amps 5. Uy, volts
B 2. Ipgopn™0.68 amps 6. I, amps
3. harmonics 7. psoph
4, £, hertz 8. 110 kv overhead line
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Figure 1.16. Values of the harmonic components of rectified
voltage in the "conductor-ground" circuit of the DC 400 kv
- overhead line ‘
Key:
1. U, volts 3. £, hertz
2. harmonics
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If the energy is transmitted over a single~wire line (a "conductor-ground"
system), then only half of the rectifiexs operate at the gtation, that is,
a six-phase rectification system is created in which the harmonics with
frequencies that are multiples of 300 occur. When ti .smitting power over
a two-wire line (the "wire-wire" system), a 12-phase rectification system
is created in which the harmonic currents with frequencies that are multi-
ples of 600 appear on the line. In this case, when grounding the mid-
points of the systems on the transmitting and receiving ends, currents will
circulate in each conductor of the line by the "conductor-ground" circuit
with frequencies that are multiples of 300. The magnitudes of these

currents will be determined obviously just as when working with lines in
the "conductor-ground” mode.

The system for transﬁitting the harmonic currents in the DC power trans-
mission line with the rectifier (on the left) and inverter (on the right)
on in the presence of smoothing filters :is presented in Fig 1.17. At any

kol o
Wi TelT

? h’!,

L

Figure 1.17. Diagram of overhead DC lines operating:
a) by the "wire-wire" system; b) by the "wire-ground"
system

point of the DC line the harmonic currents from the rectifier and the
inverter are added. The most dangerous case of interference msut be con-
sidered to be the one where at any point of the line like harmonics are
added arithmetically, for the phase shift between them is 2mn. In Fig 1.17
Lp, Cy, Ly are the parameters of the filter elements (1); Ig are the
harmonic currents with frequencies that are multiples of 300 hertz; I are
the harmonic currents with frequencies that are multiples of 670 hertz;

2 -~ equivalent harmonic generators,
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High-Frequency Channels of the Transmission Systems Based on AC and DC
Overhead Lines. The high-voltage electric power transmission lines from
6 kv and up, In addition to direct purpose, ,are used to transmit telemetry
and signals between various points along the overhead line in the power
systems, The high-frequency channels in the overhead lines are created
in the range from 40 to 500 kilohertz, and they provide for transmitting
telemetry, telemetering signals, telephone conversations, and also in

) protection circuits for the input-output substations [6]. The circuits
for connecting the high-frequenzy installations to the conductors of the
overhead lines at the transmitting and receiving stations are illustrated
in Fig 1.18, The transceivers (I; and M;) with carrier frequencies f; and
f are connected to the conductors of the high-voltage line through the
filters ¢; and ¢ and capacitors C; and Cy. The chokes L] and Lj block
the path of high-frequency currents in the direction of the power equipment.

52(1) I
2l Sl
e
al
14 81 (1) 4 1
o 3 pint — o~~~
= (= _T—dz;;.—
. T T, =
Slle slE
’3 14 - L%
- b) ,

Figure 1.18., Connection of the high~frequency communications
stations to the conductors of the triple-phase high-frequency
line: a) by the "phase-ground" system; b) by the "phase-
, phase" system
Key:
1. Overhead line

The high-frequency current transmitters included in the conductors of the
DC and AC overhead lines have high power (10 to 100 watts and higher) and,
consequently, they are sources of interference for the channels of the
transmission systems and, in particular, on the overhead lines. It is
necessary to consider the effect of the high-frequency channels of the

- high-voltage lines on the channels of the transmission systems of the over-
head and cable lines in the case where the power of the high-frequency
stations of the overhead lines will exceed 5 watts and if the overhead
communicatior lines multiplexed by the V-3 and V-12 transmission systems
and the single-quad cable lines, usually having light metal covers with
low protective effect, will be subjected to its effect.
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DC and AC Electric Railways. In the Soviet Union the electric railways
operate on direct and single-phase alternating current of industrial fre-
quency [1,7]. 1In the DC electric railroads, depending on their purpose,
the following voltages are used: 600-800 volts on the municipal railways
(streetcars, subways); 3300 volts (on the longest 6600 volts) on the rail-
road trunks. The voltage is fed to the buses of the traction substations
from the 6-phase mercury or semiconductor (silicon) rectifiers that .con-
vert the tripie~phase AC voltage to DC. An oscillogram of the pulsation
of the rectified voltage U picked up at one of the substations of a DC
electric railroad is shown in Fig 1.19. The harmonic components of the
pulsation curve have a frequency of fy=50 mk, where m is the number of
phases of the rectifier of the electric traction substation, k is the
order number of the harmomic (1,2,3,...). 1In reality the pulsation curve
for the rectified voltage, in addition to the theoretical components that
are multiples of 300 hertz, always contain other harmonics which are not
multiples of 300 hertz. The latter occur as a result of asymmetry of the
Phase voltages of the triple-phase current overhead lines feeding the
traction substation. In Fig 1.20, for example, data are present from
measuring the harmonics of the buses of the traction substations during

- normgl operation of the electric railroad. From the chart it is obvious
that voltage of the contact network, in addition to the harmonics with
frequencies of £;=50 mk, contain harmonics with a frequency £ (1c+1) =50 (m+1) k.

For electrification by direct current, stray currents are created in the
ground which cause corrosion of the underground metal pipes and also

lead and aluminum sheathings and steel armor of underground cables. In
order to protect the underground structures from corrosion special, .
expensive measures must be taken, This 1s one of the deficiencies of the
DC railroads.,

]

]
V

<

MAMAMNNN

i

Figure 1.19. Voltage pulsation curve for the buses of the
DC electric railroad substation measured before the reactor
for U=3300 volts

T =3

_ Beginning in 1958, the electrification system for the rallroads in the
Soviet Union using alternmating single-phase current of industrial frequency
and having significant technical-economic advantages over the DC system
has been widely introduced. For electrification of the railroads with
alternating current the voltage of the contact network is increased to
25 kv (instead of 3 kv for direct current), which makes it possible to
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increase the distance between the traction substations to 40-60 km,
decrease the cross section of the-catenary-system conductors and, conse-
quently, cut the copper consumption and cut the initial expenditures on
setting up the electric power supply in half.
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Figure 1.20, Values of the harmonic components of the rectified
voltage and the traction substation of a DC electric railroad
for U=3300 volts measured before the reactor

Key:

. Vvolts

. Psophometric value

. Harmonics

. hertz

W

When supplying power to the AC-DC electric locomotives the voltage curves

of the AC contact network, as a rule, contain a large number of harmonics

in the frequancy range from 0,1 to 150 kilohertz. The basic cause of the

distortions of the sinusoidal shape of the voltage and current of the

contact network is the presence of rectifiers in the electric locomotive
_ to supply the electric motors of the electric locomotive (the greatest
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distortion is created by the thyristor rectifiers). Fig 1.21 shows
oscillograms of Uk and I in the contact conductor of an AC electric

railroad in supplying power to AC-DC electric loccmotives. Flg 1.22 shows
_ the values of the individual harmonics coming from the electric locomotive

I

'3 A
\ /I" \ /V\MV\ A/::u 1)

Al (2)

Figure 1.21. Oscillograms of the voltage Uy and the current I
in the contact conductor of a single-phase AC electric railroad
with AC-DC electric locomotives
Key:
1. For Uk
2. For I
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Figure 1.22. Values of the harmonic components of the current in
a contact network for AC-DC electric locomotives

1, Iy1.e1» amps; 2. harmonics
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to the contact network. Since the harmonics of the current voltages in
the DC and AC contact networks reach significant values, it is possible to
conclude that thecatenary systems of the electric railroads of the indi-
cated systems are a serious source of interference for the overhead and
cable communication line circuits.

In addition, the AC electric railroads have a significant deficiency con-
sisting in the extraordinarily dangerous magnetic and galvanic effects on
the communication lines, The protection measures to decrease the effect
require expenditures which noticeably reduce the cost benefits of electri-
fying the railroads with alternating current. One of the methods of
reducing this interference is conversion to new power supply systems for
the traction network on a voltage of 2x25 kv [11].

The basic elements of electric railroads are the traction substation, the cat-
enary and rail networks. The traction substations are used for conver-
sion of high-voltage alternating current to direct or alternating current
with the voltage taken for supplying power to the rolling stock (electric
locomotives). The catenary system i1g a structure by means of which the
electric power is transmitted from the substation to the electric locomotive.
The satenary system is made up of conductors (contact conductor, bearing
cable, amplifying lines), supporting structures (supports, brackets, guys)
and various auxiliary devices. The contact (trolley) wires are made shaped
(with two longitudinal chutes to grasp the conductor with clamps). The
transverse cross section s of the contact conductors usually is taken

equal to 85 and 100 m2. The material for the contact conductors is solid-
drawn electrolytic copper or bronze. The ohmic resistance (R) of the copper
wires at +20°C is the following: R=0,179 ohm/km for s=100 mmz; R=0,211
ohm/km for s=85 mm?; R=0.275 ohm/km for s=65 mm®. As the bearing cable of
the chain suspension, copper, bronze, bimetal, steel and combined multiple-
core wires twisted from 7, 9 or 37 strands are used.

For the catenary system of the DC electric rallroads, it is most expedient
to use a copper bearing cable, for in this case the number of amplifying
wires is reduced, and in some cases, there is no need for them at all.
The MG-120 type wire has found the broadest application of the bearing
_ cable., In cases where the cross section of the contact wire and the cable
- turns out to be insufficient, an increase in cross section of the contact
network wires is achleved by adding amplifying wires (feeders), which are
usually suspended on the same supports., The amplifying wires are connected
to the contact wire using transverse connectors. Material for the amplify-
ing wires 1s copper or aluminum. The copper amplifying wires are con-
structed the same as the bearing cables; the MG-95 and MG-120 and also the
1-150 and M-185 aluminum wires have found the broadest application. For
connecting the individual wires of the contact suspension to each other,
a bare, flexible copper wire 10 m? in cross section (MGG-10) is used.

The traction substations that feed the catenary system are connected either

parallel to it (parallel two-way feed) or separately (one-way feed).
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The DC traction substations are connected every 10-15 km, and the AC,
single-phase, 25 kv traction substation, every 40-60 km. At each DC trac-
tion substation equipment (transformers) are installed to step down the
fed voltage of the triple-phase line (35-110 kv) to the operating voltage
of the traction substation with subsequent conversion by means of the six-
phase triple-phase current rectifiers to rectified direct current for feed-
ing the contact network. A simplified feed circuit for the traction sub-
station from the triple-phase, 110 kv line with voltage step down to
3.3 kv and conversion of the alternating current using the RV mercury
rectifiers to direct current is presented in Fig 1.23. The DC electric
railroads have an interfering and dangerous electromagnetic and galvanic

- effect on the cable communication lines.
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Figure 1,23, System for supplying power to the traction
substation of the contact network of a 3.3 kv, DC railroad

Key:
1. To the rails 4. To the contact wire
2, RV
3. kilovolts .

On the AC traction substations, equipment is installed to step down the
voltage of the high-voltage feed line to the operating voltage in the
contact network. The simplified diagram of the power gystem for a
traction substation and single-phase ACcatenary system is presented in
Fig 1.24. The TDTIG transformer indicated in this system has three windings
with a voltage of 110, 27,5 and 6 kv. The AC electric railroads are a
powerful source of dangerous and interfering effects on cable communica-
tion lines.

Statistical Data on the Conditions of Convergence of the Main Cables with
the High-Voltage Lines. In the given item the results are presented from

examining the conditions of convergence of the main communication cables
with the electric power transmission lines with a voltage from 110 kv and
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up and the AC electric railroads [8]. In the process of inspecting the
planning assignments, the length of the route was determined (in the same
kilometers) for which the width of the convergence between the cable and
the interfering line is within given limits. The integral distribution
curves for the width of convergence obtained as a result of the inspection
are presented in Fig 1,25. The convergence length of the cables with the
overhead electric power transmission lines increases from year to year;
the values obtained (Fig 1.25a) can be used in the near future to estimate
the convergence in the future,
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Figure 1.24, System for supplying power to the traci:ion
substation and single-phase AC contact network

Key: .
- 1. 110 kv input 11, Test bus
2. I bus system 12. Supply feeder
3. II bus system (to the contact wire)
4, 110 kv | 13, Discharge feeder
5. TIDTG (to the rails)
6. In~house needs (6 kv)
7. Buses 27.5 kv
8. Phase A
9. Phase B
10. Phase C

The data on the convergence of the main cables with the AC electric rail-
roads on the whole throughout the USSR are presented in Fig 1.25b. These
data take into account the prospects for the next 10 or 15 years, In
addition to the convergence width, from the indicated planning assignments,
the specific resistance of the ground along the routes of the main cables
was determined. Here the length of the route was established (in the
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kilometers for which the specific resistance of the ground .is within the
glven limits). As a result, the integral distribution of the specific
resistance of the ground was obtained (Fig 1.25c).

The convergence width of the cable with the high-voltage line and the
specific resistance of the ground can be considered as random variables.
The determination of their values on each kilometer of the cable route is
equivalent to performing experiment on a random variable. The number of
kilometers of the route with the given value, for exsmple, width of con-
vergence, is in such an interpretation the number of favorable events, and
the ratio of the length of the cable route on which the convergence width
has the given value to the total length of the trunk is the frequency of the
event: the appearance of a given value of the convergence width. As is
known, the frequency of the event for a large number of exper iments
approaches the proability of the event. Since a large number of long
currents were inspected, the frequency of the appearance of the given value

of the convergence width or the specific resistance to the ground can be
equated to the probability.
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Figure 1.25. Statistical distribution functions (F) of the
convergence width of the long distance cables:

a) with electric power transmission lines; b) with AC electric
railroads; c) distribution of the specific resistance of the
ground along the cable mains

1. ohm-m

Thus, from the data obtained, the probability of ome value of the conver~
gence width or the specific resistance of the ground or anather can be
found. The data obtained with respect to the convergence width and the
specific resistance of the ground can be considered as some simple
statistical sets of random variables or the primary statistical material.
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For this set the statistical distribution function of the random variable
can be constructed as was done in probability theory, that is, the fre-
quency of such an event for which the given random variable X is less than
the given value of x. In our case this is equivalent to determining the
frequency (probability) that the convergence width (or the specific
resistance of the ground) will be less than the given value, that is,

F@)=pla<ay),

where F(a) 1s the statistical distribution function of the convergence
width a; p 1s the frequency (probability) of the event; ax 1s the given
value of the convergence width., It is possible analogously to determine

1 1)
F (u(a,))= P ((p;. <Psxh
Key: 1. g

where po. 1s the given value of the specific resistance of the ground (the
statistlcal distribution functions are seen in Fig 1.25a-c).

In order to find the value of the statistical distribution function for the
given convergence width amay, the number of kilometers of the cable routes
having a convergence with a<ay was calculated, and it was divided by the
total length of the mains. The curve pertaining to the entire territory

of the USSR takes into account the convergence length for a convergence
width a<ay with respect to all mains and the total length of the mains.

The statistical distribution function of the specific resistance of the

- ground was constructed analogously.

The magnitudes of the copvergence width and the specific resistance of the
ground characterize the conditions of convergence of the cable line with
the high voltage line., Thus, when using the data obtained it is possible
to talk about the probability of certain convergence conditions for the
examined sections of the network. The convergence width of the cable with
- the interfering line and the specific resistance of the ground are indepen-~
dent random variables, This means that if we are given defined calculated
values of the convergence width and the specific resistance of the ground,
then the probability of the event in which both random variables will be
improved by the convergence conditions, that is, their convergence width
will be less and the specific resistance of the ground will be higher than
calculated is equal to the product of the probability of the two values.

Of course, the probabilities obtained for the individual specific main
can also fail to be observed, but on the whole throughout the network
the probability of the appearance of certain conditions of convergence
must correspond to the comstructed curves.

Atmospheric Electricity, Lightning Discharges. It is known that the
mantle of air araund the earth (the atmosphere) 1s made up of several layers:
the troposphere with the upper boundary from 7 to 18 km above the earth,
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the stratosphere extending to an altitude of 7-18 to 80 km and the
ionosphere which extends to an altitude of up to 900 km. The ionoaphere
has good electrical conductivity, and it is like one plate of an enormous
spuerical capacitor, the second plate of which is the spherical surface
of the earth. The role of the dielectric 1s played by the poorly conduct-
ing air medium between them, The magnitude of the dielectric charge of
the investigated spherical capacitor is reckoned at 5-105 coulombs.

- Here the upper plate (the lonosphere) 1s charged positively, and the earth's
surface, negatively, The electric field intensity between the lonosphere
and the earth 1s nonuniform as a result of different density of the air;
for the earth's surface it will be about 120 v/m in the case of a clear
sky., :

Under the effect of the existing potential difference between the iono-
sphere and the ground, a current, the total magnitude of which reaches
1800 amps, flows constantly through the atmosphere, which has a poor, but
still finite conductivity.

The intensity of the electric field in the atmosphere does not remain
constant; at different points of the earth it is different, and to a high
degree it depends on the presence of charged clouds above the surface of

- the earth. The charged clouds are a source of a formation of an addi-

’ tional electric field between the clouds and the surface of the earth.
The total magnitude of the intensity of the electric field at the surface

- of the earth for slowly moving charged clouds can increase to 1000 volts/m,
5000 velts/meter and higher. For extraordinary magnitudes of the poten-
tial difference between the cloud and the earth (exceeding 109 volts)
electric discharge -- lightning —~ takes place.

The clouds are accumulations of either drops of water (low clouds ~- cumu-
lus) or ice crystals (cirrus). Both are formed on condensation of water
vapor in the air. Condensation is a consequence of the cooling of the
mass of moist air below the temperature of the so-called "dewpoint" for
which the vapor becomes saturated. For condensation of the water vapor
it is necessary that nuclei be found in the mass of air around which the

- drops form. These nuclei are dust particles in the air or {ions. The
drops formed on the dust particles are neutral, and the drops, the centers
of which are ioms, receive positive or negative charges, However, the
magnitude of each charge is insufficient for the formation of even such a
small quantity of electricity as is transported by ordinary raindrops.
The magnitudes of these charges are certainly insufficient for the forma-
tion o flightning currents.

In addition, the iomnized drops are distributed in the cloud randomly: any
part of the cloud contains both positive and negative drops. Therefore,
the cloud as a whole can be consldered as a body in the neutral state,

The electrical phenomena can be manifested here only in the case where the
electrized particles are divided into two groups: one with positive and
the other with negative charges; each group of charges must be concentrated
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in a separate part of the cloud. In other words, it is necessary that the
cloud be polarized.

The formation of lightning is always connected with the presence of a
powerful ascending flow of warm moist air which when it reaches a defined
height, releases the moisture contained in it in the form of the finest
drops of water or ice crystals. The vertical flows of warm air are formed
elther during intense heating of the earth's surface by sun rays, especially
at the locations having prominences —- hills (thermal thunderstorms) or

_ when a mass of warm air encounters cold, denser hill (frontal thunderstorms).
The presence of intense air flows in the clouds having high velocity leads
to constant fractionization of the water drops; in this case gseparation of
the charges takes place; a negative charge is formed on the fine drops,
and a positive charge on the larger ones. In the lower regions of the
cloud heavier drops are accumulated with positive charges; the lighter
water mist is carried to the upper part of the cloud with negative charges
(Fig 1.26).

The gradual accumulation of electric charges in the upper and lower parts
of the cloud is the cause of the formation of an electric field of
increasing intensity around them. This field occurs inside the cloud and
around it to the surface of the earth. When the potential gradient of any
point of the cloud reaches the critical value for the air at atmospheric
pressure (according to Wilson, 3-105 volts/meter), a breakdown or leader
discharge takes place.

S

\ @W
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Figure 1.26., Charge distribution in a polarized cloud (a)
and electric field of a charged cloud (b)

Depending on the polarization of the cloud, positive or negative ilons are
discharged in the direction of the electric field, and under its effect
they acquire enormous velocity. The impact of these ions against the

ailr molecules determines the lonization of the latter; ions of the same
slze as the cloud are repelled and carried away in the direction opposite
to the cloud, and the ions with opposite sign are attracted to it, The
process of ionization of the nearby layers of air brings the charge of

the cloud toward the ground; the intensity of the electric field increases,
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and the ionization continues as a consequence of the lightning:strike.
The leader charge moves forward in the direction of the ground in steps
at time intervals of about 100 microseconds.

The discharge beginning near a cloud (1 in Fig 1.27) is propagated at a
velocity on the order of 5.10% km/sec in the direction of the ground,
However, this discharge does not reach the ground, but is halted at a
distance of 50 to 60 meters from the cloud. After some time (approximately
10 microseconds) a new discharge (2 in Fig 1.27) begins along the path
traveled by the first discharge with the velocity on the same order. This
new discharge moves toward the ground at a distance of 100 to 120 meters
from the cloud. After completion of this second discharge along the path
traveled by it, the third discharge begins to move. (3), removing itself

by 50-60 meters from the cloud, and so on. The new discharges (4 and 5)
occur until the last discharge (8) reaches the ground.

As we see, the process of the formation of the lightning channel from the
cloud to the ground takes place stepwise and requires a time interval on
the order of thousands of microseconds for its completion, The number of
pulses depends on the distance between the charged cloud and the ground.
This preliminary lightning discharge is called the leading discharge or
leader, and it is accompanied by a comparatively small light effect.
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- Figure 1,27. Schematic of the cloud discharge process

After the leader reaches the ground a brightly glowing discharge begins

to be prozagated from its surface toward the cloud with an awverage velocity
of 3.5-10% km/sec. This is called the primery discharge (9 in Fig 1.27).
This primary discharge can occur only on the surface of the grouad toward
the cloud. Since the conductivity of the cloud is very small by comparison
with the conductivity of the ground, the potential of the center of the
charge decreases very quickly in the cloud. This often serves as the

cause of the occurrence of subsequent primary discharges from the ground
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to the cloud. The formation of subsequent primary discharges differs
somewhat from the formation of the first discharge. The mechanism of
lightning discharge recorded using a rotating camera is illustrated in
Fig 1.28a. The current variation during repeated lightning discharges is
illustrated in Fig 1.28b. For example, a second dilscharge which, just

as the first, is made up of a leader running from the cloud to the ground
and the primary discharge running in the opposite direction after the
leader reaches the ground, differs from the first in that in it the leader
does not advance in steps, But with a more or less uniform velocity
approximately equal to 2:10° km/sec; this repeated leader is called the
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Figure 1.28. Mechanism of lightning discharge recorded
using a rotating camera (a) and the current variation
- during repeated lightning discharges (b)

Key:
1. Clouds 7. Primary discharge in the oppo~
2. 20000 microseconds site direction
3. 1000 microseconds 8. Primary discharge in the oppo-
4. Leader discharges gite direction
- 5. 1000 microseconds 9. Ground
6. Discharges of the shifting 10. 100 microseconds
- leader 11. 0.03 seconds

12, Repeated discharges

through leader. The number of repeated discharges along omne horned path
(channel) can fluctuate from 2 to 10 or more. If the time interval
between two primary discharges following each other is relatively large
and the ionization of the channel decreases to a value less than critical,
the repeated leader loses the capacity for continuous movement and begins
to be propagated in steps.

The most dangerous types of lightning discharge which damage communication

installations are streak lightning which is discharge of the cloud in the
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form of a bright narrow streak, white, light blue or bright red in color

from hundreds of meters to many kilcmeters long.
ueually is zigzag.
- data [40]:

_ The path of guch lightning
The streak lightning is characterized by the following
the magnitude of the charge on the thundercloud, the potential

of the thundercloud, the magnitude of the lightning current, the diameter
of the lightning channel, the number of repeated lightning strikes over
one channel, the time intervals between repeated lightning strikes, the
magnitude of the electric fileld gradient and the surface of the earth

before discharge of the cloud.

Among the enumerated parameters, the most

important include the magnitudé of the current inthe lightning channel,
- and the number of repeated strikes on one channel. The magnitude of the
current in the lightning channel varies within broad limits —- from several

kiloamperes to hundreds of kiloamperes.

The observations have established

that lightning with high current magnitude occurs only rarely. Thus,
lightning with a current of 180 kiloamps occurs inicases, the number of
which is equal to 0.1% of the total number of observed lightning strikes;
the number of cases of lightning strikes with a current of 80 kiloamps

is 4%.

Fig 1.29 shows the number of lightning strikes (expressed in percentages)
for which the lightning current does not exceed the values indicated on

- the y-axis.

The number of repeated lightning strikes following each other
on one channel is characterized by the curves shown in Fig 1.30.

In the

majority of cases (from 25 to 80%) the number of repeated strikes in one
channel fluctuates from 2 to 5, and only in the small number of cases

(52) can the number of strikes in one chanmel reach 10.

From these curves

and other observation results it follows that the lightning discharge of

a cloud is charact=rized by the following mean values:

Thundercloud charge, coulombs
Cloud potential, volts
Cloud discharge current, amps
Discharge time, microseconds
i Average length of lightning, km
' Diameter of lightning channel, cm
Time interval between individual repeated
discharges, sec
Number of repeated discharges
Pressure of ionized air in the lightning chamnel
as a result of the offect of electromagnetic
forces, Pa
Alr temperature in the lightning channel, °C
Conductivity of the lightning channel, Siemens/m
significantly greater than the conductivity of
copper, that is, more than
Internal resistance of the lightning current source,
including the resistance of the lightning channel,
ohms
Resistance of the lightning channel during establish-
ment of the primary discharge, ohms
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Figure 1.29, Probable percentage distribution of peak
values of the lightning discharge current:
1 — values measured on the 10 kv overhead electric power
transmission lines; 2 — lightning strikes to underground
cables
Key:
1. kiloamps
2, % of lightning strikes exceeding the values on the y-axis
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Figure 1.30. Curves for the probability of the percentage
distribution of the number of pulses (repeated strikes) in
one lightning channel according to the research data:

1 -~ MacIcron; 2 -~ Cato; 3 -- Shanlanda; 4 - Stekol'nikova

As the measurements demonstrated, the lightning discharge current is a
pulse with fast build-up of the current magnitude from 0 to the maximum
(the wave front) and comparatively slow decay (the tail of the wave).
Inasmuch as on the oscillograms the beginning of the wave and the time

of the maximum are difficult to determine exactly, as the wave front length
T¢ 1t is not the time from zero to the peak that is used, but the
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provisional value determined by construction (Fig 1.31}. For determination
of Tyy 8 stralght line is drawn through the peints of the wave with the
y-axes 0,1Up,, and 0.9Up.y. The intersection of the straight line with the
zero line and the horizontal straight line drawn through the amplitude level
also determines the length of the wave front (it is expressed in micro-
seconds). The wave length 1,, 18 the time passing from the provisional
beginning to the time when the wave current becomes equal to half the ampli-
tude., The lightning current pulse is characterized by the ratio of the wave
front to the wave length, that is, Tf/Tw (frequently 1¢ 1s denoted by 13,
and T, by 15).
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Figure 1.31, Shape of the lightning current wave

According to the observation data for the lightning strike to ground the
values of the wave fronts fluctuate from 1 to 15 microseconds, and the wave

- length reaches 10-100 microseconds; for lightning strike to underground
cables the current wave fronts reach 15-60 microseconds, and the current
wave length reaches 100~1000 microseconds. The curve for the lightning
current pulse with a lightning strike to flat ground has a defined charge
Q=10-50 coulombs (on the average 25 coulombs), and for lightning strikes in
the mountains, a charge Q=30-100 coulombs (on the average 60 coulombs). For
lightning discharges to television towers the charge reaches 160 coulombs.
For lightning strikes to ground, damage to the lines is possible if the .
cloud discharges occur directly in the lines or near them. When the lightning
currents hit a support or the wires of overhead lines, destruction (split-
ting) of the support, fusion and breaking of the wires take place.

For lightning current strikes to ground near overhead communication lines,
high voltages occur in the wires which have a destructive effect on the
insulation of the equipment included in the overhead line circuits. When
the lightning currents hit the overhead communication line itself, the
wires, insulators, line suppos:s and included equipment are destroyed. The
cable underground lines are also subjected to damage when the lightning
currents hit the ground near the point of laying the communication cables
or when the lightning currents hit the cables themselves.
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A large number of cases of damage to the interurban cables by lightning
current hitting the cable sheathings during discharge of the cloud to ground
near the cable path have been recorded. A large number of cases have been
noted where the lightning currents reach the sheathing from tree roots

which have been struck by lightning [9].

In order to determine the nature of the ‘cable damage in the case of lightning
strikes and to make gome generalizations, studies were made of materials in
which the damage was more or less described in detail, In addition,
statistical data were used on lightning damage to cable long distance net-
works, both Soviet and foreign, which were assembled by the MRKIT [Inter-
national Telephone and Telegraph Consultative Committee] from the networks

in Sweden, Belgium, Denmark, England, Italy, The Netherlands, Czechoslovakia.
Analyzing the data, it is possible to make the following generalizationms.

1. The cables in which lightning damage has been detected had lead sheath-
ing from 1.5 to 3.0 mm thick and an outside diameter from 18 to 68 mm,

2. The cables laid in ground with a specific resistance of more than

500 ohm-m are damaged more frequently. However, cases are known where cables
have been damaged which were laid in the ground with a specific resistance
of more than 50 ohm-m. Primarily the cables laid in clay, sandy, rocky,
granite and peat soills are damaged. ’ :

3. Cables with small diameter of the lead sheathing are subjected to more
gerious damage than cables with large diameter of this sheathing.

4, Cables are most frequently damaged in the regions with a number of days
with thunderstorms of 15 to 60 or more per year, Serlous damage has been
observed in regions with poor conductivity of the ground even with a signif-
icantly smaller number of thunderstorm days per year (5-10).

5. The cases where lightning strikes the cable directly are quite frequent,
Holes and breaking-up of the ground occur over the cable itself (according
to the observations in the USSR and the United States) or furrows are formed
which run to the cable in the ground (according to observations in a number
of European countries, the USSR and the United States). In the case of
direct lightning strikes of overhead lines, the supports are damaged, and
the cables are melted.

€. Many cases where lightning currents have reached .cables through nearby

trees have been noted. The lightning strikes the tree (Fig 1.32) and runs

throngh its roots to the ground and then to the cable; such cases have been
observed in the USSR and other countries., The distance a between the tree

and the cable which is jumped by the lightning electric arc increases with

an increase in the specific resistance of the ground.

7. Lightning damage to cables occurs in the majority of cases simultaneously

at several points along the length of the cable at a distance from several
tens of meters to several tens of kilometers (30-36) from each other,
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The smaller the cable diameter, the longer the length of the section that is
damaged,

Figure 1,32, Lightning currents to the cable when lightning
strikes a tree »
Key:
1. Cable

8. The input cables of long distance mains and also the municipal cables
connected to the overhead lines are damaged from lightning striking the
cable supports or to the wires of the overhead lines near a cable support.

9. At the point where the lightning strikes the cable in the majority of
cases the following damage occurs: indentation and bending of the cable
under the effect of the external force, melting of the lead in the indenta-
tion and breaking of the strip armor, burning of the jute braiding, melting
of the cable cores and charring of the paper tape (Fig 1,33a, b, c).

10. At the points in the cables remote from the place where the lightning
has struck, in the majority of cases the following damage occurs: break-
downs of the insulation between the stramds of the upper lay and the lead
sheathing and breakdown  of the insulation between the cores, burning of the
insulation of the upper lay and melting of the lead sheathing from the in-
side, magnetization of the loading [Pupin] coils, breakdown to the housing
and between the turns of the loading coils, breakdown of the symmetrizing
capacitors.

Let us consider the effect of the lightning discharge on the most widespread
types of cables: symmetric and coaxial cables in metal and plastic sheath-
ings. Let us represent the cable in the form of three lines: a bbld-faced
line indicating the cable sheathing and two fine lines which indicate two
cores of the symmetric circuit of the cable or the inside wire and the out-
side tube of the coaxial cable (Fig 1.34). 1In the case of partial penetra-
tion of the lightning current to the symuetric cable on discharge of the
cloud to ground (Fig 1.34a), part of the current of the lightning channel
only reaches the cable sheathing and, spreading over it from right to left,
gradually diminishes. In the cable cores voltages are induced with respect
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Figure 1.33. Lightning current damage to a cable:

a) denting of the sheathing and outer wires of the coaxial pairs;
b) melting and damage to the outer wires of the coaxial pairs;

c¢) denting and burning of the lead sheathing; d) damage to the
lead coupling
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to the grounded sheathing and currents induced in the cores. These voltages
and currents, under normal conditions, can be dangerous to the insulation

of the cable cores and for the included equipment. When burning and breaking
down the insulation between the sheathing and the cable core (Fig 1.34b),
part of the lightning current goes into the cable cores. In this case the
voltage on the cable core with respect to the sh2athing at the point where
the lightning strikes becomes equal to zero, and at points remote from the
point where the lightning struck, it increases to dangerous values. The
magnitude of the currents in the cores at the point where the lightning
strikes is maximal, and it gradually decreases on going away from this loca-
tion,.

Fig 1.35 shows the case of partial hitting of the coaxial cable by the
lightning during discharge of a cloud to the ground. Fig 1.35a shows the
case of the lightning current only zntering the cable sheathing, Fig 1.35b,
the sheathing and the outer tube of the coaxial pair, and Fig 1.35c, the
sheathing, the outer and inner conductors of the cable.
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Figure 1.34. Lightning current:strikes a symmetric cable:
a) only the cable sheathing; b) the cable sheathing and core

Key:
1. sh
2. ¢
3. sh-c
4, c-c

In the case of a lightning discharge between clouds (Fig 1.36), voltages
and currents are induced in the cores and in the sheathings of symmetric

and coaxial cables parallel to the lightning channel under the effect of

the variable magnetic field of the lightning chamnei. The theory of the
effect of a lightning discharge on a cable (see Fig 8) permits determina-
tion of the magnitude of the potential difference between the sheathing

and the cores of the symmetric cable and also between the sheathing and the
conductors of the coaxial pair, In addition, it is possible to determine
the magnitude of the induced currents along the sheathing and the conductors
of the cable.
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Along with the damage on the communication lines during the effect of
lightning discharge, damage occurs to the equipment commected to the circuits
of the overhead and cable communication lines: burning and breakdown of the
insulation of the entrance fittings (the line transformers), the filter
elements (capacitors, chokes, resistances), the amplifier elements (electron
tubes, transistors, and so on), in the terminal and intermediate statioms,

as a result of which the transmission is disrupted and communication idle
time occurs. )

G

Figure 1,35, Striking of the coaxial cable by lightning:

a) the current only enters the cable sheathing; b) the sheathing

and the outer conductor of the cable; c) the sheathing, the outer

and inner conductors
. 1 -- gheathing; 2, 3 -- outer and inner conductors
- Key:
l. sh

PANZ NN\ NN NN/ NN ANZ N
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Figure 1.36, Currents of induced currents in sheathing and cable
cores on occurrence of discharge currents between clouds
Key: 1. cable
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1.4, Sources of Stray Currents in the Ground

The earth's crust is made up of several layers of rock (minerals), water and
gagses filling the cavities in the layers. The crust is a semiconductor
material, the specific conductivity of which at various points of the earth
is determined by the nature of the rock and the depth of its occurrence.

The water of the seas and oceans is also a conducting medium., On occurrence
of the electric potential differences between two points in the ground or
water, electric currents occur which flow from the place with higher poten-
tial of positive sign in the directions to the places with potentials of
negative sign. In the ground or in water such currents are called "stray
currents." As a rule, these currents are distinguished with respect to mag-
nitude at different points on the ground or water surface, in different
layers and at different depth.
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Figure 1.37. Examples of location of the grounds of single-wire
circults in the field of stray currents: a) in the remote feed
circuit of the communication cable amplifiers by the "conductor-
ground” systems; b) for dischargers installed on the overhead
line; c) stray currents in the circuits of the single~conductor
telegraph lines
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The basic causes of the occurrence of the potential difference at different
points of the earth's surface and the appearance of stray currents are the
following: the electric power transmission lines using the "ground" as the
return conductor; DC and AC electric railways (including streetcars) in
which the rails and the ground are used as the return conductor [10]; mag-
netic storms or powerful disturbances of the magnetic field at the earth's
surface, In addition, sea currents with defined velocity in the magnetic
field of the earth constitute causes of occurrence of stray currents.

The communication circuits of the overhead and cable lines can be subjected
to magnetic and galvanic effects of stray currents in the ground and water
arising from the above-indicated causes. As 1s known, the magnetic effect
of the stray currents on the communication circuits reaches significant values
only if the stray current is variable, changing direction several times a
second, that is, having low frequency (for example, 50 hertz). With slow
variation of the directions of current in the ground or in the water and

. small values of the current, the magnetic effect is weak.

The galvanic effect of the stray currents on the communication circuits is -
characterized by the fact that the side currents get into the communication
wires as a result of direct (galvanic) connection of the conductor to the
ground or water. The single-wire communication circuit, for example, remote
Z feed circult of the amplifiers with respect to the "two wire-ground" system
(¥ig 1.37a), telegraph (Fig 1.37c), experiences the effect of stray currents
directly through the resistances of the ground at the ends of the circuit;
the two-wire communication circuif, through the ground resistances of the
dischargers (Fig 1.37b) in the case where the potentials of the ground loops
for the dischargers reach the ignition voltages of the dischargers.
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CHAPTER 2. EFFECT OF HIGH-VOLTAGE LINES ON SINGLE-WIRE CIRCUITS OF OVERHEAD
LINES

- 2,1, General Principles of the Theory of the Effect of High-Voltage Lines

- The theory of the effect of high-voltage lines on communication lines is
based on the principles of general theory of the effect between electric
circuits developed in the works of both Soviet [12-18] and foreign [19-24]
sclentists. Hereafter, on the basis of the specific nature of the physical
and structural conditions the development of the theory of the effect of the
high~current lines has proceeded somewhat specially from the development of
the general theory of the effect between the commmunication circuits. In
recent years an effort has been made to combine the two theories. In partic-
ular, in [10] by analogy with the gemeral theory, the method of calculating
the effect of high~voltage lines by the transient damping on the near and far
ends of the single-wire and two-wire unshielded communication circuits is used.
In [25-28], from the general point of view a study is made of the effect
between different circuits and the shielding. Here the generalized theory of
the effect is given in two aspects: separately for the enmergy transitions
between the circuits and for the electromagnetic couplings considering the
specific nature of the interfering circuit and the circuits subjected to the
effect.

In the given book the effect of the high-voltage lines on communication lines
is also considered from the point of view of the general theory of the effect
between the communication circuits. In particular, the effect on the near
and far ends of the circuit and through the bunched conductors, and so on is
taken into account., Here the majority of formulas for calculating the effect
of the high-voltage lines on the communication lines for known values of
the electromagnetic couplings can be obtained using the methods of the
general theory. When investigating the effect of the high-voltage lines on
the overhead and cable communication lines it is necessary to consider the
following peculiarities:

a) The significant difference in transmission levels over the interfering
_ circuit (the first) and the circuits subjected to the effect (second):
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b) Significant difference of the parameters of the indicated circuits;

c) The presence of segments of the second circuit located outside the con-
vergence with the interfering line;

d) Nonuniformity of certain basic parameters, for example, nonidenticalness
of the spacing between the lines for a complex convergence route;

2) Arbitrariness of the load resistance of the circuits;

f) Uniformity of the interfering field, that is, independence of the
intensity of the Interfering electromagnetic field with regard to the
coordinate (for a frequency of 50 hertz and the first harmonics);

g) Absence of coupling caused by the electric field under the effect on the
cable in the metal sheathing (or underground);

h) The presence of intermediate connections to the ground on the metal
gheathings of the cables, and so on.

The coupling parameters between the circuits have specific nature. Under the
effect of the coupling between the circuits usually induced voltages are
determined only in the beginning or end of the circuit. Under the effect of
the high-voltage lines it is necessary to know the voltages and currents also
irduced at intermediate points along the line., For example, when considering
the effect on remote feed circuits (DP) it is important to know the magni-
tudes of the currents induced in the intermediate poéints of the remote feed
circuit, for at these-points the currents tlah arise will be the largest.

The problem with respect to calculating the effect of the high-voltage lines
on the communication circuits consists in the fact that knowing the mutual
arrangement of the lines, the specific resistance of the ground and the
interfering currents and voltages, we must find the electric values (voltages,
currents, longitudinal emf's) induced in the various ¢ircuits at any point
along the communication line,

As is known from the general theory of the electromagnetic effect between
communication circuits, electromagnetic coupling between them is character-
ized by two parameters: the conductivity of the electric coupling (the
electric coupling) Y12 which is numerically equal to the ratio of the

1 current IZe induced in the circuit subjected to the effect to the voltage Ul
in the interfering circuit, and it has the dimensionality of Siemens/m
(Siemens/km); the magnetic coupling resistance (magnetic coupling) Z12
which is numerically equal to the ratio of the emf E2 induced in the circuit
subjected to the effect to the current I in the interfering circuit, ans
it has the dimensionality of ohms/meter (ohms/km). In the presence of an
arbitrary number (in the general case n) of mutually influencing circuits,
the solution to the problem reduces to the integration of the system of
telegraphic equations:
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vwhere 14, U1 are the current and voltage in the circuit i; I, Uk are the
same in the circuit k; Zyy is the magnetic coupling resistance (magnetic
coupling) between the circuits k and 1i; Yyy is the electric coupling conduc-
tivity (the electric coupling) between the circuits k and i; Yi4 is the
natural complex conductivity per unit length of the circuit i; Zjj is the
natural complex resistance per unit length of the circuit i.

In the most general form, that is, for an arbitrary number of circuits on
the line, arbitrary parameters of each circuit, arbitrary load resistances
of the circuits, arbitrary.conditions of convergence with the interfering
line, the solution of the indicated problem is commected with mathematical
difficulties. However, this solution is also not required inasmuch as such
general conditions are not encountered in practice. The number of circuits
on the communication line is limited; the wires on the overhead line or the
cable cores are identical or they are identical with respect to groups.
Usually all of the communication line circuits in the convergence section
have identical length of the section subjected to the effect or the latter
are identical with respect to groups; the convergence of the communication
line with a high voltage line is represented with a sufficient degree of
accuracy in the form of a set of rectilinear segments, the mutual effect of
some of the circuits can be neglected, and it is possible not to consider
- the return effect of the communication circuit on high-voltage lines.

The solution of the stated problem has been a subject of theoretical research
for a long time. Historically there have been two methods of solving this
problem: the method of integration of the transient currents in the con-
vergence section and the method of differential equations, beginning with
the known boundary conditions. According to the first method the emf
induced in an elementary segment of the line is determined; by the emf and
the input resistances of the line from the investigated elementary section
the magnitude of the current induced in the circuit is found in each direc-
tion, and then by the propagation laws, the current and voltage are
determined at any point of the line. Summing the currents which arrive from
all elementary sections on the convergence length, it is possible to find
the resultant current in the circuit, Usually this method is used to
determine the currents and voltages at the end or at the begimning of the
line. The second method is more universal. It permits comparatively simple
determination of the induced voltages and currents at any point of the
circuit subjected to the effect,

In this chapter the stated problem is solved by the second method. From the
procedural point of view. the authors considered it expedient to discuss the
solution, success?vely going from the simple to the more complex cases.,
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2.2. Characteristics of the Interfering Circuits and Wire Communications
Circuits

The interfering high-voltage circuits can be divided into two groups:
symmetric and asymmetric. The symmetric circuits are considered to be the
circuits, the wires of which have identical voltages and currents with
respect to magnitude, 180° out of phase in two-wire (single-phase) circuits
and 120° out of phase in three-phase eircuits, The symmetric circuits have
identical primary and secondary parameters and do not have residual voltages
with respect to ground and equalizing currents in the ground (the so-called
zero sequence). The circuits will be considered asymmetric, the wires of
which have different primary parameters, and the voltages and currents in
them are not equal to each other. In the general case the phase shift angles
in the two-wire asymmetric circuit are not equal to 180°, and in the three-
phase circuit they are not equal to 120°. The asymmetric circuits have a
residual voltage in the current of the zero sequence,

If the residual voltage with respect to ground is equal to the operating
voltage, and the current in the ground is equal to the operating current of
the investigated circuit, the latter is entirely asymmetric, If the indi-
cated equalities are not observed, the circuit is partially asymmetric.

The following are among the asymmetric electric power transmission circuits:

The single-phase current circuit using the ground or a rail and the ground
as the return conductor (Fig 2,la),

The triple-phase current circuit, the transmission over which is realized by
the "two-wire-ground" system (Fig 2.1b). '

The triple-phase current circuit, the transmission over which is realized
with a grounded neutral under emergency conditions (when one of the phases
is shorted to the ground) (Fig 2.lc).

The high-voltage DC line operating through the ground (see Fig 1.17b),

All of the two-wire (single-phase) and three-wire (three-phase) electric
powver transmission circuits and also the two-wire communication circuits
are in the group of partially asymmetric circuits, for as a rule the wires
of these circuits do not have absolutely identical parameters.

All of the interfering lines carrying electric power except the coaxial lines
create imbalanced electric and magnetic fields in the surrounding space,

@s a result of which they are sources of outside induced voltages and
currents in the communication circuilts in the zone of the fields. The
circuits having a high degree of asymmetry obviously will have the greatest
cifect, for the intemnsity of the electromagnetic fields will be maximal
(under other equal conditions) near the completely asymmetric circtit and
minimal near the symmetric circuit.
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Figure 2.1, Entirely asymmetric circujts: a) single-phase
current; b) triple-phase current operating by the "two-wire-
ground" system; c) three-phase current with the grounded

neutral in the case of short circuiting of the phase conductor
to ground
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Figure 2.2, Vector diagrams of the electric field intensity
(E) and magnetic field intensity (H) as a function of the
completely asymmetric (a), symmetric two-wire (b) and
asymmetric two-wire (c) lines

For comparison of the degree of effect of asymmetric and symmetric circuits

on the communication wires Fig 2,2 shows the comparative values of the

resultant vectors of the magnetic and electric field intensity at the points
- in space located at identical distances from the interfering lines trans-

mitting identical powers of the energy., As is obvious, the intensity of

the electromagnetic field will be maximal near the completely asymmetric

circuit and minimal near the symetric circuit. The greater the magnitude
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of the field intensity, the more intense the effect on the communicacion
clrcuits will be. Thus, the adjacent, ccmpletely asymmetric clrcuits are
the most dangerous for the communication circuits.

2.3, General Equations of Magnetic and Electric Effect Between Single-Wire
Circuits

Let us consider the parallel convergence between two single-wire circuilts
(Fig 2.3). For generality of the solution let .us assume that the convergence
length L11 1s less than the length of the entire circuit subjected to the
effect, that is, that in this circuit there are sections located outside
convergence, The origin of the coordinates (x=0) will be taken at the
beginning of convergence. Under real conditions, the interfering (let us
denote it by the index 1) circuit can be the "contact wire of an electric
railroad-ground" circuit or the "phase-ground" circuit of an electric power

- transmission line; the circuit subjected to the effect (we shall designate it
by the index 2) can be the "wire-ground" circuit of the overhead line, the

_ "sheathing-ground” circuit of a cable line, the "core-ground” circuit of a
cable without metal sheathing. When the AC generator is connected to the
circuit 1, voltages and currents will be induced in the second circuit as a
result of the presence of electric and magnetic coupling. Let us introduce
the following notation: Ry, L1, C, Gy» Y1» 2pl are the active resistance
{ohm/m), inductance (G/m), capacitance (farads?m), conductivity (siemens/m),
the propagation coefficient (1/m) and the wave resistance (ohms) of the first

R (interfering) circuit;

Ry, L2, Cy, G9, Y3, 2py are the same parameters of the circuit subjected to
the effect; '

Zyp=uMy 5= 2+iwL12 is the magnetic coupling resistance (the magnetic
coupling) between the single-wire circuits 1 and 2, ohms/meter;

M12 is the mutual inductance between the single-wire circuits, g/m;
Rj2 is the active component of the magnetic coupling, ohm/m;
whio is the reactive component of the magnetic coupling, ohm/m;

¥19=619+1wCy 9 1s the electric coupling conductivity (the electric coupling)
between the single-wire circuits, siemens/m;

G1p is the active component of the electric coupling, siemens/m;

wCpg 1s the reactive component of the electric coupling (capacitive con-
ductivity between circuits), siemens/m;

w=2nf is the angular frequency of the interfering current;

uj, 1j are the instantaneous values of the voltage and current at an arbi-
trary point x of the interfering circuit, volts, amps;
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u2, 1j are the instantaneous values of the voltage and current at an
arbitrary point x of the circuit subjected to the effect, volts, amps;

. 22H, Zy, are the load resistances at' the beginning and end of the circuit 2,
respectively;

zlk is the mode resistance at the end of the interfering circuit;

L11 is the convergence length;

21» 2117 are the lengths of the sections of the circult 2 located outside
convergence with the interfering circuits;

2=£1+111+EIIII 18 the length of the circuit 2.

AN 7]

| L -
: /4 . Ix
2, | !
x=0 x=tly %2

Figure 2.3. Parallel convergence between single-wire
_ circuits: 1 — interfering circuit; 2 -- circuit subjected
' to interference

When deriving the equations we assume that the parameters of all of the
circuits do not depend on the coordinates of the investigated coil along
the circuit and that it is possible to neglect the inverse -effect from the
circuit 2 on the interfering circuit 1. We shall comsider that the circuits
are loaded at the ends by arbitrary, different resistances. On an element
of length dx of the interfering circuit we have

ty— (g +du) = Ruiyd L, 5t d, 2.2)
i —(+di) = Gy + C, S d. |

Analogously, on an element of length of the circuits subjected to the effect
in the convergence section

Uy — (g + dity) = R,i,dx+L,%dx+R,,i,dx+L,,%dx, (2.3)
v+ di) = Gyt + Cy 22 dx+ Gyy (ty—t) i+

, +Cug (h—w)dr.
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In the sections located outside convergence of the circuits subjected to the
effect, the system (2.2) is valid. On going from the instantaneous values
of the vwoltage:and.current to the existing complex values of Ul, 11, U9, 1Is
and considering that dU/dt-imU dI/dt-imI RytiwLy=Zy, R2t+iwL)=Zy;
GytiwC1=Y¥;, Gp+iwCo=Y2, we obtain the following systems of equations:

In the interfering circuit

dU. dr .
l+le-“o A‘*‘YIU =o-' (2 4)

in the convergence section of the circuit subjected to the effect, consider-
ing that Up<<Uy, :

dUﬁl

di, 2,
+Z¢ a1 = —'Zn 1 2" "l‘ylum = uU1- ( 3)
- in the sections of the second circuit located outside convergence,
du . '/ .
B Zd qy=0; -+ Uy =0. (2.6)

Let us find the expressions for the voltages and currents for the interfering
circuit, The solution of system (2.4) is well known from the general theory
of communications over wires, and it has the form:

Ul(x)= OxoChYxx—]mZMSh?lx» 2.7
fi@)=T,chy, x—;.!l‘(j,xoSh’Yx_x'

where 610 and ilO are the voltage and current of the beginning of the circuit,
- From these equations we obtain the expression for the input impedance of a

single-wire circuit at any point of the line for an arbitrary load resistance
zload at the end:

zn= 2 Z.S;%E)/zu + thyy by
) 14 (Zyarp/2s;) thyy Iy | (2.8)
Key: 1, inp; 2. load

where % is the distance from the point of the line at which the input
impedance is defined to the end of the circuit.

Let us express the input resistance in terms of the reflection coefficient
P=(210a4~2p1)/ (Z10ag*2p1) }

Zu=zmcth(y h—InV ). (2.9)
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On the basis of the expressions obtained we can write

Uy (0)= 1, (0) Zpx =1, (0) 2y cth (3, h—In V ). (2.10)

Substituting (2.10) in (2.7), we find

=hL0)za X

N ch[w(ly—x)=0Vp)
Ux(x)f U,(0) ch(v,l"—ln}’p—l) ,
% ’chhl(lu——x)—-lnm : (2.11)
(v iy —Vp)
oy (=5 —1Vp] _ 00
Lm=1(0) a(n by —nV7) -
x sifn (I —2) =V}

ch (v lyy —InVpy)

where p;=(Z -z )/(Zi 1+251)3 Zy is the input resistance of the
Mterfermgiggr%uiglfrom ;:1 e end of cogee%gence in the direction of the
end of the circuit defined by (2.9).

Let us find the expressions and currents in the second circuit, Let us

Trepresent the convergence section in the form of the equivalent circuit
shown in Fig 2.4, where

Z;=2qcth (v}, —InY 7y, );
Zm =2,cth (72 Ly—In VP_.,.).

=fn=ty . Zy—s
o T PR

Pigure 2.4. Equivalent convergence circuit
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Substituting (2.10) and (2.11) in (2.5), we obtain
dU," +Z:’2u= —L(0)Z, i (ln =5 —ln Vo ,
) ’h(?xlu"lnm) (2.12)
ch fyallyy—2)—InV )
ch (vl —InVpy)

The general solution of the nonuniform system of equations (2.12) has the
form

d)
nn Bt LUS 4/ an =U,(0Yy,

) Npeh [y (Iy—%—1nV7)
(=) ch(wnly—1nV5)

Iy ()= i (—Cye™ +Cye")+

Uy ®=Cy " LG e
(2.13)

Uy (0) Nppsh[yy ( Iy —%) —In V53]
2 (3 =) ch (niy—In V)

where C; and Cz are the integration constants;

le =Visa "1 —V2 Z19/21; N » 12=Y1Ze 11— Zl./z“ (2.14)

For determination of the integration constants let us compile the boundary
conditions:

U’Hl (0)= - 2Il (O)Z = - [2" (0) 2 cth (Yll _]anBIF

Jor: x=0, (2.15)
Ui (U)= Im (h)Zy= 'm (L) zescth (vadyy— 1V pyy)
for~- x= l"' .

From the first condition we have

Uy (0) N}
= =C— c,)cth(v.z—mvp..)-—
Y— % (2.16)
U1 Nppth (v ty =10 Vi)
(B—=7)th (aly—inVim) '
from the second condition

C,+Cy+

Ce lr+c Y, i@ Nychinp
( nhﬂnm—mnm (2.17)

"_ce ?’) cth (73 by —1InV pgm) —

- Uy (0) Nl2 shin Vp—lcth (Yg ‘"1 —In VPM )
(VA=) b (v ty =¥z

= (C,e .

54

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4

Solving this system with rezpect to Cj and Cy and substituting the expressions
obtained in (2.13), we find

U0 [ ch(valy—InVpg) [Ny th ({, n—InVpm)+—~
7;"'7? 5"'(?:’-'“' Pslﬂn) ’
A Mt lnd VAt i Vi +
. (s iy — In Vog) [Njpsh In V7 cth (3 bygy — In Vo) +—~
) s (3~ 10V Byapie ) ch (2 by —In V5;) .
M ch l?’( l,+x)...]an—’.]._

ch[y‘(l,,—z)—ln}’;,]”; ]; (2.18)
ch(-y;'l"—lnl/ﬂ). 11

Uy @)=~

; _ b ‘ sh[ﬁ(l,,-—#)—h"’ﬂ] N+
Ly )= e(B—1) [ ch(v?l,;—lﬂrﬂ) "
(1 lyy — IV i) [Nj,shinV 7 x

ch (W lyy—In V) sh (13 I—In Y Dyuppr)
- X cth (v —InV pes)+ Nyych In V) sh (vs(4+x)—InV pu]—

DO VR) e — V) +
mu\'w (Mly—Vp)+ |

+ Ny th (valy—IV B)] sh [y ( by + by —2)—1In V_Pul] :

, (2.19)
The voltages and currents induced on the sections of the second circuit
located outside convergence are determined from the equations of propagation
and are equal to the following:

In the first section

O ()= Uty 2Lt o) ~ v

. (2.20)
(v —Invpp)
) = fu(o) P [BCh+2)—In v ] (2.21)
) lal(‘)f-lm(o) *(?J.—lﬂ ﬁ;:) H
In the third section »
Usinx)=Up{ly) [+ iy~ Y] (22

<h (Wi~ ln Y 7) ' ,
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sh [va( fyy +lyy—x) —ln ?’PJ
sh (valyy— 1nY Pax) (2.23)

Tyny(x) = Lyl

The formulas obtained take into account the direct magnetic and electric
effects between the single-wire circuits for arbitrary load resistances of
both circuits. From these formulas expressions can be found for all possible
special cases investigated below. Here it is nececsary to consider that the
hyperbolic functions entering into the formulas of the argument containing the
reflection coefficients can be represented in the form

sh(a—]nﬁ):ia_’;’_’.‘:'_; shin _r_p:]_-
2v7 Ve ﬁ

‘¢h (a—lban_):%M; chinVp=
i 2vp V- 2»/'

Since in the numerator and the denominator of the basic formulas of the
effect obtained above the arguments containing p enter to identical degree,
then /E in the case of representation of hyperbolic functions is cancelled
in the indicated way. For insulation of the circuit p=1 and

sh(a-—ln/;)=sh a; ch(a-ln /p)=ch a, sh 1n vp=0; ch 1n vp=1. For grounding
of the circuit p=-1, sh (a~ln p)=ch a/v/-1; ch(a-ln p)=sh a/v-1;

sh 1n /;;——1/ /p_, ch In /;=0 On closure of the circuit to the wave impedance
p=0. Considering that /1-:- in :the denominator of the basic formulas of the
effect is cancelled with ¥p in the numerator, we find: sh(a-ln /p)=
ch(a-1n /p)=e3/2; sh 1n Yp=-1/2; ch 1n ¥p=1/2,

2.4, Equations of Effect for Closure of the Interfering Circuit to
Resistances Equal to the Phase Impedance

In a number of cases, especially for high frequencies,for example, under the
effect of the high frequency channel through an overhead electric power
transmission line, it is possible to consider that the interfering circuit
is loaded on the convergence ends by wave impadances. Here pl-O and in the
formulas (2.18) and (2.19) it is necessary to set: sh(yilu—In 1/3—1 =eVilli /2

ch(wnlu——anpx) eh h 12 m(Yl,"...anp.)-l shanp1=—l/2 chln =]1/2,

Then for the induced voltages and currents in the convergence section we
obtain

Up(9)=— YQUx(O) [eh (valy=1n ¥/ pea ) [Nk Nigth (ay=1n ¥ 7 )] «

A=W Ol —InY Pt ) W
X ch [yt + ln—x)—1n Y Paal —
. sh (Vllm'— In'/?:;) [le‘:th (?ﬁl]u—’ In lfpax) le] Wiy %
X ch[ps( 4+ x)—In Vﬁ-)] —N;, e

Key: 1, b; 2. e.
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- . Uy (0) —praye S(valy—1nVPw) X >
i =—— ey
n () (¥ —¥) [e 2 b (ys ! — V Prabax)

_ —vly
B = X [Njzeth (yadyy —1n Vi) —Ny] e "

sh [.7,( I +x)—an;-)-,-.];-
_ch(pahy=1n¥pea) [N+ Niath (a g —1n Vpw) %
’ shiygl— 0V Pawperd

X shvy (& +4y—*)—In VPl ] . )

(2.25)

Let us investigate the expressions obtained. For simplification we shall
consider the magnetic and electric effects separately.

Substituting the values of N'jy and “"12 from (2.14) in (2.24) and (2.25)
and grouping the terms containing 219> We obtain the formulas defining the
voltage and the current caused by the magnetic effect (the indexes "2" for
the reflection coefficients are omitted):

) o @z ! hloe{ LX)
Uy ¥) = B sh(v,l-anT.p_,.)[c (v 4+%) .
- - — =My
- "‘anpll [Yxsh (?Ilm"m' Pn)—?a‘:h (Y,lm—anP.)le + (2.26)

+chlya(ly+ g —2)—10V 7 [rach (b= V) +
.-*- T sh (:Y’ ll —In V"’-l)n_?le—ﬁ‘} [

AVEN [Y e L
wm (B st (v — 10 ¥ Pup)
. I . -
- x)— In VP.] 9—' n [7’ ch (Ya l," —In V;R)—YI sh (7’ llu_ In V;l)] +
+sh 9y ( L+ 1y, —2)—InV Pl v ch (3L, —In V ) +

Ly ()= — [shiva( 4+

+ylsh(y,z,—mVE._)nj. (2.27)
Analogously, the voltage and current caused by the electric effect are:

o ()= ——aO¥nts L (china( bt
U’".(x)— Y:('yﬁ—nﬂ’) sh(y,l——ln}/m[ [7’( )] ‘

= e)— VB | Inch (L —InV B+ heh (i VA=
- Vsl
- —ch[ya(}+x)—In Voale  [nch(valy,—In Vou)—
o
—Vash (Vs —In V;")]] —T e—" "} ’

(2.28)
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Ly, 0= ey {7‘ en— (sh v (4 + %) — 10V mdx

1
HB—" s yst—inV i)
X °—w“[?l ch (valyy—1InYow) —ash (va by —1n Voul+ shiw( b+
+ 1y —%) =10V pg) [vich (s hi— 10V pg) + 1ash (1, —In Y/ F.)n] .

(2.29)
y _ 1 ‘ﬂzuu, y _ lwzm

From these formulas it is obvious that Uppe )= — — ——,; Im,(x)__ — A
Yy dx 2, dr

The formulas (2.26)-(2.29) jointly with (2.20)-(2.23) permit determination
of the magnetic and the electric effects of a single-layer high-voltage line
loaded at the ends on wave impedances, on the parallel-laid overhead single-
wire circuit with arbitrary load resistances.

Let us consider the case of loading of the circuits subjected to the effect

by wave impedances. The calculation formulas can be obtained from (2,26)-
(2.29) for Pbeg in ingnpend=0' ; Making this sobstitution, we obtain the
ssions: .

following expr

. - V = (vi+vs) " ;‘Vl‘
? Z; —¥s i
Uge )= "—'—"—"‘2;"’(;) :;-0 I +v) €+ m—me —_

oy, e (2.30)

o (9= 02 [opee 4 (p—yge” T T
o ()= — 2 (1) m Ve 1

—mrwe]; o (2.31)
. . f — (Vi) L e
; Uy O Yy v %
A TE e 7 |

X(1y— 9 —27: e"""] ;

e (v —e
(2,32)

I . U (0)'}’” -—?‘x; —~Yy% _7 - (1;1+‘V|) ‘"+‘V.t %
Iy (0)= m‘ [2‘Vne e+ 'Vz)- e .
X ('Yr“?i)] . *

Inasmuch as the cirecuit is loaded on its wave impedances, formulas (2.30)-
(2.33) can be used also in calculating the induced voltages and currents in
the sections located outside convergence, substituting the corresponding
values of x in them, The formulas (2.30)-(2.33) permit determination of
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the induced voltages and currents at any point of the circuit. For example,
for %=1y the voltages and currents induced at the beginning of the circuit
(on the near end) are equal to

. A —(I'H)l
Uzlln_ ()] Zys (l—e vv * H)

13 2(m+v)

P h10)Z, b 4y )

e = T (1—e” ™" ), (2.34)
j Ui (0Yaezm (| —ntul
U?lls.u 2 (Vs + vs) (l e ll)

. U, (0)Y. — vt ;)
I!lls.n= __2—(7;#"?3_ (l'—e u ) v
Key: 1. beginning & (2.35)

The voltages and currents at the end of the circuit (on the far end)

B —al
v L(0)Zye M == &)
: U= —Laﬁflw—(l—e u);
By o= Bz (et (2.36)
MaxT T o) N C ;
U W_ g0 Yuzne—"'"( e ™),
A " 22—y ’
oy Cwmow (2.37)
i Up(@Yye M ( l—e h=s) lll)
Ax = T T(p—y RE

Key: 1. end

As 1s obvious from the expressions obtained, the voltages and currents
induced at the beginning of the circuit are larger than the voltages and
currents occurring at the end of the circuit, In addition, the voltages
caused by the magnetic effect have different signs on different ends, and
the currents of the magnetic effect are identical; for an electrical effect
the currents have different signs. The total voltage at :the beginning of
the circuit caused by the magnetic and electric fields of the interfering

line
— (Ps-h19) ¢
. oy - 2y 1—e n
UZHI-_ Ul (0) zn (YH + .1"2.: ) ) 2 ‘Vl + Yl) ’ (2. 38)
or, denoting Zn +Y33=N. we obtain
Inm
— (Pst1s) 2
o |~ 1y (2.39)
Uzn'= Ul (0) an._——;-G;rYI)— .
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Analogously for the voltage induced at the end of the circuitv, denoting

Yy — Z,
Zae?ns

=Nw we shall have

- (:'l_"l.) ‘"

o . —~yy b 1—
U= Ux(O)Zane "'*—;—mf_v— . (2.40)

Similarly, defining the currents induced at the beginning and end of the
circuit, we obtain

1 e" (¥aHrs) l"

= =010 M~ (2.41)

1— e— (Vs—¥s) '"

Zm—v (2.42)

’ iznu

- . '—'ﬁll 1
Iy=U1 ) Nye

As is known, in communication theory the effect of one circuit on the other
is assumed to be expressed in terms of the transient damping representing the
logarithm uf the ratio of the power transmitted in the interfering circuit
to the power occurring in the circuit subjected to the effect. The transient
damping on the near end

‘_112"—15_1_ =1|n ..!!.“— m =

- A.=-§-1n

Binzn Inn m

2(v1i+va) : l
NaV2zmzn [l —e (Vi) l"]

o =In

and on the far end

.2 e - -
An=iln i’l— =]n i zﬂ ==
2 lg"x Zpy 12"!; 2
=In

2y —w) .
Ne el Vamall —e™ =) )]

For large | | _e-twtwa],

— A= 2 (1 +vs)
A A“ lnl Ny VzmZn

and, consequently An=A'u~]ﬁ|i~é“”'”'i’1'|. The value of A'y in communications
theory is called the transient damping between electrically long circuits.

As is known, the effect is also estimated by the magnitude of the protection,
Under the effect of a high-voltage line on the communication circuit the
protection of the latter on the near end is expressed by the formula

Ap . p=(Py-a32)-(Py-Ap), and ou the far end, by the formula Ap e=(Py-apl)~

(Pl—Ae), where Py is the level of transmission of the interfering circuit
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(the high-voltage line); Py 1s the level of transmission in the communications
circuit. In the given case it is necessary to consider that both ends of
the communication circuit can be receiving.

Now let us consider the effect on an insulated single-wire circuit, Sub-
stituting in (2.26)-(2.29) p'b-petl. we obtain the following expressions:

. 1(0) 2 1 Y
Unipe (¥)= ﬁ {m[ch T ( 4+ %) (mshvaly,
—Tichy, lm) e_‘”" +ehy (4 +1y —x) (?’ chy, ll +

+wshyad))]—vs e"’*’} ; ' (2.43)

; I ob)zn —vx 1
lm.(x)= —m{?’e g oy [Sh'v'( II+X) X

—ved
X (vach vl —nshvaly)e * Ut shyy( I+ —%) X

2,44
x (chys b +vash B)] |5 (2.44)
; Uy (0) Yy, 1 - .
Uy ®= _—L\(}# {m [ehvs( Iy +hy—2) (mchwd+
- Rt £
+ 7a5h ¥, l])_ch?:( l["l‘x) (" chy, lm"'?a shy, lm)e lll_ (2.45)
7 —% e"’“}:
i LU @Ya [ Yy 1 L) (h chpeb
- Ay ;%_.;z: 1€ v (sh s ( Lyt lin—%) (¥ y
| (2.46)

’ Pl
+7ashys ) Hshva( h+x) (hchval—s shvs i) ¢ ~ n ]} .

In the sections located outside convergence, the formulas (2.20)-(2.23) are
effective for Pb=Pe=1. Then

d:y,( i +x)

U, =0y, (0 e ,

(2.47)

. . sh
19[ (I)= 12" (0)_7:"'%:—‘) ’ (2.48)

¥ ; chyg( Ly tyyy —
Uay (x)=uzu(ln)‘.(d:“:"llml )
1

(2.49)
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shys (U + g — %)

. ‘ Ly @=1 4 (1) shya

(2.50)

As is easy to see, for x=-23, that is, at the beginning of the circuit and
for x=-2.II+JLIII, that is, at the end of the circuit, the induced currents
are equal to zero, and the voltages

- -Um':= U'_an-(o)ﬁhﬁlx; Uimx = Uy (Ix'xWCh 'anm-

Since the modulus of the hyperbolic cosine curve as a function of the complex
argument can be both greater than and less than one, depending on the lengths
of the sections %, and £ 11 the voltages at the beginning or the end of the
circuit can turn out to %e both greater than and less than the values induced
on the ends of the convergence section. In the absence of sections

located outside convergence with the interfering line, that is, for
21=£LII=0, the formulas (2.43)-(2.46) are simplified significantly:

Uzuu (¥)= Loz, [ 2 [Ch (1 —x)'—e—yf‘" chy, x] -

=1 | shniy (2.51)
N - e—v.x} ’
) ; - _hoz,y, T T U
Lo (%) """,“(yg_“‘_ ¥) {e ol [chys ( 1;;—x)—e x (2.52)
X chy, x}} .
Upy, (1= L y“;m {V’ e [chya( ln“‘")"'e—y‘l" X
- . shyly ‘s
2.53)
' X chy, x]] .
: Uy (0)Y . 1 X .
- Los (4\r)=———‘?(§)_;’f"1 {e Vi ol [shy,xe "0 +shy (1, —x) ]\.
(2.54)
At the beginning of the circuit (x=0)
- 1 (0) 2, i (2.55)
R Um..(_;-)= _ﬁ [‘Yx‘—_m;’:T (Ch Ygl,l—e v u )] ,

Key: 1. b
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j _ U1 (0)Y,y2g ¥ =y
Yopron = ?g'_""lv““? [Y'_TV:IIT(C]”" I, —e H)} , (2.56)

at the end of the circuit (x=iry)
. L(0) 2 [
U, =102z, | %
2y (R-R)anl, [?: e (vschys Ly +vish Ynl")] " (2.57)
L __ by, ~nt
Ils.x 19 = [?l—e v "(?ISh?Iln"'?ICh'Vllu)]:

U
? ) (Vi —v])shw dyy (2.58)

Key: 1. e

In the middle of the convergence section (x=271/2)

It
h©0) 2, e—v. T( oyl In
- U, (g')= : nANT WINT) oy (2.59)
u 7 , .
(Yg"ﬁ)g‘?:‘gﬂ '
" ,
. -V 5 I 1
. It Uy (0)Yypzpye 2 (7 shy J__? shy, _") :
Um,(—#)= 2R N2 (260 (2.60)

I .
(B~ s

In the given case, just as when loading the circuit on wave impedances, the
induced voltages at the beginning and end of the circuit are different,
The voltage at the beginning is greater than the voltage at the end.

Let us find the formula for the case where the circuit subjected to the
effect is closed at the ends to the ground; the resistances of the grounds
are neglected. Substituting in (2.26)(—(2.29) Pp=Pe=-1, we obtain

- j ShOZ [ T ) (vchvale —

Ui ¥)= B—v {sh?’, [5 Ya( 4% (0 _ ?l m

W "V . .
—vsshvalyy) e I fshypy( l,,+l,l,—§)(7,shy, L+ (2.61)
+v.chy, l,)] —MN e—""] ’

Oz,

. " 1 o o
= — 2% {7, S [ch ya ( 4+ %) (vash 1 lyy—

(2.62)
—vichvaly) e—v.ln +chyy (1, + Ly—*) (% shyyl;+yichys l,)]} ,

-
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2")

(x)= —ME[ sh?,( Ly +hy—x)(mshnl+

=7}
+7sch s I;)—shys( l|+x) (vushvadiy—m chylype 1 ]"‘

_ (2.63)
_ ‘ . _?’e—‘h‘} ,
. j 1 ’
Tans () = Ul_yg(oljl—' {Y: e-m—'sh Nl [ch Ya( 4+ %) (nshvs Iy —
(2.64)

—vachvsly) "1t ten Nl —%) (nshval+nachy ll)]] .

In the sections outside convergence, the formulas (2 20) -(2.23) are effec-
tive for P2b=P2e ==1: . -

7'(’1 + x)
sy

=1, (mﬁg"lﬁ
sl

Uy () =0y, (0) , (2.65)

, (2.66)

T PR
Uy (x)~U,,,,(z,,)—%")_ 2.67)
(o .
chya (U + ‘m_‘)

Lo (x)=i,,, (4 chyg ! (2.68)
11 *

At the end of the circuit the voltages are equal to zero, and the currents
are defined by the formula

PR T ) ' (2.69)
2{4 T .
Ly (1
L= —;:;(,”) (2.70)
(2) SMvshn

Key: 1, b; 2. e

As 1s obvious, the currents flowing at the begining or the end can be
larger than the currents flowing in the circuit at the ends of the conver-
gence section.
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2.5. Equations of the Effect Between the Single-Wire Circuits for a
Negligibly Small Variation of Currents and Voltages in the Interfering
Circuit

General Pormulas. The formulas of the effect obtained in the preceding item
indicate the variation of the current and voltage along the interfering

' line.” For low frequencies the propagation coefficient y1 of the actually
existing single-wire circuits of overhead electric power transmission lines
and electric railways is so small that it is possible to neglect the current
and voltage variation along the line in the convergence section without

- great error. This means that the magnitude of the propagation coefficient
Y1 can be taken equal to zero. The formulas pertaining to this case can be
- found from the formulas of the preceding items under the condition that
¥1=0. The magnetic and electric fields along such a line also will not depend
on the coordinate x. Then such fields will be called uniform. Setting y3=0
in (2.26)-(2.29) and considering that I, (x)=const=I;, and U3 (x)=const=U,,

we obtain

I Zys [eh (vs ly —InVpa) ch [va ( Ly + by — %) — In V] — =
Y2sh (y2 I — 10V pupn)

- U2Hu )=

, ——chi (¥a Iy —In Vo) ch [1a( f; + ) —1n V5] 2.71)
I )= Kz, [ 1 ch(yg'i,'—ln ?ﬁ)rsh [w( z;,qi i,,,—x) —InV o] +—~
211\, ~z, sh{ps L~ 10V pupr)
=+ eh (vl —InVos)sh [va (4 +5)—10 Vi) ] (2.72)
B} U, )= Uy, [ ; sh(valy —InVpa) ch [vs ( g4ty — %) — 10V )
- ais (%)= Y sh (35 [ —In YV ppr)
< ~+sh(valy— Vo) chlve (4 +2)—InVp,] ]
: T (2.73)
. by ()= — UsYss [sh (va iy — 10V 2u) sh [va ( Ly + g —2) — In V] ——
- as . Yash (ys I —In Vpu)
~—sh(ps iy~ In Vp—“)sh(‘y,( I4-x)—In¥p,]}
- (2.74)

In a number of cases, the values of the average current amithe average
voltage induced in the convergence section for magnetic and electric effects
are of interest, The average current is
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1

11 .
. | o Iz .
I2ml.cp= E S ]2Hu (®)dx= — '_—‘ll:’ X

X[ _ QShV,?"[ch(y,Il—anﬁ)sh[v,(-;!-i-lm) -ln‘ﬁ;]+-.
?aIHSh('\’n’—m Y pur)

-+Chﬁ’=‘m"|"Vp_R)Sh[7’ (%’.*.1‘)__",}/,7".” (2.75)

Key: 1, ave

The average voltage

l Iy
11 -
. 4 Zsh? =5 [sh L —1 X -
Unnis.c = 5U,,,,(x)@=ﬂl.;. 1— 13 [sh(valy—1nVpy)
Py ) Y, 2l sh (va i — 0V 7ps)

e 3
~ X ch [Ya( lll/:+llll) ;';'-V;;] .+;h(‘h lyyg — In Vo) chlvs (/241 ) ——

—hnVadl | O (2.76)

Formulas (2,71)~(2.76) jointly with (2.20)-(2.23) permit determination of the
effect of the single-wire, high-voltage line on a parallel laid overhead
single~wire circuit with arbitrary load resistances at the ends., From these
formulas the expressions can be obtained which consider not the general load-
ing conditions, but different special cases (the circuit insulation, the

load on the wave impedances, and so on) by direct substitution of the
corresponding reflection coefficients in them.

Variation of the Induced Voltages and Currents Along the Circuit Insulated
or Grounded at the Ends. Let us consider the variation of the induced volt-
ages and currents on the circuit subjected to the effect for various load

- resistances. Let us assume that the circuit is subjected to the effect over

the entire extent and the sections outeside convergence are absent, Ly=y71=0.

If 21#21 IfO, then the voltage and current distribution in the convergence

section is equivalent to the case where they are absent, but under the

- condition that the load resistances are equal to the input resistances of

the circuit from the beginning and end of convergence in the direction of

the beginning and end of the line.

Let us find the voltage distribution in the circuit insulated at the ends
for the magnetic effect:

At the beginning of the circuit, that is, for x=0,
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; ; 1z Iz Iy
Uniia O =Uyyy, = ""&1‘—[ sh %7”: T th y, 2
: Yachyy 2

in the middle of the circuit, x=Ly1/2,
U= 0.

- at the end of the circuit, that is, for x-!.n,

12, Iy

Ui ( tu) = Uﬂln.x =T th y,—-.

These equations indicate that in the single-wire circuit insulated at the ends
and located over the entire extent in a uniform external magnetic field, the
induced voltage with Tespect to the ground is distributed in such a way that
in the middle it is equal to zero, and on the ends of the circuit the
voltages are identical with respect to magnitude, but at each given point in
time are opposite with respect to sign. It is interesting to remember that
for nonuniform interfering field the induced voltage on the near end is
greater than the voltage on the far end [see (2.55) and (2.57)].

With an increase in the argument the hyperbolic tangent, varying, approaches
one in wave fashion (only if the angle of the argument does not approach
90°); therefore, as Y2(%17/2) 1increases, that iz, with an increase in length
or the propagation coefficient of the circuit subjected to the effect, the
induced voltage will decrease. For small values of the argument where
v2(217/2)<<1, that is, on short lines or for small propagation coefficients,
th 72{211/2)2\(2(211/2). In this case UZIIm(o)-—;thIu, Uauu(ln)--——;‘ 5LiZyshs.

The'poco.ntial difference induced between the ends of the single-wire circuit
is U2IIm (211)-U211n(0)=-1Z1 %77, The last expression, as follows from the
theory of mutually connected electric circuits, is the induced emf

E=—izg.. (2.77)

This emf 1s called the longitudinal electromotive force, for it operates
along the wire. From (2.77) it follows that the longitudinal emf induced

in the wire in a unit length is defined by the expression §=-—hZ,; volts/m.
The voltage with respect to ground at the end of the circuit is E/2, The
curves for the variation of the induced voltage along the wire insulated at
the ends are presented in Fig 2.5 as a function of the values of the parameter
Y2417 for the magnetic effect.
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Figure 2.,5. Curves for the variation of the induced voltage
along an insulated communications wire under magnetic effect:
1 — for small valuesiof yplyp (y2lyr<<l);

2 —— for large values of Y217 (YZ£II>>1)

Lt )

£
%

! x

[/ 4

Figure 2.6. Variation of the induced current along the insulated
wire under magnetic effect: 1 —- for small values of
- Y221y (¥pRq1<<1); 2 -- for large values of Yp&1y (v2417>>1)

Let us consider the variation of the induced current under the magnetic
effect. At the beginning and. end of the insulated circuit, as follows from
the general formula (2,72), the current is equal to zero. In the middle of
the circuit for x=2ry/2

. . I In
* . IZ,th Tﬂl —
DLya( 1,,/2)= . S =22k L
' 2 L. (2.78)

11
chy g .

For large values of the argument

1,1"/2
y_ e

T 2

ad], m-( l") = —Azz#- ( ! —23_'.‘"'/’)'

ch Ts 5
L}

For small values of the argument (722,11/2«1)

. by by
’1zu'Y§ ]
by (1y/2)=— ~z,

. l’ 1 .
=02,V #= TEYJ"- (2.79)
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As 1s obvious from the expressions obtained, the current induced in the
middle of the circuit for large values of the propagation coefficient of

the single-wire circuit or long length of the circuit approaches the value of
5/22. For small values of Ypf11 the magnitude of the induced current is
appreciably decreased, and it 1s determined by the conduction current. The
curves for the current variation are presented in Fig 2.6.

Let us find the voltage and current distribution in the insulated circuit
under the electrical effect. From formula (2.73) 1t follows that the induced
voltage for the electric effect and for £ -ZIII-O does not depend on the
coordinate x and is equal to the interfering voltage multiplied by the

_ ratio of the mutual conductivity to the natural conductivity of the circuit:

. . Y
Uas=Ur 3+ - (2.80)
2
Since only overhead lines are suhjected to the electrical effect, for which
G12<<wCy and Gy<<wCy, then
. . C
Uzmzulzl:" o (2.81)

The current induced in the wire under the electrical effect, as.:follows from

the formula (2.74), for RI=EIII=0 over the entire extent of the circuit is
equal to zero.

Let us find the voltage and current distribution in the single-wire circuit
grounded at the ends under the magnetic effect (let us neglect the ground
resistances). As follows from the formula (2.71), the induced voltage of
the entire length of the circuit is equal to zero. For nonuniform interfer-
ing field the equality to zero is not observed and the induced voltage is

- equal to Zero only at the ends of the circuit. The current induced in the
circuit when it 1s grounded at the ends is

. Iz, _ &
lznu(f‘)= "'lz_:"""zi ’ (2.82)
- Multiplying the numerator and the denominator by %31, we find that
. E by
L = z","' . (2.83) )

Formula (2.83) shows that in the single-wire circuit ideally (with zero

resistances) closed at the end to ground located in a uniform external

magnetic field, the induced current is equal to the induced emf divided by -
the total resistance of the circuit, which is identical along the entire

length both with respect to amplitude and with respect to phase.

Let us consider the electrical effect on the single-wire circuit grounded at
the convergence ends. The induced voltage in the grounded circuit under the
electrical effect varies along the line just as the induced current in the
insulated circuit under magnetic effect (see Fig 2.6); it is equal to zero
at the ends of the circuit and it is maximal at the center. For x=L11/2
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. lll
UyYy - 1 ) UYuthy 5 2 “thys (2.84)

7,

Let us find the variation of the induced current under the electrical effect.
The current induced in the grounded single-wire circuit under the electrical
effect has the same nature of variation along the line as the voltage induced
in the insulated circuit under the magnetic effect (see Fig 2.5). At the
beginning and end of the circuit the currents are identical with respect to
absolute value, but they are different with respect to direction. 1In the
middle of the circuit the current is equal to zero. The magnitude of the
current induced at the beginning of the circuit is

< -

L (2.85)
Uy In
Tonys s ;-,"th 7
- (1)
B Key: 1. b
and at the end of the circuit
. e (2.86)
U Y
- 2"!!( ‘;v' . th
(1
Key: 1l. e
For small values of Yyy(%17/2), considering that th yz(211/2)~72(21,/2),
we obtain
- - (2.87)
. . I
lzn?.f) ' UIY“ Iy, 5—U}’l "

Key: 1. b; 2. e

Since the value of ﬁlY £17 18 1in accordance with the definition presented
above for an electric coupfing between circuits the current transmitted in
the convergence section from the interfering circuit td the circuit subjected
to effect, the equations (2.87) indicate that half of the current going over
to the circuit subjected to the effect from the interfering line flows
through each ground.

Thus, the total current of the electric effect transmitted from the inter-

fering line to ground through the terminal ground is equal to the total
conduction current of the electric coupling.

©
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Variation of the Induced Voltages and Currents Along a Single~Wire Circuit
Ingulated at the Beginning and Close to Ground at the End. PFrom the general
formula (2.71), substituting L1~%111=0 and the corresponding values of x,

we find
. (2.88)
Uppe =" 400y 0
Mun— L= MY forx=0,
(1)
Key: 1. b —
; (7. ipm s (2.89)
1= _hZy 2 . *
’2ﬂu( u/? \7'. qu?) X= 1"/2,
Uzn(uﬁ'=0 or-x=1.
Key: 1. e

For large values of Y2%11s considering that th YZEHZI, ﬁZID{.b”ilzlz/YZ’
. I' T~ i’ N

Unin( Ly2)= Ao "2 .

for small values of 72111 %

U?“z.]u.):‘ “‘3 I" = —E: iO)M“ [l‘[ (2090)

) iy
Ui ( lu’?) ~—Ef2.

Key: 1. b

Thus, for short length of the ciicuit or a small propagation coefficient
the voltage on the insulated end with grounding of the opposite end is equal
to the total induced longitudinal emf. The voltage in the circuit increases
on going away from the end proportionally to the length. The curves for the
variation of the induced voltage in the investigated case are presented in
Fig 2.7.

Gpto

-£

Figure 2.7. Variation of the induced voltage along the wire
close to the ground at the end and insulated at the beginning
under magnetic effect: 1 -~ for small values of YZEII(YZJLII«I);
2 — for large values of 72211(72211»1)
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‘Im(‘ . 2
&
g » o

Figure 2,8, Curves for the variation of -the induced current along
the wire insulated at the beginning and close to ground at the

end under magnetic effect: 1 -- for small values of YZEII(y2£I1<<1);
2 -— for large values of 72211(72!,11»1)

Let us find the induced currents at different points of the circuit. The
current at the beginning must be equal to zero. At the end of the circuit
(x=2717)

Lz J p— )= Lzt lythnin/2 (2.91)
amx ™ Tz <h vl A

PP

I

in the middle of the circuit

/. (i)= _.__I"Z" ( 1 chyy Iyy/2
M 2/ 4 ICTY P A

. .3 ‘
2I,ZushTVzluSthlll“ (2,92)
Zychyy Iy

For large values of yglyy/2

; L2 ~ly
()= =2 (1—2e™"),

that is, the magnitude of the current approaches the value determined on
- grounding the circuit on both sides. For small values of Yat11

LT . l‘ R 2
Izm(ln)’—‘TEY,l". (2.93)

In other words, the current in the last case is defined by the capacitive
leakage of the wire to ground. The curves for the variation of the current
along the wire insulated at the beginning and close to ground at the end is
shown in Fig 2.8,
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Let us consider the electrical effect, The voltage with respect to ground
for insulatjion of the wire at the beginning and grounding of it at the end
will be defined by the formulas:

At the beginning of the circuit

o o=Utafp_ 1Y
o= (1= ) (2.94)

At the end of the circuit the voltage 1s equal to zero. For small values

—

; Uy, 1 . ' (2,95)
Uniisa= ;"“ s nh= 5 UiVl 231,

Let us find the magnitude of the induced current for the electrical effect.
At the beginning of the circuit the current must be equal to zero, for the
circuit is insulated. As x increases the current will increase. At the end
of the circuit

o Uy
Iy = =35 th 0l (2.96)
For small values of yo&11
12]19.|§=Uyltl]|- . (2-97)

Formula (2.97) indicates that the entire current transmitted to the circuit
subjected to effect in the convergence section leaks to the ground through
the terminal ground.

2.6, Effect on Bunched Conductors

The effect on the single~wire communications circuit was investigated above
under the assumption that adjacent circuits are absent. The formulas
obtained above are basic in the theory of the effect between the electric
circuits; the expressions for other, more complex cases reduce to them,
Usually not one, but several circuits are suspended at a relatively short
distance from each other, In this case it is necessary to consider the
effect of the adjacent, so-called "third" circuits on the investigated
circuit. In the presence of a large number of third circuits the solution
of the problems with respect to determining the induced voltages and currents
reduces to integration of the system of generalized telegraph equations
presented in 52.1. If the mutually interfering circuits are designated by
indexes from 1 to n, then for voltages and currents induced in an arbitrary
k-th circuit, we have the following system of differential equations:

73

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4

dUx | > i
-ﬁ‘i"z_l lZy= —lo.Zou.

L. , . . 2,98
%“-+U,.Yn=UoYu+ L (7EIN) 4™ ( )

{=|

where i and I'Io are the interfering current and voltage; Zgy, Yoi are the
magnetic coupling resistance and conductivity of the electrical coupling
between the interfering and the k~th circuits; Ziyx is the magnetic coupling
resistance between the i-th and the k-th circuits (Zyx 18 the natural
resistance of the k-th circuit); Yix is the electrical coupling conductivity
between the i-th and the k-th circuits (Ykk is the natural total conductivity
of the k~th circuit), '

The solution of system (2.98) in general form is awkward, and it requires
the application of computer engineering. Significant simplification can be
achieved for the case where all of the wires have identical parameters,
they are identically loaded and they are located approximately at equal
distances from the interfering line and from each other. Then on the basis
of the indicated causes it is possible to consider that the currents and
voltages induced in the wires are approximately identical, that 1is,

Ui=Up=...=Us..., h=h=h=...=k... Also considering that

. -
Z||+22|+Zal+?n|=212+222+ coitZpz=... 3 Zia, we obtain from (2.98)

for all wires of the identical system of equations:
Wnyjg ] Zo
dx + k :(i) A &0k (2.'99)
. %‘ +U,.Yu= onoh-
Key: 1, equiv
n
where Zequj_v-i zik' Equations (2.99) are an ordinary system of the type
=1

(2.5) in which the resistance of the conductor is replaced by the equivalent
value. The calculation of the effect, conmsequently, can be made by the .
above-obtained formulas.

The presence of adjacent conductors increases the resistance of the investi-
gated conductor and the propagation coefficient. Increasing the resistance
leads to a decrease in the current induced in the conductor. A deficiency
of the solution obtained is the possibility of its application only in the
case of identical state of all of the conductors. If this condition is not
satisfied, then significant simplification of the solution of the generalized
telegraph equations can be achiéved by representation of all the adjacent
circuits in the form of the aggregate bunched conductors, In this case it

is sufficlent to consider three circuits: the first (interfering), second
(subjected to the interference) and third, which is the aggregate bunched
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conductors. The eff :ct of the adjacent circuits 1s taken into account as
the effect through the third circuit.

2.7. Equations of Magnetic and Electrical Effect Through the Third Circuit!

The effect through the third circuit consiats in series transition of power
from the firat (interfering) circuit to the third and from the third to the
circuit subjected to the effect (the second) . This double energy transfer
is described by significantly more complex mathematical expressions. The
third circuits can be not only adjacent communication circuits, but also
metal sheathings of cables, metal pipes, shielding cables, and so on. Using
the theory of the interference through the third circuits, some shielding
problems, the influences on two-wire circuits, and so on can be investigated.
When deriving the formulas let us make the following assumptions:

_ The parameters of all circuits are different;
The load resistances included at the ends of the circuit are arbitrary;
The inverse effect from the second and third circuits on the first is absent ;
The inverse effect from the second circuit on the third is absent;

If the third proposition is entirely obvious, then with respect to the latter

- it is necessary to make a stipulation. It is valid only in cases where the
third circuit has parameters differing significantly from the second circuit
parameters or if the effect of the first eircuit on the third is appreciably
greater than the direct effect of the first on the secon » Otherwise this

. proposition can introduce significant error, For example, if two circuits

- having identical or very close parameters are suspended in direct proximity
to each other, then it is natural to assume that they have identical effect
on each other; for the induced voltages and currents in both circuits will
be approximately identical. In such cases the proposition of the absence

- of effect with the second circuit on the fhird introduces significant error,
and it is necessary either to solve the generalized telegraph equations or
to uge the approximate solution given in §2.6. The possible converging systems
for the three circuits (first, second and third) are shown in Fig 2.9. Let
us introduce additional notation:

fl31(x), 131(::) are the voltage.and current in the third circuit in the
convergence sections with the second circuit at the point with the coordinate
x(i=I, II, III); 23, Y3, v3, 23 is the complex longitudinal resistan.e, the
complex conduckivity;- the propagation coefficient and the wave resistance
of the third circuit;

lltem 2.7 was written by the results of an experiment performed jointly with
V. 0. Shvartsman, )
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P3b» P3, are the reflection coefficient at the beginning and end of the third
circuit; %34 1s the length of the i-th section of the third circuit;

Y13, 213, Y39, Z3, are the electric coupling conductivity and the magnetic
coupling resistance between the’ corresponding circuits (1 and 3; 3 and 2)
in the mutual convergence gections;

b= L+ lau'*f by
Ne=2ut 39 —Z13vs: N 1= 20123V 1375 —Z v
. Nig= 3021Y 50 V3~ Zog V2 N, 2= Zu?ns¥ 52 V2 —Zys Vs:
N ;§3= ZuZeg¥ 19 V1 Ny —Zis 1y Ny
N|'32= 25Z3Y 197, Ng'z_" 1N st;
Q(EN", Yo, Iny Pme £N', v, L, Po)=EN"ch (.'Ym ly—In V;n‘l) X
X sh(ygl,—1nV pg) N’ sh (ymln—In} pm)X

X ch (y,0,—InV p,) .

\ o
i | kg | m
o ay 21 Vo
} .
: v P
Al EAY
: X f] X-IJI !
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i ' " 2
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2]/ I \(m af, I V24
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z/, ,\4111 2/, \: /E . ‘I\
ety Kot X=Xy el N T S
x=0 L | )

- ~4) e) x=ly  £)

- Figure 2.9, Diagrams of the arrangement of the circuits
(21, 211, 2I1', 2II", 3I, 3II, 3III - numbers of the circuit
sections)
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The voltages and the currents induced in the second circult as a result of
the effect of currents and voltages occurring in the first circuit satisfy
- the following system of equations in each i-th section

du ; ; j . :
’E,i'f'luzz: — {5l -—d‘li:: FUn¥y=UyY,, (2.100)

The system of differential equations (2.100) differs from the system (2.5)
golved above by the fact that in the righthand side the interfering currents
and voltages are the result of the effect of the first circuit on the third.
The values of I3y and U3j are determined in §2.3 and 2.5 and in [29]. Solv-
ing the system (2,100) just as (2.5), that:is, using the method of variation
of constants to find the partial solution and determining the integration
constants of the general solution from the boundary conditions, we obtain the
formulas for the voltages and currents induced in the second circuit through
the third circuit in each of the sections of their mutual convergence. The
formulas for the voltages occurring during convergence indicated in Fig 2.9a
are presented in Table 2.1, The voltage formulas for the other cases of
convergence are not presented here because of saving space. The current
formulas are also not presented for the same reasons,

il The voltages in the sections of the second circuit located outside convergence
with the first and third circuits, that is, in the sections 2I and 2III, are
determined by the following general formulas:

ooy (=) =1V p) '
Vn(5)=Uu ) : ch(:.l y—Vom) - (@-100
. ch [V-( Loy “‘:c)""“ VEn]

ol — Vo) (2.102)

Ugnt (% )’—; Usi (1)

where x'y and x'_ are the current distances from the beginning and end of
convergence of tﬁe second circuit with the third circuit; Xpis Xqy 8Te the
coordinates of the beginning and end of convergence of the secon& circuit
with the third circuit (for example, for the systm in Fig 2.9a
Xp1=™% ' 217s Xay=Lo77H2"217); Usy (%) d8 the voltage induced at the

- ble)éimuxzxélandeéndzg cot‘n]irgengé o}fcb%he second circuit with the third (for
example, for the system in Fig 2.9a, UZi'(’bi)RUZII"t"l'ZII))‘

The formulas in Table 2.1 are the most general formulas for the convergence
circuits in Fig 2.9. For example, from the formula for the voltage induced
in the section 2II of system 2.9a, for Ror=4 =0, ", =2 =0 and

' Zlﬁ ’ 21; 3111 "
272117431 we obtain the formulas presented in [#9]; for 21=% 211"% 21142111
=0 and loading of all the circults on wave impedances we obtain the
formulas presented in [16].
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The formulas for the convergence systems in Fig 2.9d and f are of interest.
They make it possible to determine the indirect effect of the first circuit
on the second in the absence of a direct mutual convergence between them.
The formulas presented in Table 2.1 can be simplified gignificantly, for
example, for the special cases where the load resistances in the second and
third circuits are identical, the length of the circuits are identical,
Y1=0, and so on.

2.8. Determination of the Electrical Effect Using the Maxwell Equations
The formulas obtained above for the electrical effect in general form are
awkward. The formulas for the electrical effect can be obtained by a simpler
method used in electrostatics with the help of the Maxwell equations which

_ relate the potentials and the charges of the conductors.

Let us consider the general case of suspension of n conductors on an overhead
communication line subjected to the effect of a high-voltage line wire. Let
us designate the interfering wire with the index I, the communications

wires with the indexes 1, 2,...,n; Ui, qy are the potential and the charge
per unit length of the interfering wire (volts, coulombs/km); Uq, U2se445Up3
91s 92s-:.,qy 8re the potentials and charges of the corresponding wires of
the communications line (volts, coulombs/km). The Maxwell equations for a
system of n charged conductors have the form:

U|=01“,+¢h““+fh%,+ c o Ga Gy
U=gq, a||+qlall+,4!an+ c s ga 2y,
U= g2+ @+ @0+« - -+ 4o Oy

Un=q1au|+qlaln+qialu+ “+Gn%nns

(2.103)

where ap, a 1 **+ %115 @4 'are the potential coefficients; ar 1s the

natural potential coefficient of the interfering wire equal to a1=18-106 In

(brz/ry), km/farads; D;; 1s the distance from the interfering wire to its

mirror image with respect to the ground; ry is the radius of the interfering

wire; a1, @22, «+., Gpn are the natural potential coefficients of the

communication wires; a;4=18:106 1n (Di4/ry), km/farads; Dyy is the distance -

between the i-th communications wire and its mirror image with respect to

the earth's surface (twice the height of suspension); ry is the radius of the

i~th wire; ay4 is the mutual potential coefficient between the interfering -
_ wire and the i-th wire subjected to the effect: a11=18-106 In (D1y/a1y),
, km/farad; D1y 1s the distance from the interfering wire to the mirror image

of the wire 1; ayy 1s the distance between the interfering conductor and the

i-th conductor; aji is the mutual potential coefficient between the i-th and

the k-th wires: ay,=18:10°% In (Dyj/a, ), km/farad; Dy, 1s the distance

between the wire i and the mirror image of the wire k; ajy 1s the distance

between the wires 1 and k. It is obvious that GT{™04Ts Of|k=0Lq.
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Figure 2.10, Determination of the potential coefficient

In the electric field of the wires located above ground, nothing changes if
instead of the ground on the other side of its surface we place wires with
opposite charges at the same distance (the mirror image); with small radius
of the wires by comparison with the spacing between wires the electrical
axes of the charges can be considered to coincide with the geometric axes of
the wires, In Fig 2.10, 1, 2, ..., n denote the wires, and ', 1', 2',...,n'
denote their mirror images. The spacingsbetween the wires are denoted there
also.

Let us solve the Maxwell equations for three cases:
1) All wires of the communications line .are insulated;
2) All wires of the communications line are grounded;

3) On the communications line there are m grounded wires and the rest are
insulated.

When determining the electrical effect it is necessary to consi that

under the effect of the interfering circuit in the wires supfected Yo the
effect the charges are separated, that is, on opposite sideb of the)wire

there are two equal charges with different signs., The varfation of the effect
of the electric field causes variation of the induced char s, buthe separa-
tion remains., If the wire subjected to the effect is insulated from the
ground, then as a result of its small diameter the electric fields of the
induced charges in the outer space are compensated, and on the adjacent wires
the potential and charge distribution will not change. The charges on the
insulated wires in the Maxwell equations can be taken equal to zero.

If the wire is grounded, then the charge of the same sign as the charge on
the interfering wire flows into the ground, and on the wire subjected to the
effect, the charge of opposite sign remains in the bound state (the wire
potential will be equal to zero). This induced charge will influence the
charge distribution in the adjacent wires. The potentials of the grounded
wires in the Maxwell equations must be taken equal to zero.
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All Wires on the Communications Line Are Insulated. In order to simplify the
solution let us assume that the parameters of all wires of the communications
line are identical; the wires are located approximately at equal distances
from each other and are auspended at identical height. Let us also assume
that the spacing between the wires 1, 2, ..., n is significantly less than
the distance from the communications line to the interfering wire. The last
proposition gives the basis for considering that q;=q,= ... =q =qs. The
assumptions made make it possible to introduce some mean (arithmetic mean)
potential coefficients which pertain to all wires of the communication line.
Let us find these mean values:

- =
a“=a"=7(a“+am+ ceta)
au=%(an+au+ s etagy),

- 1 )
= —— (@ toyt - - tay)= ,fl(an+aa+-..+a.,.)= ree

In this case U1=Ujy= ... =U =UA, and the system (2.103) is converted to a
system of two equations wh?ch are valid for any k-th communications wire:

Ul=qx a1+nqAEu.'
_ _ . (2.104)
Upr= U °‘n+¢lA¢u+("—’)4A¢n-

Since the wires are insulated, qp=0, and on each of the wires UA=‘11311'
Considering that qy=Uj/ay, we obtain

- Up=U, 2. ' (2.105)

I
a

From (2.105) it follows that the voltage induced on the insulated conductors
under the electrical effect does not depend on the number of adjacent
communication wires. Let us find

p— -— D S ———
oy =8,,= 18-10' -4~ 18-10%In @t bt

! 1A ay+4-(b—c)t :
- Hence,
|
= g 10y S EB S e oo (@+ b+ o)
@, =910 In s o gloan " .
‘ : (e+8+c)

For bsc and 2bcgbZtc?, we have 2bc/aZ+bZtc?<l. The logarithm of the type
1n(1+X/1-X) for X<l can, as 1is knowr, be expanded in the series

1x_ ASID NI I
, =2 (X424 T )
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In the given case X-Zbc/(a2+b2+c2); therefore, for a310 meters it is possible
with sufficlent degree of accuracy to asaume (limiting ourselves only to the
firat term of the expansion of the logarithm) that

+ X

1
n
]l—X

~ b
~ 2X, @, =36 10‘—;’—'--_:1_-;-_’“T

Substituting ;iA in (2.105) and considering that ay=18-.06 1n (011/r1),
we obtain

U= 36108 bc U Wybe
. - Dy - Dy
8100l @0 tet) I (@81t
1 1

Let us denote 2/1n(Dyp/r{)=k;, then

Uy=hty — b (2.106)
A= R PO

For the single-wire line in practice ln(DII/rI)ZS.S to 9. For example, for
a suspension height of 8 meters and ry=0.004 m, ln(DII/rI)=8.3 and kj3=0.24,

Lf not one but several wires under one interfering potential are affected,
then it is necessary to take the average distance from the equivalent wire
as D17, and by ry it is necessary to mean the equivalent radius of the
system of interfering wires defined by the formula requiv'vrmean(am ) B,
meters, where rpaa, is the mean radius of the wires, meters; ap..n i: the
mean distance between the wires, meters; apean=™" 312313"‘81n' where

472> a13.+. a1, 18 the distance batweem the conductor I and the remaining
(2,3,..., n) wires. For example, for a single railroad track without
additional wires the spacing between the contact wire and the bearing cable
will be 1.6 meters, and between the contact wire and the ground, 8 meters.
Both wires are interfering, and the average distance between the equivalent
wire and the ground is 8+(1.6/2)=8.80 m, apg,,=1.6 m, rpegn=0.005 m. Then

o2 _ 2 =2 _ ~
] b= TR -= 03804,
In ayyy VO

Key: 1. equlv -

It is possible analagously to find the coefficlents kj for other interfering
systems,

Ail the Wirea On the Communication Line Are Grounded, Let us propose, as

before, that the parameters of all the wires subjected to the effect are
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identical and the wires are identically arranged; let us assume, as before,
that q1=q,= ... =qp™a,. Then we obtain the system (2,104), Since all the
wires are grounded, U,=0, and we cbtain the system:

U,=q,@,+ng,a,, (2.107)
0= q,;”‘*'(h (au'i-(n— l) 512)'

Let us find q and qy. From the first equation

‘h:u.———_'_"q‘z” .
. |
Substituting the value of q1 in the second equation of the system, we have:

U —ng. & - -~
—'——n—qiﬂ'-all+qA(a,,+(n—l)a,,)=0,

Ulall —ngaa +qa % (Eu +(n— l)al‘-‘)= 0,
- Uy

== @y (o + (7 — 1) y) —nad; )

(2.108)

For spacing between the interfering wire and the communication line of more
than 10 meters, it is possible without great error to neglect the last term
in the denominator even for n=10-20. Then

Uray

= —

_ _ oy (@ + (n —1) @)

By the induced charge in the wire it is possible to find the current which
flows in the ground. The total charge on the wire Qa=apl, where % is the
length of the wire subjected to the effect. The discharge current is equal
to the derivative with respect to time, that is, IA=(3/at)QA. Assuming that
01, and, consequently, qy vary by a sinusoidal law, that is, 4,=q,el“t,

we obtain
. 3 - . ot
/A'—: _Equ—- -xmlqu v
or
. ) @
I, = o0lU Lt
l A ! n (a||+(n— ])G”)
Then iy =k U x
a, Tleypye
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then

[iz]= U o lbe . 2.109)
@y 4+ (= 1)ay,) @+ 84 9)

The natural potential coefficient a1 is on the average equal approximately

to (8.5—9)-18-106, and the mutual potential coefficient between the

communications wires located on one line, (2,5-3)°18.106. Taking the

average values of 8,75:18.10% and 2,75:18-106. we obtain -
‘a4 (n—1)aiz=18-108[8,75—2,75+2,75n] = 54.10° (n+2).

Substituting this value, we obtain

liA|= kU ol

—8
54(n+2) (@ + B3 %) 107, aaps

Let us denote k?_-klw/54. Then

—pU, S & g (2.110)
il= ks 5 s 107 wA,

where n is the number of grounded wires in addition to the investigated one,

On che Communications Line of m Grounded Wires and n-m Insulated Wires., : .
Let us denote the grounded wires by the indexes 1, 2,...,m; the insulated
wires are A, B, .,., Just as before, let us propose that the parameters of
all of the grounded wires are identical, and the wires are identically
arranged with respect to the interfering wire and the ground; the spacings
between the grounded wires are identical. The same assumption will be made
with respect to the insulated wires. The charges on the grounded wires are
identical, that is, qi=qy= ... =qm; the total charges on the insulated wires
are equal to zero (quqB- ++. =0); the voltages on the grounded wires are

u equal to zero., Introducing the mean values of the potential coefficients
from the general system of Maxwell equations we obtain three equations per-
taining to the interfering wire, any of the grounded wires any of the
insulated wires:

Ul= 9% + q,mE“, )
0=yq au+‘h (m—1) &y + g1 &y, (2.11)
UA=éga|A+qlm ;M'

where
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PR T YRTEL

(@nta,t+ - -+ ay,);

an"‘%
T —— @yt Ot - - A= —— (@ tat - d
.
Eu=—':7(uu+an+ St G @ = l (@utagt - )

n—m

A=t - tan) =L@ gt g

For determination of I'JA. it is necessary to find q; 2nd g5 from the first
two equations of system (2.111). The system of the first two equations does
not differentiate from the system (2.107) under the condition of replacing

n by m and qp by q- Hence, neglecting the term nt_nzu in the denominator
(2.108), we obtain - )

0= Uyay
a; (@ + (m — 1) agl
=1 o — 1|, U/, ma j
l],—-;l-[U,-—q,ma"]=a_ U+ _;auman _ zill._
! a [ull + (m—1) au] x)

Substituting q; and q; in the third equation, we find

Up= _UL -u _UIEII ma = Uy, R
% @ lay-f(m—1) @yl %
X‘ fe may, xy, )
EM [;n +(m — l);u]

(2.112)

The expression in front of the parenthesis is the potential induced on the
insulated wire in the absence of grounded adjacent wires, that is, for m=0,
and the expression in parentheses indicates the presence of grounded wires
decreasing the electrical effect on the insulated wire. Thus, this expression
is the shielding coefficient of the grounded wires, and formula (2.112) can

be represented in the form

UA = UA Ilsl'
Q) (2.113)

Key: 1. ins
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where

S = may, o )

' aal@n+(m—Dayl (2.114)
Se is always less than 1, varying from 1 for m-O to l-(una /a . ) for

m-w In the latter case if oapy= oA and ATRIY then the expressio
parentheses is equal to zero and, consequently, total shielding occurs.
Formula (2.114) makes it possible to find the shielding effect of any number
of grounded wires located on a column line arbitrarily with respect to the
insulated communications wire subjected to the effect, Since ajj+(m-1)aj,
=3 (m+2)18-106 the shielding factor

'm'a'"Zu
54.108 (m +2) 214

S, =1

1f EIfEIAr that is, the grounded and shielded conductors are arranged
identically with respect to the interfering wire, then

ma,.
54100 (m42) |

- The current in any of the grounded conductors is defined by (2.109) for n=-m.
2.9. Galvanic Effect on Single-Wire Circuits

Sources of Galvanic Effect. As was pointed-out above, the galvanic effect
is caused by currents falling in the ground. In addition to magnetic forms,
current sources in the ground are asymmetric powerful current installations
which include ground-return electric power transmission lines (single—phase
"wire-ground," triple-phase "two-wire-ground," DC and AC electric railways).
The calculations show that for parallel convergence between the high-voltage
lines and communication line€s the magnetic effect, as a rule, is appreciably
greater than the galvanic effect. In a number of cases, in particular, at
the intersections with location at one of the grounds over the single-wire
communications circuit in direct proximity to the ground of the substation,
. the voltages caused by the galvanic effe can turn out to be greater than
the voltage from the magnetic effect.

Effect of High-Voltage Lines, Let us consider the convergence of the single- -
wire communications circuit with the electric power transmission line using
the "wire-ground" circuit, The standard case of flow of a current through
such a system is the single-phase short-circuiting of the overhead electric
power transmission lines, The potential of any point M on the surface of
the earth created by currents flowing into the ground from a spot ground,

as is known, 1s equal to Ug=Igp /2ma, volts, where Ig is the ground current,
ampg; a is the spacing between %he point on the ground M and the ground,
meters. Then the potential difference AU between the grounds of a
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single wire circuit (Fig 2.11a) can be defined by the formula
- YR N .
) AU= o (el pPa— +a.)- volts,
Key: 1. g
1f one of the grounds of the communications ecircuit lies outside the propa-

_ gation zone of the currents of the overhead electric power transmission lines,
then for the case shown in Fig 2.11b,

_fest 1
AU—h( a). volts.

a ]
and for the case depicted in Fig 2.1llc,

7pf1)
A =
u Drq, * YOLLS

Key: 1. g
4 a7(1) + ss 1
- L 2 D3nanpodad _EO__ T T :
I= N hes 'ﬁ) A I= Odwonpebodn 2 ) [J#
. 4 l 3 - 4ens 03 =I
L V I R -

| j?():;___;-ﬁluill_

"Ne Odnongoladna s P
I \QZ) =1
1= -

e

Figure 2.11. Location of grounds 1 and 2 of single-wire circuits

and operating ground of the transmitting (I) and receiving (II)

ends of the overhead transmission line using the "wire-ground" system
Key: 1. overhead line; 2. single-wire circuit

If the grounds of the overhead electric power transmission lines are located
between the ground of .the single~wire circuit, then the conditions of
mutual arrangement of the grouad can exist for which in the single-wire
circuit no potential difference caused by the galvanic effect will occur
(for example, if the ground of the overhead electric power transmission line
is at identical distances from the grounds of the single-wire communications
circuit). In general form the magnitude of the galvanic effect can in the
single~wire circuit be defined by the formula
AU A,

ln=-‘ hemnad I
- %)
Key: 1. total

(2.115)
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where Zyopal 18 the total resistance of the single-~wire circuilt, equipment
and ground, ohms.

Effect of DC Electric Railways. The DC electric railways are electric
systems in which the return current returns partially through the rails and
partially through the ground., In the stretch between two traction substa-
tions the current in the rails wiil be maximal at the points of contact of
the wheels of the electric locomotive with the rails even near the traction
substation, and it will be minimal between the electric locomotives and the
traction substation. Correspondingly, the magnitude of the current in the
ground varies: at the point located near the traction substations or near
the electric locomotives, they will be minimal. Under actual conditioms,
depending on the location of the moving electric locomotives in the section
both the magnitude and direction of the currents in the ground can vary.

Flowing in the grouni, the electric traction currents<{(stray currents) create
different potentials at different points of the ground. If both grounds of

a single-wire circuit or one of them : is located in the:.zone of trans-
mission of the stray currents, then under the effect of the potential
difference of the ground in the circuit currents arise (the interference
currents from the galvanic effect).

For determining the magnitude of the interfering current it is necessary to
consider two cases of location of the grounds of a single-wire circuit:

The communication line is located along the electrified section of the rail-
way and both grounds (for example, 1n the attended and unattended repeater
stations) are in the zone of propagation of the stray currents;

The communication line is located perpendicular to the direction of the
roadbed of the electrified section of the railway. Only one ground of the
single-wire circuit is in the propagation zone of the stray currents,

1u the first case, the magnitude and sign of the potential of each ground

of the single-wire circuit will depend on the graph of the movement of the
electric trains, the specific conductivity of the ground, the method of
feeding the contact circuit (two-way or one-way) and the locatiom of the
circuit ground with respect to the railroad bed. In the conductor joining
two grounds, under the effect of the potential difference an equalizing
current arises, the magnitude of which can be determined by (2.115), where
AU must be understood as the potential difference of the points in the ground
in which the grounds of a single-wire circuit are located, that is, AU=U1-Up.
Since the potentials Uj and U, in this formula can have values from

U] max tO =Ui pax and from +Uy pax to -U2 max, the potential difference

can assume different values: (=Uj~Up) (+U;-Uj), (-U4+U2), (U14U32); here

the absolute values of Uy and Uy can fluctuate from 0 to Upax. In practice,
the nearby traction substatioms basically influence the magnitude of the
ground potentials of the single-wire circuits. Consequently, the interfering
currents in the single-wire circuit can have different magnitude and change
their direction. In order to confirm what was stated in Fig 2,12 the curves
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_ are presented for the variation of the interfering voltages (AU) obtained
by the TsNIIS Institute for the single-wire circuit of different length
running along the electrified railrcad; both grounds are located in the

_ propagation zone of the atray electric cuxrents,

(1)g A
& / %4”[ J
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_ oy ol 2l R
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2
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- Figure 2.12. Variation of the interfering voltage in the

single-wire circuit for location of both grounds in the stray
current zone with a wire length of:
a) 69 km; b) 146 km; c) 53 km
Key:
1. volts
2. minute

If one of the circuit grounds is located near the electrified section of:the
railroad, and the other is outside the zone of effect of the electrified
railroad (U2=0), the magnitude of the currents in the circuit will vary
directly proportionally to the potential differemnce (1U;-0), that is, (+0;).
The performed measurements demonstrated that the interference voltage in
the single-wire circuits as a result of the galvanic effect of the electric
railways can reach 10-60 volts for normal operation of the raillroad and
250-300 volts for disconnection of the traction substation closest to the
terminal station to which the remote feed circuit is connected. Im direct
proximity to the rails the potential difference between the points along the
ground remote from each other can reach 700 . volts or more. Considering
that in the current sources of the remote feed circuits, depending on the
transition system, the working voltages of 250, 350-400 volts are used,

the above-indicated interference voltages are not permitted.

Tha potentials of the ground points created by the stray currents of the
electric railroad can be defined by theoretical means. For an infinitely
iong railroad and a single load as is schematically demonstrated in Fig 2.13,
we obtain the following expressions for the potential U(x,y) of point A of
the ground with the coordinates x,y [21]

Ufx, )= i'lp—sa(y,x, o) (2.116)
2n
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Figure 2,13, Calculation of potentials at point A located in
the stray current field

Key:
1., I -- current going to the rails
2. Rails ‘ i B
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- Figure 2,14, Dependence of the function Q(u,v) on u lying
within the limits of 0-2 for different values of v (0,001-1)

The maximum potential occurs for x=0, so that

U =3
(aﬂ«c

v, y)~—-%)}s2(o, ey (2.117)
Key: 1. max; 2. g
where pg is the specific resistance of the ground, ohm-m; @ is a special

function taking into account the dependence of the potentials of the ground
points on x and y. The values of this function are presented in Fig 2,14,
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Let us consider the prc: rties of the function { in more detail, The
function Q(u,v) is posit.ve for all finite values of the argument, and it
has a finite value. For v+ and finite u and also for u+e and finite v
the function Q(u,v)*0. For v*0 and any u Q(u,v)+=. At all points except

- the points for v+0, the function R(u,v) 1a continuous. Q(u,v) 1s an even
function of the arguments u and v. For a fixed finite value of v, the
function Q has a unique maximum at the point u=0; at all remaining points
2(u,v) decreages continuously. For large values of the arguments v and
finite u the function Q(u,v)+1/v, and for large values of the argument u
and finite v, Q(u,v)+1/u. For u2l0 and v§0

2, v =%(1+%+%’+ . )
for u=0 n -
(0, 9= "2 1S @ —Yo @)l
where Sp is the Strouve function; Yg is the Neuman function [21]. For vel

(0, v)= K, (@)
where Ko 1s the second type, zero-order Bessel function; Yraianf;EIJT-.._

Rerans.rail
is tHe propagation coefficient of the current in the rails; ry.,41 is the

longitudinal resistance of DC rail, ohm/m; Rtr ns.rail is the transient
resistance between the rails and the ground, ofm-m.

Replacing the rails by the equivalent cylinder, the transient resistance
between the rails and the ground can be found from the expression

(3
Rﬂe;’.p = Rn p+ Qﬂ 1._12 [} (2 .118)

@ @ " T
Key: 1. trans.iail; 2, ins.rail; 3.g; 4. rail

where Ring.rail 18 the resistance of the insulating (ballast) layer in the
roadbed of tge railroad, ohmm; a is the equivalent radius of the rail, meters.

If the ties are considered as electrodes from which the current flows into
the ground, then the rail track can be represented in the form of a solid
strip with width equal to the width of the upper structure of the railroad
track. The equivalent radius of this plate [21] is equal to 1/4 of its
_ width, that is, a=(1/4)b, where b 1s the width of the upper structure of the
- railroad track., For a single track railroad, a=1 meter; for a double~track
railroad, a=2 meters.

The formula (2.116) was obtained under the assumption that the return pole
of the current source is at infinity. As applied to railroad tracks, this
formula gives the solution for the case of ome load (the electric locomotive)
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located far from the traction substations; here it is proposed that the

contact wire is connected to the positive pole of the current source.

Accordingly, in orxder to consider the effect of the return pole of the

current source, that is, the traction substation, it is possible to use the F
method of superposition. For the case of one traction substation and one R
elartric locomotive with a distance between them of %, the resultant poten-

tial U'(x,y) of the ground point will be determined from the expression

Uz, )=U(x, )—U(1—x}, 9

or ..
(1)
U (x, y)='p——2’—:;"—l9 (W % ¥ ¥)— 21 1—x1 v U)- (2.119) _

Key: 1l. g

Analogously, it is possible to determine the potential of the investigated
ground point for ‘any number of electric locomotives in the section. As the
electric locomotives move, the potentials of the ground points will vary as
a result of variation of the spacing between the electric locomotives and -
the traction substation. It is obvious that from the point of view of pro-
tection from interference it is necessary to consider the maximum possible
- potential difference between the ground points at which the grounds of the
remote feed circuit are located. This maximum possible potential difference
- will depend primarily on the location of the grounds of the single-wire
’ circuit with respect to the railroad bed. Let us consider several typical
u cases, .

1, The single-wire circuit of an overhead or cable line is Intersected by

an electric railroad near the traction substation. One of the grounds of

the circuit is located near the railroad bed. In this case the potential

at the location of the second ground in practice can be taken equal to zero, %
and the maximum potential at the location of the first ground can be defined :
by the formula (2.116). Then i

383, (2.120)
AU=T(’§)Q(&)- ) _ |

Key: 1. traction substation; 2, g; 3. rail
- where I¢raction substation 18 the maximum current of the traction substation.

2. The single-wire circuit of the overhead or cable line intersects an
electric railroad in the middle between the traction substations. One of
the grounds is located near the railroad bed. In this case the maximum
grounding potential is caused by the load currents from the electric loco~-
motives passing by, and it can be defined by (2,116) considering the effect
of the currents of the adjacent locomotives. The potential of the second
ground can be taken equal to zero. Then
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w2
AU=202F5 1 Qplxal vp¥)
8 *Eﬂ & @ (2.121)

Key: 1, g3 2. rail; 3. k-th electric locomotive; 4. rail

where Iy _ih electric locomotive 18 the current consumed by the k-th electric
locomotive; x; is the distance along the x-~axis from the first ground to the
k-the electric locomotive; for an electric locomotive passing the point of
intersection Xy=0; n 1s the number of electric locomotives which must be
congsidered when determining AU.

3. The single-wire circuit of an overhead or cable line is arranged parallel
to the electric railroad. The first ground is located opposite the traction
substation, the spacing between the grounds of the single-wire circuit is
equal to half the distance between the traction substations. In this case
the potential created at the location of the first ground will be opposite

in sign with respect to the potential created by the load currents of the
electric locomotives at the location of the second ground. With some approx-
imation it is possible to consider that the load current of the traction sub-
station is equal to the total load current consumed by the electric loco-
motive near the second ground. Then the potential difference occurring in
the single-wire circuit will be equal to twice the potential created at the
location of the first ground, that is,

P .
AU= r.n:ﬂ’p Q0. ?py)‘ (2.122)

The iaveatigated case is the worst with respect to interference in the single-
wire circuit,

- 4, The single-wire circuit is arranged parallel to the electric railroad.
Both grounds of the remote feed circult are located opposite the adjacent
traction substations. In this case the potential difference occurring between
the grounds will be determined at each given point by the difference in
load currents of the traction substations. Considering, however, that dt cer-
tain points in time one of the traction substations can be completely loaded
and the other not loaded at all, the potential difference for the calcula-
tions must be determined by (2.116) for this worst case.

Fig 2.15 shows the theoretically calculated boundary of the potential
difference AU between the grounds of a single-wire circuit as a function of
the specific resistance of the ground for the case where one of the grounds
is located near a DC electric railroad bed near the traction substation, and
the other ground is outside the stray current zome. The calculation is
perfurmed for single track and double track railroads with a load current of
the traction substation of 1500 and 3000 amps respectively. The spacing
between the first ground of the single-~wire circuit and the electric railroad
rails is equal to 100 meters, the x-coordinate [formula (2.120)] 1s assumed

a5
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Figure 2.15.. Potential difference AU between the ground of a
single-wire circuit as a function of the specific resistance of
the ground Pg for the case where one ground is located near the
DC electric railroad near the traction substation, and the other
is outside the stray current zone

Key:
1. volts
2. Double~railrocad track
3. Single railroad track
4, ohm-m
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Figure 2.16. Potential difference AU between the grounds of the
aingle-wire circuit as a function of the distance (y) between the
first ground and the double~track DC railroad bed for different
values of the specific resistance of the ground (the second ground
is outside the stray current zone)

Key: 1, volts; 2. p8-1000 ohm-m
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equal to zero., As is obvious from Fig 2.15, the potential difference with
large specific resistance of the ground reaches a quite significant value
(100 to 150 volts), which was observed in vnractice.

Fig 2.16 shows the dependence of the potential difference calculated for the
sare case of location of the ground and caused by the galvanic effect for a

- distance y between the first ground and the double-track DC railroad bed and
different values of the specific resistance of the ground for a traction
load current of 3000 amps,
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Figure 2.17, Curves for the potential U of the ground point
as a function of the distance x between this point and the
traction substation (or electric locomotive) for different
values of Pg and the distances y to the rails
Key:
1, volts
2. pg=10 ohms~-meters; pg=100 ohm-meters

Fig 2.17 shows the potential at the investigated ground point as a function
of the distance x between this point and the location of the traction sub-
station (or the electric locomotive) for different values of the specific
resistance of the ground p and diferent distances y frum the same point

to the rails. The calculation was made for a load current of 3000 amps
(approximately to the double-track electric railroad).

The presented calculations indicate that the potential difference at differ-
ent points of the ground caused by the effect of the stray electric traction
currents can reach significant values entirely inadmissible with respect to
interference in the single-wire commuhication circuits.

Effect of AC Electric Railroads. The AC electric rallroads, just as :the DC
electric railroads, are systems in which the return current returns through
the rails and partially through the grounds. However, in the given case, in
contrast to the DC electric traction it is necessary to consider the magnetic
effect of the contact network on the rails. At each point in time, a current
will be induced in the rails which is approximately opposite with respect to
phase to the current coming directly to the rails. The current in the rails
will be closed through the ground and at various points of the ground it

will create potentials which are opposite with reapect to sign to the
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potentials created by the current coming directly to the rails from the
wheels of the electric locomotive.

I e
T - _-._f_ Kowm.
___________ ~Hgadm. (1)

Figure 2.18, Derivation of the formula for the potential of
point A of the ground near an AC electric railroad
Key:
1. Contact wire
2. Rails

Let us consider the case of location of the point A of the ground near a DC
electric railroad (Fig 2.18). In accordance with what has been discussed
above, the potential at any point of the ground can be represented in the
form of the sum of two components: the potential U, , created by the currents
coming directly through the electric logomotive to %he rails and from the
rails to the ground, and the potential Ug.m created by the currents induced

as a result of the magnetic effect of the contact network and flowing from

the rails to the ground. Thua,

: Y55 Yoy 2.129)
Key: 1. g; 2. g.g8; 3. g.m

The value of U is determined analogously to the preceding by the formule

8.8 I e
U = lPsYg Q(pr 'Ypy) (2.124)
(l) 3) '

pa 2y
N —m% (v V). (2.125)

Key: 1. g.g; 2. g.m; 3, g; 4, rail

where Z is the mutual resistance between the contact wire and the rails,
ohm/m; %rail is the total resistance of the rails, ohm/m;

Yrail® rail/ntrans, ra{;f 1/m.

- The transient resistance between the rails and the ground can be determined
with a sufficient degree of accuracy from the formula
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Ruep.p = Rus pHpynin— 2
D @ B NV BRey 1)

Key: 1, trams, rail; 2, ins. rail; 3, g
Substituting (2.124) and (2.125) in (2.123), we obtain

. I - Z
U= _‘:;Ip Qy,x, ‘y,,y)[ 1—7:—] .

The expression in brackets is the ideal coefficient of shielding effect of
the rails Srgi1g ideal- Hence

- (2) 77(3)
o TpsypSy., (2.126)
Gp e 00y 9.

Key: 1. g; 2. rail; 3. rail ideal

The dependence of the function 2(u,v) for u=|u|el®u and v-lvlew" on |ul
for different values of |v| for two values of the angles ¢y=¢,=30° and
¢u=¢v-4§° is presented in Fig 2.19a and b,
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Figure 2.19. Dependence of the function Q(u,v):
a) for ¢,=¢,=30°; b) for ¢, = v=45° active component (>0);
~ - ~ imaginary component (<3)
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Figure 2.20. Potential difference AU between the grounds o £
the single-wire circuit as a function of the distance y
between the first ground and the double-track electric railroad

bed
Key:
1. pg=1000 ohm-m
2, volts

All of the above~presented formulas for different cases of convergence of
the single-wire circuit with the DC eleetric railroad are valid also for
the AC electric railroad under the condition of introduction of the
coefficient S..47 ideal into the righthand sides of the formulas,

Fig 2.20 shows the dependence of the potential difference AU on the distance
y between the first ground and the double-track AC electric railroad bed for
various values of the specific resistance pg of the ground (the second
ground of the single-wire circuit is locate outside the zone of propagation
of the stray currents). These curves are calculated for the traction load
current of 1000 amps. From a comparison of the values of AU it 1s obvious
that for small values, higher potential differences are created. This is
explained by significantly greater (by 6 to 10 times) differences in the
propagation constant of an alternating current in the rails. At the same
time for large distances y (near 1000 meters) the potential difference
created by the DC electric traction is greater than for AC electric tractiom,
which is explained by the nature of variation of the function Q and the
prescnce in (2.126) of the cofactor S.,47 ideal®
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CHAPTER 3. EFFECT OF ENTIRELY ASYMMETRIC CIRCUITS ON THE TWO-WIRE OVERHEAD
LINE CIRCUITS

3.1. Equations in General Form

Let us consider the convergence of a single-wire interfering circuit and the
double-wire telephone circuit of an overhead line subjected to the effect
(see Fig 3,1). For simplification of the derivations, let us assume that the
length of the circuit 1s equal to the convergence length. Let us introduce
additional notations: U,(x), Ui, (x) are the voltages with respect to ground
at any point x of the wires a and b of the telephone circuit, volts;

ia(x), ib(x) are currents in the wires a and b of the telephone circuit,
amps }

Yap=G,tiwCap 18 the electrical coupling between th: wires a and b of the
telepﬁone circuit, siemens/im;

Zap™Rgptiulgp 18 the magnetic coupling between the wires of the telephone
circuit, ohm/km;

Y161 HuwCya, Y1 =Gy +iuCyy 1s the electric coupling between the interfering
circuit and each wire of the telephone circuit, siemens/km;

2ya™Ry il 4, Z1p=RypHolyy is the magnetic coupling between the interfering
circuit and each wire of the telephome circuit, ohm/km.
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Figure 3.1. Convergence of the single-wire interfering line (1)
with a two-wire telephone circuit (2)

The linear differential equations of voltage and current in each wire of the
telephone circuit have the form :

—% =[Ra—Rpp+io(L,— ab)].ia + 1 (R +i0 L),

- —d(:‘_ij= [Rb— °b+im(Lb—Lub)] 1.b+]1 (R1b+i(l)le),
dly @3.1)

_'H= (Ga+imca) Ua+(Ua—Ub) (Gub+ i (OCab) +
i ‘ +(Us—U1) Grat+10Cua),
“d—dly'= (Go+i 0Co) Up+(Uy—U,) Goa+i0@Coa +

X
+ (Uu—fux) Gp+ioCy)

where 61 and fl are the voitage and current at any point of the interfering
circuit.

When analyzing the induced voltages and currents in the two-wire circuit it
is expedient to use the terminology of the method of symmetric components.
As is known, the method of symmetric components can be used when investigating
any n-phase system where the number of symmetric components is equal to the
number of phases (in the triple-phase system there are three: zero, direct
and return). The two-wire communication circuit can be provisionally called
two-phase by analogy with three-phase with respect to number of wires. In
this system the two components are zero and direct. The currents and
voltages of the zero sequence are equal in the two wires and have the same
direction., The current in the ground is equal to twice the value of the
current in the wire. The voltages of the zero sequence between the wire and
the ground are equal to each other for the two wires. The curremts of the
direct sequence in both wires are equal to each other, but they have -
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el

directions opposite to each other. The voltage of the direct sequence in
each wire is equal to half the voltage between the wires. The currents and

voltages of the direct sequence in the given analysis are the interference

currents and voltages in the two-wire telephone circuit which also requires
definition,

Taking this into account, let us compile the differential equations for the
voltages and currents induced in the asymmetric telephone circuit, expressing
the latter in terms of the symmetric components of the direct and the zero
sequence?

UA=—1?(U¢+UI;): L= _;'(ie'*',b)' 3.2)

where Ua=Ua—AU; Up=Ua+AU; la=12s—AL; Iy= Ia+AL

Then let us derive the arithmetic mean values of all of the primary param-
eters of the commnication circuit, representing them in the following form:

R4=—;¥(R,,+R,,); R,=Ry,—AR; Ry=R,+AR; |-
L= %(L,,+L,,); L=Ly—AL Ly=L,+AL (3.3)

Cr=5 (Cat+Coi Ca=Cr—AC; Cy=Co+AC:

Gr= -+ (Gt Gl Go=Gr—AG; Gp= Gy +AG.

In exactly the same way the total mutual conductivities between the circuits
and the total mutual resistances between them are represented in the follow-
ing equations:

1 .
‘ Yu=_2“(Yu+Y1b);
Y=Y —AY =G s —AG, Fi10{Ci —ACy) |
. Yie=Y,+ AV, =AG, + Gu+ie(C,y+ACL), (3.4)
1
Zu=‘§‘(zlu+zlb)?

Zy=21s—AZ;,= Ry —AR  +io(lyy—ALy);
Zyp=Zip+AZ;,= Ry +A Ry +Hio (L +A8 L)

In these expressions the values of the indexes a and b denote significant
values of the voltages, currents and the parameters of the telephone circuit;
the values of the index A denote the components of the zero sequence; the
components of the direct sequence in each wire are denoted by iAﬁ,‘ _-tAI.
Replacing significant values of all of the varilables entering into the
equations of system (3.1) by the symmetric components presented in (3.3) and
(3.4) and subtracting the second equation of the system (3.1) from the
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first equation of this system and the fourth from the third, we obtain

_ 40D _ o} Ry—Ratio(ly—La)+Ua AR+

’ (3.5)
+i0AL)+ 20, (AR +i0Lip)
- 'ﬂ%—l}—: 2AOIGA+2(Gcb+lmcab)+lch‘I'GlA'!'lOJClA]-‘-
- 42U, (AG+i0ACHA Gy +10C ) —2U; (G, +10ACya).
. ' (3.6)

4 Let us introduce the additional notation:

AG+iwAC=p 1s the asymmetry of the conductivity of the telephone circuit wires
with respect to the ground, siemens/km;

2(AR+1wAL)=Ef is the asymmetry of the resistance of the telephone circuit
wires, ohms/km;

2(AR1A+imAL1A)-2AZ]A-ZlT is the magnetic coupling between the high voltage
wire and the two-wire telephone circuit, ohms/km;

AGyp+iwC,y ,=Y3p 18 the electric coupling between the high voltage wire and
the two-v]ﬁre telephone circuit, siemens/km; .

Zp, Yp are the parameters of the two~wire telephone circuit which are
expressed by the equations

Z,-—- 2 [RA+R”5+ i(D(LA—Lab)];

1 . .
Y= 5 [Gat Gua+i0(Ch+ Coa)l+ Gap i 0 Capi 3.7
M=y o=y Al =1y T,

Introducing this notation into (3.5) and (3.6), we obtain
Utz alstize,
B+ UY,+ Uy (p+Y.)—UpY,,=0. (3.8)

Since these equations include the values characterizing the asymmetry of the
- telephone circuit with respect to the interfering line and with reapect to
the ground, each of the values+of Up and IT can be representéd in the form
of the sum of two components: Ur=UrltUrs, IT-IT1+IT2. Let us call the com-
pounents Upy and tTl the interference voltage and current occurring in the
telephone circuit as a result of asymmetry of its wires with respect to the
interfering wire and the components Upy and Ipp, the voltage and current of
the interference in the same circuit occurring as a result of asymmetry of
the total resistance and the total conductivity of the telephone circuit
wires with respect to ground. It is most convenient to determine the indi-
" cated components of the voltage and current separately, using the method of
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superposition. For this purpose, when determining the components f".ri .and
ITl we agsume that the factors causing the appearance of the interference

= voltage Ur2 and current iTZ are absent; when determining the components Up2
and Ity we assume that there are no factors causing the appearance of the
voltage Uyl and the current Iri. Then the general system (3.8) can be
represented in the form of two systems of equations, namely:

1) For AR=0, AG=0, AL=0, AC=0 and in the presence of asymmetry of the
circuit wires with respect to the interfering wire (Yyr#0, Z17#0) we obtain -
the first system of equations:

Un+InZo+ 1,2, =0, ' -
- A I Un¥ ot Uy =0 Vs, =0 ©-%
2) For Y17=0.and Zy;=0 and in the presence of asymmetry in the wire

resistance and in their conductivity with respect to the ground, that is,
for ARFO, AL$0, AC#0, AG#0, we obtain the second system of equations:

UntlnZo+Iie=0, l (3.10)
Io4+-UpY + Uy p=0.

The systems of equations (3.9) and (3.10) will be solved individually. ,

3.2. Determination of the Interference Voltage Components Caused by
Asyrmetry of Arrangement of the Telephone Circuit Wires with Respect to the
Interfering Wire

In order to determine the first .components 61‘1 and Iy of the interference
voltage and current in the telephone circuit it‘:l.s necessary to solve the
system of equations (3.9). Since the value of U, (the voltage component of
the zero series induced in the telephone circuitg is small by comparisqn .
with the magnitude of the interfering voltage in the interfering wire Up,
in equation (3.9) it can be neglected. Then we obtain

U+ IwZ,+ 1,2, =0, } (3.11)
I+ UnY - —U Y =0.

Let us determine the component UTl for the uncrossed circuit. The system
(3.11) is analogous to the above-solved system of differential equations
(2.5) in which the parameters of the effect between the single~wire circuits
213 and Y79 are replaced by the parameters of the effect between the
single-wire and two-wire circuits Zjp and Y;q, and the voltages and currents
in the single-wire circuit subjected to the effect Upyy and 1211 are
replaced by analogous values in two-wire circuits Up; and Igj. Introducing
the propagation coefficient in the two-wire circuit YT""ZEV-  and the
reflection coefficients p; j at the beginning and py e at the end of the
two~wire circuit, on the basis of the solutions of (2.18) and {2.19),
considering that 21=%17;=0, we obtain i
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Ux (0) [ ch anp'r.n [Nl'r th (?l lll ~nyp )'—_'

-1 (vl =10V Prpr)
- — N;f th (ln Vpr.ll)] ¢h [?1‘( l" —-x)——ln V'EJ +

shin}/ Py [NieshInVpcth (In) p, ) —'N'l,ch InVp]
sh(vr by =1 PruPry )b (1 by —1n ¥ 1)
- — Npchin (4 —x)—InVp] (3.12)
X ch (y,x—1 o) — — ;
(7 x—In V-P 2 ) ch (yy Iy —In V) ]
; U; (0) shiy ({y—x)—InVp] Ny
lﬂ ()= 2
2 (V—1D) ch(vrlyy —In V1)
sinY oo [NieshinVpycth(In ) ppy) — Ny chIn¥Vp, |
d"(vl Iyp—in V-;l)sh(v‘f lyy—ny pr.up'r.x)

« sh (Y x—In V'p—')_chl“VE—u [Viz th (v by —InV5;) —
! bkl Sh (71‘ lll —l‘!VP, uPr, x)

U’rl (x)=—

-+

+

—~—N thin}/ pr. uISh[t’r(’ll_“)"l"Vpr Fral ] (3.13)

Key: 1.b; 2, e

Z
where Nix=Y12s. 1‘?1—- —Y'r N"1:=Y125. 'rYr—“"u' .’
2

The formulas (3.12) and (3.13) are the general formulas of the effect of the
single-wire circuit on a two-wire, uncrossed circuit as a result of
asymmetry of arrangement of the circuit wires with respect to the interfering
- wire, and they take into account the arbitrary load resistances in both
circuits, '

Under actual conditions the two-wire circuit, as a rule, is loaded at the
ends by wave impedance. If it 1s assumed here that the interfering circuft
= iy also loaded under a wave impedance we obtain comparatively simple formulas
R by which usually the voltage induced in the two-wire circuit is calculated,
For the indicated load conditions

. 0] 0) A —, f( Ill— —vl m_
Un)=— i ev’+(~ Ny
ﬂ() 2(1’3"??) [( 17 l'r) I 1, (3.14)
--2N’,',e"’”‘].
For x=0, that is, at the beginning of the circuit
o ST --(v+«v)l (3.15)
Unge= U, (0) '2‘”_( 1T '+Y")[l-— 1+, ﬂ] .
2(vst ) Zp1%p.¢
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The expression (3.15) can be represented in the form of the sum of two
components taking into account the magnetic and electric effects separately

ﬂl Uﬂ n. I+U'lll 3!

where
3 1, (0) Z, "(7‘4’72) 1"
Utl ne o 2(lyl+n;f) [l ']' (3-16)
U, = Ui (0) Va2, [l-—e_ (¥rtm) ‘u) .
ST 2mtw) .
3.
For x=%1, that is, at the end of the circui}:
]
S hOnae Nz, ) —e ™ ],
Unw= 2d:m 2.1 vl (3.18)
or Unx=Urixn+Urixs
where ‘ o
y L (0) 2, - - .
Ui =; 21&.)—’;;‘) il ], (3.19)
U, (0)Yyr 2. ~vd :
U, =it M ey et —~ (v,
Tl K3 120 —72) e []_e o ll] .

(3.20)

The effect caused by asymmetry of the arrangement of the circuit wires sub-
. jected to the effect car also be expreaaed in terms of the transient damping,
- that is, in terms of
a @

A=m(y“v/’"), (3.21)
- Uam I

Key: 1. b; 2. w

where Ulb ds the voltage at the beginning of the interfering circuit, the
wave impedance of which is equal to zy;; Ule is the induced voltage at
the beginning of the telephone circuit, the wave impedance of which is zy ¢.

The expressions for the transient damping at the near end between the
interfering single-wire circuit and the two-wire, uncrossed circuit sub-
Jected to the effect can be obtained by substituting the values of Ule’
Urib.er Upip.m from (3.15)-(3.17) in (3.21). After this substitution we
obtain:
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For the electromagnetic effect

Ay=1In . 2(n+y0 ’

(Yu'*"zfiﬁ) VZHT., [l _e—(?-+v.,) l" ]

for the magnetic effect only
2(ni+yr) V’nz._f
Zin [1 —e (nt¥) 'u]

A

M I

for the electrical effect

Ay = | ——— 20t v .
Y“ Vzll’.,f[ 1— e- ('V:'H"l‘) l"]

3.3. Determination of the Interference Current and Voltage Components
Caused by Asymmetry of the Electric Parameters of Telephone Circuit Wires

The voltage Urz and current iTZ caused by asymmetry of the electrical
parameters of telephone circuit wires will be obtained from the solution
of the above-described system of equations (3.10). Comparing the system of
equations (3,10) with the system (2.100), we see their complete identity.
The voltage Uj and current ¥A entering into the system (3.10) are values
induced in the single-wire circuit which in the given case plays the role
of a third circuit. The voltage 03 and the current i3 entering into the

. system (2.100) are also the result of the effect on the sjngle~vire (third)
circuit, The values of £ and p characterizing the longitudinal and trans-
verse asymmetry of the wires of a two-wire circuit are analogous to the
resistance and conductivity of the coupling (Z37, Y33) between the third and
gsecond circuits. Thus, the voltage Up2 and the current Ly occur as a
result of double conversion of the energy: from the interfering line to
the single-wire circuit -- the first transition as a result of which the
voltage ﬁA and the current iA are induced; from the single-wire circuit as
a result of longitudinal (£) and transverse (p) asymmetries of the wires
to the telephone circuit -- the second tramsition. The single-wire circuit
plays the role of a third circuit, the convergence length of which with the
second, that is, with the telephone circuit, is equal to the length of the
circuits themselves. The solution of system (3.10) is entirely analogous
to the above-given solution of the system (2.100), and it depends on the

- state of the single-wire circuit.

As was indicated above, usually the two-wire circuit is closed by its

wave resistances. The single-wire circuit is insulated on the ends either
from the ground or is closed to the arbitrary resistances. The latter
occurs in the case of using the "wire-ground" or "wire-wire" circuits with
transmission of the remote feed or telegraph communications through the
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"two-wire-ground" circuit. For example, on transmission over a remote feed
circuit the wires are comnected to the fittings through protective LC-filters,
the input resistance of which at voice frequencies is from several hundreds
to thousands of ohms,

The formulas for calculating the component UTZ and ! can be obtained
directly from the formulas for the interference t:‘nrough the third circuit
presented in §2.7 if the voltage Uy1 and the current I ‘are replaced by
the voltage UTz and the current IT2, the voltage 0311 ans the current IBII
are replaced by the voltage UA and the current I,, the magnetic coupling
resistance Z3) 1s replaced by the asymmetry of the total resistances £, the
electric coupling conductivity Y5, is replaced by asymmetry of the total
conductivity taken with opposite sign -p.

Let us find the expression for ﬁTZ and IT2 for the case where the single-wire
circuit is loaded on the ends with arbitrary resistances. The two-wire
circuit is closed to the wave impedance. For this purpose we use the
formula (2) of Table 2.1 in which it is necessary to set:

==V =ln=0; pm=pux=0; pan—‘Pln—PA»
bu=lbn=ly zs=2an; ?3 VA M=V Zm=Zar] N'gg=N'pr=
=—2ZpAZs, -rp‘vA—§Y-n N'"3p= A-r='—ZnAZn 1‘pYT_§YA1 N'\g2=N’ ,u1-='
= ZIIZBAYIA'YIN At — ZaPeN"ar; N"j3a = N"ps = ZaiZsAYiayr
—ZiayiN"ae; Na= N 14 = ZuZaaYiay1 — Ziaya; N7y = m =
=¢-12MY|AYA—Z|A‘YI

Making ¢he indicated su_bstitutions_,_ we obtain
Y ’ . '
Usy (x)= —;—{NA,ZM(IA(O)e""‘ "‘lA(l )€ () 4

22,4 (vh—v3)
+ N (Un @7 05 (1) €)=
Uy (O —— [ €7 Niaesh (p lu—In V) +

m('f?-??)ch ('fl Iy—n¥Vp)
— 1 s
+Nimech(plu-=nV)l+e O (N shinV 7 +

— i UA(x)N", '
+NichinV p)) |} ———E—+
) f(a—~")
Uy (0) Mg ch v (L —2)— I V7y) .
gy (=) (A=) (nly—n V7)) (3.22)
If the interfering line is loaded on its wave impedance, then it is
necessary to set sh(v.lu-—anm) ch(wlu—anm)==

=etin[2; shin} 7=—1/2; chinV pr=1/2.
Then
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, _ . ) ' ) .
Un@)= 2, (vi—73) {Nh 2 Iy @™ —f a(ln) e 'u"')) +
+Nas [UA 0)e™* +UA( ) &f?’,( l"-‘)J_r (012(0) 5 %
n\r—"
X[ (Wit N+ 0 e g
g UA (=) N;‘l Ul (0) Nl’AT e Mm%

1 (a—4) faze (=) (-7

\ The voltage occurring at the beginning of the circuit, that is, for x=0,
— U“.=__l_.__ h” .I —. —'IT ’“
%, (vh— 7)) Wzl 1 @1, ()7 ]
td . ’ . —, i U 0 ,
B [UA(0)+UA( Ine ™ ”J— m(;s(—)?f) [NIA7+MA1+

= (YY) L e . U, (0) N,
+e . u (NMT—N 1) )——_A'_AT—
] Z (VA —¥))

- Uy (0) Ny 4, )
ity (- (-4 (3.23)

and at the end of the circuit

1 . ‘ ’ ,
22, (vA—¥) {NATZ-A [jﬁ. 0 e l"-'lA ( lu)]—l—

FN [0y @™ L0, (1) |——38 ) [(N.'A,+Nim) X

m (v —v

Uﬂn -

X €T (N, e | DALY
3 (Ya—4) (3.24)

. -l .
U1 (0) N;‘Ar e n

ity (R —1]) (h—1)

The formulas (3,23) and (3.24) pertain to the arbitrary load resistances of
the wires making up the two-wire circuit.

Let us consider the case of insulation of the wires where the currents at
the beginning and end of the single-wire circuit are equal to zero, that is,
IA(0)=1p(277)=0, and from (3.23) and (3.24) after certain transformationms,

considering that [Ige(O)ﬂ'!Ab, and ﬁA(R.II)-UAe, we obtain
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U ||=U|| —%— * UAH ~¥r IH__‘
" A{ 2 (Ya—1) [N ( ) 1)+

U, (o)(N;Ar-NlAT) _ ~(7tm) I .
UA-ZM(Y:—Y?) [l ¢ ]]}'

Upp=Upg| ——— | N Z“:"’r'n_

~7:l i

U (0) (N’IAt+NlAr) e () iy “
Unem (vi— ) [l ¢ ] )

In these expressions the voltages on the wires are defined by the formula

(3.25)

(3.26)

U1(0) 2aa¥1a t
U= — ————— | nu(chyal, —€ " 1) —p,shyal, |—
(va—vi)sv, 4y [ fernas, ) —nsh al
___hoz,
(ﬁ\"ﬁ)‘hh Iy
where the first term is caused by the electrical effect and is equal to the
following (after small transformations)

[\’1 shyaly—va (Ch YA l,,';‘e—"l" )] .

U _ Uy (0) 2ppYyy chy, I —e
Ans —“—7,‘“,— AN — ], (3.27)
A=Y sy, Iy
the second term is caused by the magnetic effect and is equal to
. =
Ugor = 1,0 Zua (7 v hyy ly—e ‘")
X e  Saunl 7 N e—
n.u 7"—7? ’I?A ’" (3.28)

n Uy (O zaa¥1a [‘Yx (

U -—
- (ﬁl—ﬁ)d‘YA Iy

L(0) Zy, 1l
—ashyaty | ————— v shya L. o=, (1 — ]
VA Alu] (A—m)am, by ['Vl Taly YA( chypl,e ].

where the first term is caused by the electrical effect and is equal to

I—chyy I, e ™) —

. Uy (O)2,, l—chy, fye 0
U == -——_ — A °11
Ax.» 7, YA—MN _—__Ih T Iu . (3.29)

the second term is caused by the magnetic effect and is equal to

A}

U = L) Z ., d—chy 4 e-‘hl" ‘ (3.30}
A - " siyy iy )
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Let us represent the expressions (3.25) and (3.26) in the form of two

components caused by the electrical and magnetic effects. The voltages
caused only by the electrical effect can be obtained if we set Z7,=0 in

(3.25) and (3.26), Then

at the beginning of the circuit
1 -’h‘") .
0 l NA'r 'YA‘h?A -"—?1(l—cth e
s = Yaus —
22u(72A—?t) VAd‘VAlu—?t(ChVA("—e :")
4 — (i)
Ty NA,del"(ﬂ_ﬁ)[l_e( ) u]
Xe -1+ ‘
”M(Vi"ﬁ)(?r'l"ﬁ)[hmu Iy——

, 1.
I p——]

at the end of the circuit

. A. » 7 b 7U
O = [ Npx VAV lu—n ( chyy lu—e ")
- 2 = Yask 2 __ !
2,5 (VA —¥) Yashy, ’n-h(l —chy e ")
Xe

" —hl = (%) b
_71"11 __le+ NAT(?i_'ﬁ)Sh?A l"e I"(l—-e { 1) ")
( . bt 2
22, (hr— ) l‘YASh?A Iu—\rl(l_.d”»‘ Iye ' ll)]

].

(3.31)

(3.32)

The voltages caused only by the magnetic effect can be obtained if we set

Y14=0 in (3.25) and (3.26). Then

at the beginning of the circuit

0?2 am—

An.u

(=) | e e (°" Ta'ln ""—W")

e _ sy, 1 (Vh— vz)[l_e‘("r*"t)'u] ]]'

. ‘ (V‘r+ ‘\’l)['YxSh YA l" —.YA ( ch VA l" —e 'hlll)]
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at the end of the circuit

- ) i
U,, ~=U ) nshy, Ly —v, (ch?A y—e ") «
' 22 -— —d \
A (V’i ﬁ) -hﬂ]vA [" _.'A (l - N "Cth ’"}
-~ —nl P
Xe iy (a4 ¢ B [ (1'-”'"]
(vr —1v1) [7:5"?4 hi—v, (l —chy, Iy ‘dm“) (3.34)

Let us consider the equations (3.31)-(3.34) in more detail, The formulas for
the voltages induced at the beginning or end of the single~wire circuit
insulated at the ends under magnetic and electrical effects appear in front
of the braces in these equations. The complex expressions in these braces
which depend on the asymmetry (transverse p and longitudinal £) of the tele-
phone circuit, the primary and secondary parameters of the two-wire and the
single-wire circuits, the propagation constant of the interfering line and

_ the line length characterize the process of double energy transfer from the
interfering circuit to the two-wire circuit as a result of asymmetry of the
latter. These expressions can be denoted by certain coefficients n character-
izing the degree of sensitivity of the telephone circuit to interference.
Indeed, they do not have dimensionality; they depend directly proportionately
on the asymmetry of the two-wire circuit, and they are equal to the ratio of
the voltage in the two-wire circuit to the average voltage induced on the
circuit wires with respect to the ground Thus, we can write

U U ;
T“(’l')“' A.(a ;l., o (3.35) U'ﬁ;;) UA. x Nas.ox (3.36)
Key: 1. ins; 2, b; 3. e
Ur! = UA n;.u' nn:.u.u' (3 37) brzx 'u An x nll M.K' . (3-38)
where Mwamux) - are the sensitivity coefficients of the circuit for

insulation of the wires making up the two-wire circuit under electrical and
magnetic effects defined by the expressions included in the braces in (3.33)~
(3.34).

Now let us find the voltages induced in the two-wire circuit for closure of
the "wire-ground" circuit to the wave resistances. In this case

IA.,——-UM/zM, Tax=Uny/Zaa. After this substitution in (3,23), and

a number of transformations we have o N
. . . 1 UAH ""f I _ (3 39)
Urna=Upa | ——— A :
e ”[b.A(v’A—vﬁ) [UA- -

- ey U@ (N —Ny = () Iy
""(NA,+NA,) 1. ( lA-r2 lAr) [l—-e T ] ,
UAu’n(T-r—'ﬁ)
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U = U —-———-.1 (_]ﬂ, = ’” ’ y g
1. 13 Au{mu(?; _?3) [UAx e (N:«_'NM)_(NAr'I'NM)_.

' ~p !
_ GO My )e T ]l_e‘("l"'r) 'n]H_

Unwtat (v3—11)
(3.40)
In these expressions the voltages on the wires are
jy = O e [} "W fu] (3.41)
UAI.). 2(?A+Yl) [ . ]
_ h@zu [,_ 0]
IUAI.I = 2(.“_'_?!) [] e . ]' . (3.42)
. -, !
U@ Yipazmme AT ~ (") 'n
UAn.n = 2 —1p) [1 —e ] ' (3.43)
. 1
I L TORGN Pl G N
Axu ™ 2(11—7y) ’ (3.44)

Just as before let us represent the equations obtained in the form of two
components caused by the electric and magnetic effects. From (3.39) and
(3.40), substituting the values of Uab, Ures N'japs N"lAT’ after some trans-

formations we obtain:
The voltage caused only by the electrical effect
Upya=U I R en Dl (R
L TR) Anp ZZ,A(?ﬂf'YZ) (‘h—"\'A) [l_e—(?rHA) l"]
.-” I l' ’ » » ’
xe "(Nh_ i) — (N +Nop) +
. , ~( 7pt1) !
' + Wy (11 7,) [l*e (rtn) "] ]}
t - ‘ﬂ ‘ ’
(v:-l-.vo[l'—e Y "]

[ 1 (vi—7,) [l —e ) ‘"] X~
et | s

- X (”.AT_NIM') 2";1(7A_?l) ‘—(.'f_y‘) l" (3 .46)
-x [, —e (077 ‘u] (te—10) [1 —e (%) 'u]

X [l —e %) ]]

(3.45)

- ;L Uﬂl.' = UA K9

_(N:\r+N'Ar)+

— ———. S e+
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the voltage caused only by the magnetic effect

1 (rytmy ! di®
A:u .A(VRA .h) (" -—y,)[l—e (Fath) l"]

(1) ‘ (3.47)
x0T )+

+ Wie (Y4 +1) [1—e (¥ W
(Yt+?1) [l —_—t (7 ﬂ" ‘ll]
U =U 1 (YA“Yx)[l—e_('"HD lu]x
2 KM Ax.u ZZ,A(Yi—Vz) (YI‘I"'YA) e‘"(TA—",) l“x—.
=X (Npe—Ny) A (3.48)
- X [1 —ef("'_:A) 'zl] Wt N+
+ e (o — 1) () [1 o Yy ]
e~ [l —e (" ‘n] :

U

I

The formulas (3.45)-(3.48) differ from (3.31)-(3.34) by the expressions in
braces characterizing the transition of the induced energy from the single-
wire circuit closed to the wave impedances to the two-wire also closed to
its wave impedances. Analogously to the preceding, the expressions in the
braces will be denoted by the coefficients n with indexes indicating the
load resistances of the single-wire circuit, the type of effect and the
beginning or end of the circuit (7, o.hs Tw.M.b* Mw.e.e® Tw.m.e)+ IhUS,
the formulas obtained, beginning w:l.th 3 23} and so on, petmit calculat:lon
of the voltages occurring in the two-wire circuit caused by longitudinal
and transverse asymmetry of the circuit.

The determination of the induced voltages, although awkward, is emntirely
possible. In practice the accuracy of the calculation by these formulas is
low. This is explained by the fact that the values of the asymmetry of the
total resistances £ and the total conductivities p of the circuit entering
into them depend on the number of factors which are not subject to exact
consideration, and they are determined by the type of line, the state of the
circuit, the weather, and so on. In addition, the expressions presented
above in terms of the sensitivity of coefficients depend not only on the
parameters of the circuit itself and its length, but also on the parameters
of the interfering circuit and on the ratio of the length of the circuit and
the convergence length. :

Under the effect of the contact circuit of an electric railroad, as a result
of movement of the electric locomotive the length of the interfering section
section varies with time, and, consequently, the semsitivity coefficient

of the circuit will also vary. Thus, we can talk about only the approximate
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calculation for some of the idealized conditions, for example, for the pro-
visional location of the electric trains in the section, defined weather
conditions, and so on. This indicates the necessity for using the statisti-
cal method of calculating voltages in the two-wire circuit based on the
application of probability theory.

Considering what has been discussed, it appears expedient to use experimental
data on the magnitudes of the sensitivity coefficients when calculating the

- voltages in the two-wire circuit. Here it 1s necessary to use some of the

_ mean statistical values determined for different convergence conditions,
weather, lengths, and so on. Knowing the previously obtained-experimental
values of the sensitivity coefficient, the magnitude of the voltages induced
in the two-wire circuit is determined by multiplying the value of the
coefficient times the voltage occurring in the single-wire circult,

The most reliable method of measuring the semsitivity coefficient of the
circuit consists in using the actual electric power transmission line or
contact wire of the electric railroad. The measurement system is illustrated
in Fig 3.2. Taking the ratio ﬂTZb/UA‘b-nb and Upge/Upo™ne, we obtain the
sensitivity coefficients of the circuit at the beginning and end of the line
for different state of the single-wire circuit. The sensitivity coefficient
determined by the systems in Fig 3.2 indicates both the magnetic and electric
effect and is exactly equal for the given conditions of convergence to the
values of the expressions in the braces of the formulas (3.25) and (3.26)
for the system 3.2a, the formulas (3.39) and (3.40) for the system 3.2b.

UL : !

| Qe+ ghbom,
(6D vt @”An P U‘.@ o

L N

z
hn ”

T = b)‘

>

Figure 3.2, Systems for measuring the sensitivity coefficients
of the circuit (2) to interference using the interfering line 1):
a) for insulation of the circuit wire from the ground; b) for
loading the wires on wave impedances
Key:
1. b
2, e

The approximate values of the sensitivity coefficients can be obtained by
simulating the electrical or magnetic effect directly on the circuits
themselves. The measurement systems are presented in Fig 3.3a-d (the
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measuring generator is placed approximately in the middle of the circuit).
The sensitivity coefficients measured by these systems are approximately
equal to the values in the braces of the expressions (3.31)-(3.34) (for
insulation of the wires of the two-wire circuit) and (3.45)-(3.48) (for
closure of the wires to the wave impedances), but without comsidering the
propagation coefficient in the interfering line. Calculating the voltage
induced in the telephone circuit with respect to the sensitivity coefficient
found by the systems in Fig 3.3a~d, an error is permitted, the value of
which increases with an increase in frequency, for the higher the frequency,
the greater the role played by the propagation coéfficient of the interfering
line., In addition, the error occurs as a result of divergence in the circuit
lengths. Even for a large number of measurements it is possible to encompass
all of the combinations of circuit and convergence lengths encountered in
practice. Therefore the results of the calculations even when using the
experimentally obtained sensitivity coefficients of the circuits must be
considered approximate. These calculations offer the possibility of estimat-
ing the expected values of the induced interference voltages, as experience
3
3]
Uran,
7’01:; _‘T:Ji s a) ! @
= Yo
Tomss” Vonm o b)

shows usually with some engineering margin,
2 =

rsnl] 7
T

-

(5) ==z d) - =

Figure 3.3. Systems for measuring the sensitivity coefficients
of a two-wire circuit to interference: a) and b) for electrical
and magnetic effects and wires insulated from the ground;

c) and d) the same, for closure of the "wire-ground” circuits
by wave impedances

Key:
1. b 4, be w
2. be ins 5. bMw
3. bM ins
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The results of the measurements by the systems in Fig 3.3 in the low-
frequency band indicate [30] that the sensitivity coefficilents for the
electrical and magnetic effect are.close to each other and approximately
correspond to the asymmetry of the telephome circuit in the presence of
alternating current measured at the beginning of the circuit by the system

in Fig 3.4, that is, ny Snpy™np. From the presented analysis it follows
that the induced voltage at the beginning of the two-wire uncrossed communics-
tion circuit is made up of the geometric sum of four components, two of which
are caused by the electrical effect and two by the magnetic effect, that is,

U.I=U-rl u.s +Uﬂ H.3 +Uﬂ u.n+Uﬂ e (3 .49)

The effect of the single-wire circuit on the two-wire telephone circuit caused
by asymmetry of the electrical parameters of the wires of this circuit,
analogously to the preceding, can be expressed in terms of the transient
damping which for this case is

Uizas |_ ol U

+L i,

1
A;=—In
"2 2 Zn1

ng e Ursn

Considering that in general form 6T2b=i]Abn’ we obtain

@)
Ag=in| Y|ttt L (3.50)
(1) Uax L] 2 28

Ley: 1l.b; 2. w

U] I 1 i
7 1),4"
Ur Z; ,|| L I
l o Ay LA L anha &

4 7(1?
Figure 3.4. System for measuring Figure 3.,5. Determination of
the asymmetry of the circuit with voltages in the two-wire circuit
alternating current considering asymmetry of the wave
Key: equipment
- 1. w Key:
' 1. w

In this equation the first term is the tramsient damping between the single-
wire interfering and singlemwire communication circuit without correction
for the wave impedance; the second term is the damping of the energy on
making the transition from the single-wire circuit to the two-wire circuit.
The third term takes into account the difference of wave impedances of the
single-wire and two-wire circuits.
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3.4, Determination of the Voltage in the Two-Wire Circuit Caused by
Asymmetry of the Introductoxy Equipment

It was proposed above that the interference in the two-wire circuit occurs as

7 a result cf asymmetry of the parameters of the circuit wi:es. The possible

- agymmetry of the equipment was not taken into account. However, the voltage
induced in a two-wire circuit is caused not only by asymmetry of the circuit
itself, but also asymmetry of the equipment with respect to the ground. The
asymmetry of the introductory equipment can be ignored only in cases where the
magnitude of the damping of the asymmetry of it by 8.0 to 13 decibels or more
is higher than the damping of the asymmetry of the circuit itself. In prac-
tice, the asymmetry of the introductory equipment must be taken into account
when calculating the interference in the circuits over which the remote feed
of the repeater stations 1s transmitted and also in the circuits with directly
included asymmetric filters or other analogous devices.

Let us consider the circuit shown in Fig 3.5. In this system Z', Z'y, 2",
2", are the equivalent resistances between each input terminal o% the equip-
ment and the ground; Z,,, Z4, Z,s Zpy Yg, Yy Ya» Yp are the total longitudinal
resistances, the total conductivities of the insulation, the propagation
coafficients on the wave impedances of each wire (a and b) forming a two-wire
circuit. Let us propose that the voltage in the communication channel occurs

. only as a result of asymmetry of the equipment. Let us denote this voltage
by ‘:’Ta' We shall consider that the wire parameters are identical, that 1is,

Zo=2Zy=1Z,, Yn=‘yb=YAi Znu=za;1=znAl ‘Va'é?b=?A-

Let the investigated circuit of length £ be subjected to the effect of a
high-voltage line over its entire length., Then the current through the
resistance Z'; (Fig 3.5) on the basis of the theorem of an equivalent

generator
' — Um (3.51)
=3

Key: 1. inp

where ﬁao is the voltage with respect to the ground occurring at point a for
insulation of the first wire from the ground, that is, for disconnection of
the resistance Z';; zinp a 1s the input impedance of the "first wire-ground"
from the point a in the direction of the opposite end. The magnitude of this
input impedance can be determined by the known formula

Z§3)= 2, cth (-yA I—In ]/-;]) '

Key: 1. inp a

where p"1='l (Z"]-"ZWA) / (Z"H'ZWA) .
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The magnitude of the voltage l'Ja'o can be determined by one of the formulas
obtained above. The current through the resistance Z',. is

a1
n=_4él_, (3.52)
Z,+Zm
Key: 1, w; 2, inp

- where ﬁbo is the voltage with respect to ground occurring at the point b for
insulation of the second wire, that is, for disconnection of the resistance
2'53 24, p 18 the input resistance of the "gecond wire-ground” circuit
from the point b in the direction of the opposite end equal to

Zﬂ(%')= szcth (?A l-—]ﬂVP;),
Key: 1, inp b
wheye p"a=(2"3—2sa) | (Z”2+2.A). The potential at the point a is equal to

Ua=I1'2',, and at the point b, Up=1"52'5. The potential difference between
the po:ln%s aand b

. U._Ub=‘ 00021' Uboz; . (3.53)
Z;-{-Z“, z;+znb :

If at the point a and b the two-wire circuit is loaded on a wave impedance,
then the voltage on it, that is, the interference voltage, will be approx-
jmately equal to half the potential difference between the points a and b.

. . VuZ, Unz (3.54)
U,.=—;'(U¢-—Up)=-;—-( ; 2 ,\ - ket .
Zl + Zoxa zz+znb

Let us transform the expression (3.53). First of all it is possible with
sufficient dccuracy to assume that Uyg=Upo=Upo=(UggtUpo)/2. Then

w1 z, g Uno ar_ Ly oA :
Uw=—1U - - =280 A Uy, (3.55)
™ 2 AD( Zl+z|xa zz+zlxb) 2 2

where Ag=In(1/A'). The expression A' is a value which depends on the
asymmetry of the equipment. Indeed, the more the resistances Z'y and Z')
differ from each other, the larger this value is. In the limiting case
if Z'y==, and Z'9=0, then Urg=Up0/2. Let us assume that Zinp a=Z'yt+012,
Zinp b2' 1+A%Z, where AZ and A2Z are values equal to A12=Zinp a=Z7,
AZZ=-Z:L np b-z 1° Then e

, Z Z
L4202 Z+Z+8Z
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.or R
A= zl ) 22
(Z+Z)(+862(Z+2) (4+2)(+a2(z+7) 359

The values of the ratios 812/ (2'+2',) and 4,2/(2',+2')) are alvays less
than one, If in the first approximagion these ratios are neglected by
comparison with one, the expreasion for the asymmetry of the equipment is
significantly simplified, and 1% will have the form

7~z (3.57)

A mA=—— .
4+,

In reality, the asymmetry will be somewhat less than calculated by (3.57),
for the values greater than one are excluded from the denominators of the
two terms of expression (3.56). Consequently, when determining the asymmetry
of the equipment in accordance with (3.57) calculated by (3.55) the values

of the interference are obtained somewhat larger than expected in reality.
Thus, more exactly

e z,—2z, 1_4A (3.58)
Zi+2zy ko ke

where k, 1s the correction factor greater than one. For .the calculation .
this correction factor can be neglected if the magnitude of the voltage in
the two-wire circuit cauged by asymmetry of the input equipment is expressed
in terms of the voltage Upp induced on the circuit wires with respect to the
ground. The value of this voltage

N . . li 'za - . . V
UAu=—;(U¢+Ub)=—;-( a0 Z, + Un 2y )= _

z;'i'zlxa Z;+Z“|

_ o " (3.59)
_Uno ZtZ5 Uy
% Z+z, o
Hence
e ' (3.60)
=U - =U .A. d
Uwe=Uax Z,+2, _A

The component of the interference voltage in the two-wire circuit caused by
asymmetry of the circuit itself, as was demonstrated above, is

uU,. ~u o (3.61)
&) An'l)

U, =
t2(1)

Key: 1. b; 2. circuit
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The total voltage in the two-wire circuit, considering that the phase
angles of the components are not known exactly and are random variables,
can be defined by the quadratic addition law:

Uropa =V U+ (U, )} =Up,V BT, (3.62)

On comparison of (3.61) and (3.62) it is obvious that for A=n the voltage

caused by asymmetry of the equipment and is equal to the voltage caused by
asymmetry of the circuit,

The interference in the low-frequency telephone channel with repeaters or
convergence with any high-voltage line is created as a result of the effect
of the harmonic components of the current and voltage of the interfering line.
The resultant interference voltage in the circuit is

:- U"r.pea = ‘/2 (Urhph)"
(1) =]

Key: 1. resultant

where UTk 1s the interference voltage caused by the effect of the k-th
_ harmonic component of the current; Pk 18 the coefficient of the acoustic
effect for the frequency of the k-th harmonic component,

Since the interference norm is givenat the point with relative level as
-6.9 decibels, the interference voltage Ut. rag @nd Uty must be determined
at this point, The voltage occurring at the point with relative level of
-6.9 decibels for the frequency of the k~th harmonic component depends on
the gain of the terminal repeater, the magnitude of the filter damping; if
they are included at the beginning of the receiving channel, the values of
the attenuation usually included at the input of the attenuation network:

Upn=U, ) 107 (V)

where ﬁTék) 1s the voltage occurring at the end of the circuit with the fre-
quency of the k-th harmonic component of the interfering current defined by
(3.62); Sk is the gain of the repeater for the frequency of the k~-th
harmonic component, decibels; ay is the attenuation of the filters for the
frequency of the k-th harmonic component included in the channel, for
example, the filter K=0,3, in the operator channel of the K-60P equipment;
ay is the attenuation of the attenuation network, for example, in the
operator channel of the K-60P equipment ay=11.3 decibels.

Since the calculation of the interference voltage on the frequency of each
harmenic component is quite tedious, it is-possible to use the calculation

method on one frequency, for example, 800 hertz, with introduction of a
correction factor,
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3.5. Effect of the Two-Phage and Three-Phase High-Voltage Overhead Lines
on the Overhead Communication Line Circults

[ | When investigating the effect on the communication circuit it is expedient
to represent each multiwire high-voltage line of n wires as being made up of
two interfering circuits: completely symmetric and completely asymmetric
("n wires-ground"). For example, it is possible to represent the two-phase
interfering circuit by the superposition method just as the two-wire circuit
subjected to the effect, in the form of two circuits: the two-wire symmetric
circuit with applied interfering voltage U and interfering current I (the
direct sequency current) and completely asymmetric with respect to the
"tuo—rires-ground” system to each wire of which an identical interfering
voltage Uy is applied with respect to the ground and an identical inter-
fering common current I, is applied in the common conductors running in one
direction (the zero sequence current).

I

_
B Z

Figure 3,6, Diagrams of the transmission of interfering currents
in a two-wire, asymmetric circuit

It is also possible to represent the three-phase interfering circuit as made
up of two interfering circuits: symmetric triple-phase with identical line
voltages and phase currents J20° out of phase (the direct sequence current)
and entirely asymmetric with respect to the "three-phase-ground" system
with voltage Up “etween each wire and the ground and a common current in

the three wires I, {the zero sequence current).

- By their fields (electric and magnetic) the indicated high-voltage circuits
induce side currencs and voltages in the communication circuits. The
calculation formvias for determining these currents and voltages under the

- effect of each component of the cilrcuit of a multiwire line are obtained
from solution of the above-investigated general differential equations. The
calculation of the effect of the multiwire high-voltage lines on the single-
wire communication circuit reduces to determining the effect of two circuits
on it: the entirely asymmetric circuit ("two wires-ground" or "three-wire-

- - ground”) and the symmetric circuit (two-phase or three-~phase).

The determination of the components of the induced voltage caused by the

effect of these circuits is made by the formula obtained from the solution
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of the differential equations (52.3). For example, the first component
caused by the effect of an entirely asymmetric circuit with equality of the
lengths of the interfering line and the line subjected to the effect are

- calculated by (52.4):

For the case where the circuit subjected to the effect is closed to the wave
impedance
2, \ 1= ()

3.63
znzu/ 1"+7A ' ( )

(IA.II = _;' Ug u,.zlA(Yu +

For the case where the circuit subjected to the effect is insulated at the
ends

. . Upon? Zia e _chyl
- Uypy= —ton %08 TPYRRN Mihiied...h /LI T
Anl F—1d | YT VA iy !

“H_ony,
+Yu(h+w —e“—‘_“lA—")] (3.64)
A

The second component caused by the effect of the symmetric two-phase or three-
phase circuit is calculated by the following formulas for equality of the
circuit lengths:

For the case where the circuit subjected to the effect is closed to the wave

impedance )
. 1 Uyuz Z (v, 7)1
Uppo= — -Yunzaa (v 1Ha o (Yt 3.65
A 2 v+, ( “A+2nuln-)[l ¢ ']' -6

For the case where the circuit subjected to the effect is insulated at the
ends

: ) U Z Yul -
: Upua= unzm[ A (Vu'*"h e chyal )+

V=74 | 1%a shy, !

oyl
+Yua(h+?ue—317“—”‘—)]-

(3.66)
In these formulas:

The index i pertains to the asymmetric interfering circuit and is equal to
2 for the two-phase interfering circuit or 3 for the three-phase interfering
circuit;

fli res.b 1s the residual voltage with respect to ground operating at the
beginning of the interfering asymmetric circuit (U2 res.b in the two-phase

circuit, U3 res.b in the thrée~phase circuit); in practice the magnitude
of this voltage reaches 5% of the operating voltage;
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YiA and Zy, are the electric and magnetic couplings respectively between the
asymmetric interfering circuit ("two wires-ground" or "three wires-ground™)
and the single-wire circuits subjected to the effect (A); zyy and vy are
the wave impedance and the propagation coefficlent of the dbove-indicated
asymmetric interfering circuit respectively;

The index ii pertains to the symmetric interfering circuit and is equal to 22
for the two-phase circuit or 33 for the three-phase circuit;

ﬁiib is the operating voltage between the conductors at the beginning of the
interfering symmetric circuit;

Y444 and Zy4qp are the ‘electric and magnetic couplings between the symmetric
interfering circuit and the single-wire circuit, respectively;

2yii and vjy are the wave impedance and the propagation coefficient of the
symmetric interfering circuit respectively.

The calculation of the effect of the multiwire high-voltage line on the two-
wire communication circuit reduces to determination of the four components
- caused by the effect between the following circuits:

Between the asymmetric interfering and two-wire symmetric circuits subjected
to the effect (Fig 3.7a) in which the asymmetry coefficient of the inter-
fering circuit is designated ni);

—

”"DI* | S o ”’”li Do

b T
® Mé K T

WD p0 ) ﬂm
o —

4® i l% ril@fn ¥

- A
=b) =

R Figure 3.7. Diagrams for the determination of the effect
between two-wire incompletely symmetric circuits
Key:

w
2. b
3. 8
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Between the asymmetric interfering and asymmetric circuit subjected to the
effect (the cases of closure of the midpoints of the line transformers to
the matched resistances of the corresponding "yire-ground"” circuits are
11lustrated in Fig 3.7 b and c);

Between the symmetric interfering circuit and the asymuetric circuit sub-
jected to the effect (Fig 3.7c);

Between the symmetric interfering circuilt and the symmetric circuit sub-
jected to the effect (Fig 3.7d).

The calculation of the voltage components caused by the effect between the

- indicated circuits is made by the formula analogous to the preceding ones.
The first component of the voltage in the two-wire communication circuit
caused by the effect between the asymmetric interfering circuit and the two-
wire symmetric circuit is defined by the formula

2512y PR

-

Ur.nl= _;_U‘ o.H zl.‘! (Y“‘+ fir ) (l‘_e—( ) l) l

The second component caused by the effect between the asymmetric interfering
circuit and asymmetric circuit subjected to the effect is defined by the
formula Uruo=Uamm, where Uyy,) 18 defined by (3.63) or (3.64). The
third component caused by the effect between the symmetric interfering cir-
cuit and the asymmetric circuit subjected to the effect is defined by the
formula Urns= Uann, where Upp2 18 calculated by (3.65) or (3.64).
The fourth component caused by the effect between the symmetric interfering

_ circuit and the symmetric circuit subjected to the effect is defined by the
formula

Zy. ) 1 —e—( Yty !

Y-

. 1. o
UT.M=TU“"Z'-T(Y“ ,+

2p 112y ¢

where Yyyp and Zy47 are the electric and magnetic couplings between the
= symmetric multiwire interfering circuit and the two-wire symnetric circuit.r
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CHAPTER 4, EFFECT OF THE ELECTRIC FIELD OF A SUPERHIGH VOLTAGE LINE ON
THE ORGANISM OF MAN

Until recently it was considered that the triple-phase overhead line with
close convergence and intersection with the overhead communications line can
have a harmful effect on the health of the service personnel of the communica—
tions line only in case where the man is in direct contact with the communica—
tions line and induced current passes through the body from the effect of the
electromagnetic field of the overhead current to this communications line. It
was considered that in the absence of direct contact with the wires of the
commmnications line subjected to the effect of overhead line, the man is not
subjected to any harmful effect,

Medical studies have established [31] that the high-intensity electric field
- is dangerous for the organism of man. Such a field is created by the over-
- head 330, 500, 750 kv lines and higher. A man under the overhead line (or
near them) at the indicated voltages is subjected to the effect of an
electric field and, depending on the duration of the flow of the capacitive
currents created by the field through his body, functional disturbances of
the cardiovascular and central nervous systems can occur [32].

It has been established experimentally that the capacitive current of up to
50 microamperes passing through the body of man (from head to foot) has no

- noticeable effect on the organism of man. For a current of 80 microamps,
weakly expressed functional disorders are noted. These disorders increase
together with an increase in the current. The currents flowing through the
body of man to the ground caused by the effect of the electric field of
overhead lines are proportional to the potential or the intensity of the
field at the location of the man.

The Institute of Protection of Labor of the Ministry of Public Health Jointly
with the ORGRES of the USSR Ministry of Power Engineering established
standards for the admissible time for service personnel to be in the elec~
tric field of overhead lines on the basis of the performed research, depend-
- ing on the field intensity at the location of the man [33]. A man can
- spend an unlimited amount of time in an electric field without harm if the
intensity of the electric field of the overhead line at the point where he
is located does not exceed 5 kv/m. For an intensity of 10 kv/m the man can
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be in the electric field for no more than 3 hours. With an intensity of
E=15 kv/m the permissible time in the field is no more than 1.5 hours; for
E=20 kv/m, no more than 10 minutes, and for E=25 kv/m, the man can be in
the field a total of 5 minutes, ~Failure to observe the indicated hygienic
normatives can cause functional disorders of the cardiovascular system and
other systems of the vital activity of man.

Accordingly, it is of interest to determine the danger zones near electric
power transmission lines with an operating line voltage from 330 kv up in
which at the height “of the man the fields can occur with an intensity of

_ mere than 5 kv/meter. In order to determine the danger zone it is necessary
to write the maximum equations for the potentials of an electric field
created by the wires of a three-phase line in the air near the electric
power transmission line,

Fig 4.1 shows the section of the three-phase overhead line and mirror images
of the wires. In the same figure the notation is given for all of the
required variables entcring into the equations for determination of the
potential at the point P (x,y).

sma2 (2)
~8 (73

Q4 <

d Aty)

7 ol o4 e;

Figure 4.1. Section of a three-phase overhead line for
calculating the potential and the intensity of an electric
field at the point P(x,y)
Key:
1, Zonel
2, Zone II

The electric field potentials near an overhead line at any point P(x,y) will
be defined as the sume of the potentials created at the inyestigated point
by each phase conductor individually, that is, Up=U14+U2¢4+tU34. Determing
each of these potentials considering the phase shift and the presence of

the residual voltage, we obtain

1 V3 ‘
v U¢[—°‘P1+T(“p2+°‘ps)+' 7 (%p2 —%p3)
P= "

ay —
Us (2tpy + %pg + %p3)
B} %+ Zag

(4.1)
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where U, is the phase voltage of a three-phase transmission line;
Uo is the residual voltage of the three-phase electric power transmission
line; dpy, Gpys Gp3s Gy, Gy are the potential coefficients defined by the
formula

- AP B'P c'p

Gpy =Rkin——n, @, =kl =
Pl AP ‘P2 " Bp = =kin-—— P

_ %5 +agcta,,
i
AB’ BC’ AC’

- ‘ aAszlnT' aac=k|nT. aAc"-—-kln—%—,

_ 2 _
a,1=kln n J k=18-10',

ry 1s the radius of the phase conductor, meters.

Assuming that I}°=0 s the value of the modulus of the complex intensity of the
- electric field under the wires and near the wires of overhead lines at the
point P(x,y) can be defined by the formula

”P \ Pl (4.2)

In order to determine the maximum distances from the overhead lines for

which man is not subjected to dangerous electric field effects, let us find
the magnitude of the intensity at the points located in zome II (see Fig 4.1).
For the second zone the field beyond the projections of the edge phases

_ CU¢ 0

P 2ne

- Up= gt oV BT P F @EF 0 —in VIH =i T @O F 0+

0.5+ 10860 B G O o/ B O P .3
e oo )
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where C is the capacitance of the "phase-ground" circuit, farads/m.

For calculation of the electric field intensity at different points above the
earth's surface under the overhead wires and at different distances from the
axis of the overhead line it is possible to use the values of the parameters
of the supports and the wires of the overhead line with line voltages of

330, 500, 750, 1150 kv presented in Table 4.1.
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Substituting the numerical values of the parametexrs of the effect (see
Table 4.1) in the calculation formulas along the span and in the plane
perpendicular to the route of the overhead electric power transmission lines

for different distances x from the axis
we obtain the field intensities for the
above the surface of the ground for the

of the power transmission lines,
points located at a height h=1.8 m
330, 500, 750 and 1150 kv overhead

lines with a span length of 400 meters.
Table 4.1

Parameters of the Supports and Wired in a Span of an Overhead
Line for Various Line Voltages

- Line voltage, kv 330 500 750 1150
Phage voltage, kv 190 289 434 665
Distance between phase wires 9.1/18.2 12.5/25 17.5/35 26.1/52.2

6, meters
No of wires in the phase n, pileces ? 3 4 8

; Equivalent radius of a phase r, m 0.074 0.13 0.27 0.42
Height of suspension of the wire, m 22 22 23 24
Overall dimensions of the line, m 7.5 8 9 11

in the middle of the span
i Average height of the suspension 12.5 13 13.7 15.3

of the wires, m

Equivalent capacitance of the
"'phase-ground" circuit, C,

farads/meter: 12.3.10~12 12.1.10712 13.4.10-12 14.1-10

The results of calculating the values of the electric field intensity of

the overhead power transmission lines along the span at the points located
at the height of h=7.8 meters from the ground surface at different distances
(x) from the axis of the overhead line in the perpendicular directions are
presented in the form of the curves E=¢(x) depicted in Fig 4.2 a-d. From
these curves it is obvious that the most dangerous for man are the places

in the middle of the span where the overhead line wires have minimum height
of suspension, and the less dangerous places located closer to the supports
of the overhead line, inasmuch as at these places the dimensions of the wires
are maximal., If we consider the field intensity of 5 kv/meters and less as
the admissible safe intensity for human health, then from the curves E=¢(x)
it follows that near the 330 kv overhead line the safe zone is beyond the
limits of 5-6 meters from the projection of the edge wire on the surface of
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Figure 4.2. Curves for the electric field intensity under the
wires of overhead lines: a) overhead lines -- 330 kv (for a
distance between phases of 9 meters and overall dimensions
of 7.5 meters); b) 500 kv (for a spacing between phases of
12.5 meters and dimensions of 8 meters)

Key:

1.
2.
3.

kv/m
Phases of overhead lines
Zones

the ground in the middle of the span; near the 500 kv overhead power lines,
the area beyond 10 meters; near 750 kv overhead lines, beyond 15 meters;
near 1150 kv lines, beyond 25 meters,
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Figure 4.2 [continued].
of 17.5 meters and dimens
spacing between phases of
Kev:
- 1. kv/m
. 2. Phases of overhead lines
- 3. Zones

-

c) 750 kv (for spacing between the phases

ions of 9 meters); d) 1150 kv (for
26 meters and dimensions of 11 meters)
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CHAPTER 5. EFFECT OF CLOUD DISCHARGE ON OVERHEAD OOMHUNICATIQN LINES
5.1, Inductive Effect on the Communication Lines

On the wires of an overhead communication line, overvoltages can occur
elther as & result of induction from the discharge current of the cloud on
the ground or discharged between the clouds or as a result of direct dis--
charge of the cloud to the communication line (a lightning strike to elements
of the line ~ wires, supports). These effects of the lightning discharge
to a communication line differ sharply from each other both in quantitative

) and qualitative respects and, consequently, the requirements on the protec—

- tive devices must be different in the various cases.

Let us first consider the first type of effect — the inductive effect of a
lightning discharge on a communications line. Let a cloud with a negative
charge -Q be located asbove the communication line. Then as a result of
electric induction on the surface of the ground, positive charges appear.
An electric field occurs between the cloud and the ground. The communica-
tions wire suspended parallel to the surface of the earth at a height h is
located along some equipotential surface; at the side closest to the cloud,
the wire charge is positive, aad on the opposite side, negative. If the
investigated wire is well insulated on the ground, then the total charge of
the wire is zero. At the time of discharge of the cloud to the ground with
the disappearance of the electric field, both charges on the wire are
neutralized, and the potential of the wire becomes equal to zero.

If the length of the communications wire, as occurs in the majority of cases,
greatly exceeds the length of the charged cloud and the wire has insufficiently
good insulation with respect to the cloud, the negative charge of the wire
drifts to the right and left of the section affected by the cloud and it
gradually leaks to the ground. The positive charge connected with the cloud
remains on the wire. The wire potential will be zero until discharge of the
cloud begins (Fig 5.1). For discharge of the cloud to the ground, the
charge of the cloud and the electric field between the cloud and the ground
disappear. The charge on the wire, remaining free, now (after the cloud

- discharge) begins to move to the right and to the left from the point of

its occurrence. The speed of the charge, as is known, 1is defined by the

line parameters (this speed is close to the speed of light).
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Figure 5.1, Distribution of induced discharges on a communications -
wire in the electric field of a charged cloud
Key:
1. Communications wire

At the time of discharge of the cloud on the wire, there is some potential
distribution which is caused by the magnitude of the charge on each element
= of the conductor and its capacitance with respect to ground. Here, a pair
of identical voltage waves and a pair of current waves occur on the wire
which move at a speed of 1//1C (for a line without losses) in opposite
- directions.

The initial charged distribution along the wire for specific conditions of
location of the cloud, its size and the charge distribution cam be:
determined analytically. The charge distribution along the wire obtained

- up to the beginning of discharge has the nature of a bell-curve with maximum
under the center of the cloud. For quantitative determination of the magni-
tude of the voltage induced on the wire with lightning discharge it is
necessary to consider the following factors: the charge distribution of the
cloud and its magnitude, the relative location of the cloud and the wire
(the height of the thundercloud above the earth), the electric field intensity
between the cloud and the earth, the nature and the duration of the cloud
discharge.

The external electric field creates vertical and horizontal (longitudinal)
components of the intensity. Under its effect for a lightning discharge in

- the wires, the transient process occurs which lasts even after the lightning
discharge is stopped (Fig 5.2). The differential equation for the line
potential will have the form:

sl
a

R _ e

1 )
— ‘ G,

The equation is solved by the ordinary method of solving partial differential L=
equations:
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t t ’ :
Ulx, t)=—;-§ E.[s, x—c(l—t)]d'r—-—"{;b‘, [v, x+c(t—D] %

X dr+9(x 0, (5.2)

where ¢(x,t) 1s the scalar potential of the external electric field at the
given point, and the sum of the integrals is a traveling voltage wave over
the line. ‘ .

Figure 5.2. Formation of stray voltage and current waves in the
communications wire during discharge of .a cloud to ground

Under the effect of a variable field during lightning discharge the charges
on the line wires are divided into bound and free charges. The bound
charges are held by an external field; they insure, as Razevig noted [34],
the preservation of the zero potential of the wire in the steady state,

The free charges leak in the form of traveling waves in both directions from
the point of occurrence (opposite to the point where the lightning struck).
If the lightning strike with an amplitude of Iy took place at a distance b
from a line of height h, then as a result of integrating expression (5.2)
for x=0 the traveling wave has the form

_—_M B ct 1 ]
vo, §== (ﬂct/b)'+l[b V@amr+1]’

vwhere B=v/c<l, v is the rate of development of the return discharge, which
i8 connected with the amplitude of the lightning current. According to
Norinder and Lundholm o » -

1

=

' 5.3
. ¢ V,+_§g_;: (5.3)

vhere a=30,000 microcoulombs—~ohm/m is the Tepler spark constant.

In Table 5,1 the lightning current dmplitude is presented as a function of
the return discharge rate.
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Table 5.1

Relation Between the Lightning Current Amplitude and the
Return Discharge Rate

- Amnityaa

TOKa Mg;- 2 5 10 20 50 100 200
B nuu, kKA(L)

p=uv/c 0,047 | 0,074 | 0,105 | 0,147 | 0,228 | 0,316 | 0,427

Key!
1. Lightning current amplitude, kiloamps

The solution for the induced voltage from the magnetic component of the field
at :the point close to the point where the lightning strikes gives the
following expression:

_ 0l I :
Gl 0= 25 = ¢

where Iy is the lightning current amplitude; h 18 the height of the line
supports; Bev/c is the rate of development of the lightning discharge;
c is the speed of light.

In the general case for a square lightning current wave it is possible to
consider that the amplitude of the induced voltages defined by the equality
Uj .30 Iyh/b, If the current front has a linear steepness a, that is, the
current varies according to the law iwat to its amplitude, the electric

- and magnetic components of the voltage induced in the line at the point
closest to the point where the lightning . struck _has the form.

VBT —p2 (5.5)
u,,0, =22 . b
‘ ) pe —p ’
¢ | BT
_— 4 —
v, 0 = 60ah n f b TV Gyl (5.6)
) c T+8

Key: 1, i,e; 2, 1i.M

for t&ty+(b/c), where 1y is the front duration. For a time t>ty+b/c the
solution is found by superposing two oblique forms of the current
corresponding to the buildup and decay of it.

Fig 5.3 shows the shape of the total induced voltage wave in the line
calculated according to (5.5) and (5.6) for the case h=5 m, a=30 kiloamps/
microseconds, T¢=4 microseconds, I=120 kiloamps.

- The distribution of the bound charge along the wire varies from point to
point of the wire in accordance with the intersity of the electrostatic
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field of the cloud. When the cloud discharges, the bound charge 1s freed
with the same rate with which the cloud discharges, and it causes stray
voltage and current waves propagated to the right and left of the point of
occurrence of the charge (see Fig 5.2).

On high-voltage transmission lines, induced voltages have been recorded with
an amplitude up to 500000 volts.

In order to eatimate the effective values of the voltages occurring on
communication wire, in the USSR measurements have been made of the induced
voltages during lightning discharges on clidonographs. The maximum peak
voltage on the clidonograms was 40,000 volts, and the minimum was 6000 volts.

(2):15 (X
.

. ‘ //\B(-az
/N

/SRNN

® -

P S S S e @)

Figure 5,3, Total induced voltage in the line for h=5 m,
a=30 kiloamps/microsecond, T4=4 microseconds, Iy=120 kiloamps,
B=V/c, whereVis the inverse discharge rate
Key:
1. 1, microseconds
2. Uy, kilovolts

For large voltages on the communication wires, discharge takes place:-from
the wire along the surface of the insulators (TF-1 and TF-2) to the hooks
and the supports. The surface discharge on wet supports begins for voltages
of about 50-60 kv. For dry supports the induced voltages on the wires can
reach 100 kv,

Thus, it is possible to consider it established that for lightning discharge
to ground the maximum magnitude of the induced overvoltage wave which can be
propagated over the communication wires with wet insulators and wires does
not exceed 50 kv. .

In order to avoid danger arising in the communications circuits from the
inductive effect of the lightning discharges, it is necessary to protect the
terminal devices (the telegraph-telephone office equipment, the subscriber
equipment, cables) connected to the wires of the overhead line using the
corresponding devices. The latter must withstand charge power of the wires,
which according to the statistical observations [34], sharply exceeds

8-10 joules on each wire.
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5.2. Cases of Occurrence of Inductive Overvoltages on the Wires of Overhead
Lines

- The number of cases where the voltage induced on the line exceeds the ampli-
tude U4, can be found from the integral

Buare (1)

MBKC

n=LNg S An(b)db,

L (2) 6.7

Key: 1, max; 2, min

where L 1s the line length; N is the number of thunderstorm days per year;
q is the average number of discharges per kmZ of the earth's surface for

1 thunderstorm day (according to the data of the USSR Academy of Sciences
q%0.1); bpayx is the maximum distance determined by the maximum value of the
current, the probability of which is meaningful to consider; bpin is the
minimum distance from the line to the point struck by the lightning,
bpin=2-3h. For smaller distances, the lightning strike will occur to the
line itself. If bpiy*0, then we obtain the expression for the total number
of overvoltages in the line.

The probability that the lightning current amplitude will exceed the value
IM 18 well krown. It is determined from the formula (LPI)

P()= 10_%=e_". 68

It was established above that the lightning strike at a distance b from the
line will induce a voltage UM only in the case where Ipy>Uyb/30h. Inasmuch
as the probability of such currents is equal to P(I), An(b) will have the
sama value for the lightning strike at the given distance b. Substituting
the value of An(b) in the integral (5.7), we find that

) up . M
n=LNg [ 1070 do=LNg & db.
Yuun (2) Punn (2)

Key: 1. max; 2. min

Integrating, we obtain (setting bpax™)

— Vs e (1)
1 n=LNq12%p. 10" TR (5.9)
Uy
Key: 1. min
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Substituting the values of L=100 lkm, q=0.1 strikes/km2 per day, let us
tranaform the formula :
U,
16w~ (1)
=—10
Ux

n

Key: 1. min
where h is the height, and Uy is the voltage, kv.

Setting byy,=0, we find that the total number of cases of appearance of
voltages on the line (100 km per yoar) with an amplitude Uy is given by
the expression n=18 Nh/Uy.

5.3. Magnitude of the Overvoltages Induced in the Wires Considering‘Corona

During movement along the communications wires the overvoltage wave under-
goes distortions and damping. When developing the protection measures it

is necessary to know the magnitude of the incident voltage wave at the input
of the protected project, The inexactness with respect to the probable mag-
nitude of the damping and the distortion .can lead to significant over-
estimation of the possible overvoltage at the input to the telegraph or
telephone office and on the terminals of the subscriber equipment or, on the
contrary, to underestimation of its value. The studies performed on the
electric power transmission lines indicate._that along with the electrical
parameters of the wires, the damping and the distortion of the waves are
significantly influenced by a corona of the wires during overvoltages, for
the parameters of the overhead line circuit change significantly during
corona [35].

The essence of the corona phenomenon 1s ionization of the air near the wire
under high voltage (see Chapter 1). The ionization .f the air is accompanied
by a characteristic crack and a very noticeable blue glow. This phenomenon
occurs for some critical voltage on the wires. For the two~wire circuit

the critical voltage (in kilovolts) for which the corona phenomenon begins

to occur on the wires can be determined for normal air pressure and tempera-
ture of t=25°C by the Peak formula

2D
= = .10
) %T5 10,5d In 7 (5.10)

Key: 1. cr

where d 1s the wire diameter, meters; D is the spacing between the circuit
wires, meters.

_For communication wires with induced voltage wave during a lightning dis-~
charge it is necessary to substitute a value of 2h — the distance from the

investigated communications wire to its mirror image with respect to the
earth's surface, in place of D in the Peak formula, that is,
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Upo= 10,54 ln%. -

[éh)

Key: 1, cr

Research has established that the critical corona voltage depends on the
state of the wire surface and atmosphere conditions, These factors can be
taken into account by introducing the three coefficients -mg, my, § into
the Peak formula. Then we obtain

Un, 10,5m,m,,sdln‘7:} ” (5.11)
Key: 1. cr

where mg is the coefficient taking into account the state of the wire sur- -
face (for new wires mg=l, and for wires in the air for a prolonged period

of time, mp=0.98 to 0.93); m; is the coefficient taking into account the

state of the weather (for dry weather m;=1, and for fog or rain it varies

within the limits from 0.8 to 0.9); & is the relative demsity of the air

determined from the equality 6=3,9b/273+t [b is the barometric pressure in

torrs (mm of mercury); t is the air temperature, °C].

The values of the voltages Uer calculated by (5.10) for which the corona
phenomenon appears on the communication wires are presented in Table 5.2.

As is obvioue from Table 5.2, the values of the critical voltages on the
conmunication wires of any diameter are within the limits which can be
induced on the wires for lightning strikes to ground. For direct lightning.
strikes the voltages on the communication wires can reach hundreds of
thousands and even millions of volts, so that in this case the corona phe-
nomenon will always occur. From the point of view of protection of the
communication installations the corona phenomenon is a positive factor, for
during corona the losses in the line increase and, consequently, the energy
going to the input to the telegraph or telephone station decreases signifi-
cantly. The existing theory of the damping and deformation of the stray
waves for a voltage above critical is based on a number of arbitrary assump-
tions and cannot be used for quantitative evaluation of the phenomena,

For practical calculations of the decrease in amplitude of the stray waves
in the electric power transmission lines, usually the Faust-Mendger formula
is used: ' . - R .

_ . : O
. UFU"W’ (5.12)

where Uy is the wave amplitude at a point removed by £ km from the point of

occurrence of the wave; Up is the wave amplitude at the point of its

occurrence; k is the numerical coefficient obtained experimentally and !
depending on the parameters of the electric power transmission lines, the :
shape and polarity of the wave.
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Table 5.2

Critical Voltages on Overhead Wires

(:’L‘?‘ nposo- Hagpamene SQ(:B) apM Ananetpe nposoxa d,
- AR, DOFOAM o .
- 0,3 0,35 | 0.4 0,5
Mam]l, mawm], 8] 28,2 29,2 36,5 44,4

My=0,93, mgml, §m=1 26,2 27,0 33,6 41,2
My=0,93, my=0,85, 6-! 22,0 22,9 28,5 35,0

Key:
1. Coefficients taking into account the state of the wire, weather
2. Voltage Ucr(kv) for a wire diameter d, cm

In addition, the studies performed by the Khar'kov Electrotechnical Institute
{36, 37] demonstrated that the coefficient k also depends on the amplitude
of the initial wave; the value of k varies within the limits from 1.5.10~4

to 5-10~4, The formula (5.11) for the communications lines can give only
approximate results, for the parameters of the communications line differ
from the parameters of the transmission lines as a result of the large

number of wires suspended on them.

The preliminary date which were obtained when determining the induced poten-
tials on the communication wires during ‘lightning discharges to ground
indicate the presence of significant dampings on the line. Thus, it was
noted that the wave with a voltage of 40,000 volts on steel wire (d=4 um)
dropped to 2500 volts after 500 meters.

5.4, Effect of Direct Lightning Strikes on Overhead Communication Lines

Magnitudes of the Overvoltages in the Communication Lines. The discharge
of a thundercloud to the ground sometimes occurs through a communication
line, In this case the lightning can strike either the wires of the line
between the supports or the support directly. In case the lightning reaches
the wires in the span between the supports the current is divided into two
parts, and it is propagated in the form of stray waves through the line to
the right and left of the point where the strike occurred at a aspeed
approximately equal to 100-103 to 150103 km/sec. The lightning strike in
the line can be considered as a case of wave transfer from the circuit

(the lightning channel) with one wave impedance to the single-wire communica-
tions circuit with another wave impedance. The voltage U of the stray;wave
traveling through the wires from the point where the lightning strikes will
be determined from the equation

7 Um Zaslls
2..&-)22... ’ (5.13)
U.'—"‘ IZI.I '(2)

Key: 1. overhead line; 2, lightning channel
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where zoverhead 1ine is the wave impedance of bunched conductors of overhead
line; Zjjohtning chanmel 18 the wave impedance of the lightning channel;
I is the §1ghtn ng current.

The value of U can reach a value which is sufficient for establishment of

the current destroying the support. If the wave impedance of the lightning
channel 1is taken a8 21jghtning channel™200 ohms [37], the wave impedance

of the bunched conductors Z1ightning channel=300 ohms and I=4000 amps, the
voltage on the wires with respect to ground will be 6.88.106 volts. The
currents of the direct strike and the overvoltages of this magnitude cause
destruction of the line structures. The maximum electric strength of the
communications line on the wooden supports_according to the empirical formula
of the LPI Institute is equal to Up=550 ‘h where h is the height of the
support.

Effect on the Support. The studies [38, 39] indicate that for splitting dry
posts with current pulses it is necessary to apply a voltage from 200 to

300 kv per m of length of the post. It follows from this that in order to
split a post 6 meters long a voltage from 1.2106 to 1.8:106 volts is used.,
Observations have established that before rain the splitting of the posts
takes place more often than after the rain. During splitting either more or
less long splinters are torn out of the post or the post itself breaks into
several parts along the fibers.

At the present time scientists do not have a united opinion with respect to
the cause of this damage. When a lightning current passes through the
capillaries of the tree filled with air and moisure, intensified gas and
vapor formation occurs, Under the effect of very high temperatures in the
lightning channel even-in the absencé of moisture the tree can be converted
to vapor and gas,the effect of which leads to destruction of the tree.

I, S. Stekol'nikov [40] explains the splitting of a post by the effect of
the electric forces of the fibers on each other. On transmission of the
current through the fibers of the tree, electrodynamic forces develop which
are aimed at the axis of the post and the electrostatic forces directed in
the opposite direction causing repulsion of the fibers. On transmission of
the lightning current these forces are partially mutually equalized, After
the current stops, the electrodynamic forces disappear, and only the electric
forces remain, under the effect of which the fibers repel each other with
great force,

Effect on Line Insulators., On the appearance of an electric arc between the
conductors and supports, significant thermal and mechanical stresses occur
in the insulators. The electric voltage in the porcelain is explained by
the occurrence of current waves having large amplitudes and steepness of the
front. Inasmuch as there are air sections on the surface of the ingulator,
the current transmission 1s retarded, as a result of which breakdown and
rupture occur,

The mechanical stresses are explained by powerful hehfing of the insulator
at the point of occurrence of the voltage arc. ’
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The effect of the current directly on the wire at the point where it is
attached to the insulator can cause pleces of the porcelain to break off.

The damage occurs predominantly at the neck of the insulators near the binder
where the voltage of the electric field between the binder and the hook is
the highest.

Effect on Communication Wires, As a result of the effect of powerful light-
ning currents, burning and fusion of the wires take place. The statistical
observations performed both in the USSR [41] and abroad [38] indicate that
for lightning strikes the line wires break both in the span and near the
insulators.. Several dozen cases of damage to overhead communication lines
near supports protected by lightning rods are recorded annually. The most
characteristic for the overhead lines are the following types of damage:
melting of the copper wire communication lines in the case of a direct
lightning strike with high force; burning along the wires — copper and steel
-~ from a direct lightning strike; burning of the line wires and destruction
of the insulators from a direct lighthing strike. Most frequently the wires
are burned to the nearest post protected by a lightning rod. For especially
strong discharges the wires can melt for several spans on both sides of the
lightning strike. As a result of burning through the bronze wire breaks down
into pieces 3-5 cm long over a significant section. Since the amount of heat
required to melt the wire is determined quite precisely, there is a possi-
bility of concluding the magnitude of the lightning currents which occurred
over the damaged wires. The method of calculating the heating of the wire
during transmission of electric power is presented in [41].

The relation between the current Iy (in amperes) melting the wire, the
material and the geometric parameters of the conductor and also the trans—
mission time of the current through the wire is expressed by the formula
IM-kS//?] where § is the wire cross section, mmz; T is the current trane-
mission time, seconds; k is the numerical coefficient which depends on the
material of the wire.

The average values of the coefficient k obtained by calculation, and corrected
by the experimental data, are presented in Table 5.3.

Table 5.3

Values of the Numerical Coefficient Takidg Into Account the
Wire Material

Value of the coefficient k for bringing
Wire material the wire to the following temperatures
Incandescent _ Melting  Evaporation

Copper 220 000 305 000 327 000

Iron 90 000 115 000 438 000

Aluminum 128 000 200 000 230 QOO
143

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4

The presented formula has great practical significance. This formula is

_ used to calculate the grounding devices both in high voltage engineering
and in communication engineering, when designing the protection of linear
compunications structures from direct lightning strikes. When lightning
strikes in the majority of cases partial rupture of the wires takes place
at the point struck; here an electric arc crater is formed in which part of
the metal melts. Accordingly, the operating cross section of the wire and

- its rupture strength decrease. If the rupture strength of the wire is less
than its tensile strength between posts, it breaks. In the winter at a
temperature of up to -20°C the communication wires of the overhead lines
have a load equal to 1/3 of their tensile strength. In the summer at a
temperature of +20°C, the tension of the wires with sag of up to 30 km is
half the tensile strength so that there is a sixfold rupture margin of
safety., Therefore the overhead wires break as a result of their melting
where the lightning strikes only when the cross section of the ummelted part
of the wire will be less than 1/3 or 1/6 of the rated cross section of the
wire respectively.

For a lightning strike to the sheathing of a suspended communications cable
- (cable lead-ins or inserts), holes can appear in its lead sheathing. For

a lightning current of 50.103 amps and a transmission time of 100 micro-
_ seconds, for example, 50 mm3 of lead will melt. For a thickness of the cable
shielding of 2 mm, a hole 6 mm in diameter is formed. As a result of pres—
cure in the crater and under the effect of the current, the melted lead
rrequently gets into the cable between its sheathing and the cores.

The mechanical tension of the wire increases from a decrease in cross section,

but also under the effect of the electrodynamic forces which occur at the

point where the lightning strikes, Let us propose that a lightning current I

for a lightning channel diameter d is directed perpendicular to the wire.

Since the current tries to maintain its initial direction, as a result of

bunching of the electric field lines at the bend in the wire electrodynamic

forces occur which have an influence on its mechanical effect in the form

of a strong impact (impetus). The force F acting per unit length of the

wire is defined in newtons per meter by the formula
5 -6 nn [
F=10"B=,- (5.14)

where B is the magnetic induction of the magnetic field. This value, as is

known, can be determined from the equality B=0.796 u0-105(1/x)-0.1 I/x;

1o is the magnetic permeability of the vacuum (uor41r-10'7' henries/m) .

Substituting B in (5.14), we obtain F0.5.10~7 12/x, The force acting on

a section of the line of length %, reckoning from the point that the
lightning struck, is

: t 7 . -9 .
Fo= [ Pdx05107 IIn=r.
x=0,5d
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The effect of the force of the internal magnetic field in the channel itself
cannot be considered as a result of its small magnitude. For lightning
current of I=50,000 amps and the channel diameter d=0.5 cm the pressure
directly at the point where the lightning struck will exceed 200 N per unit
length of wire. Therefore for a lightning strike to an overhead wire, a
mechanical stress occurs in it which is several times greater than normal,
which can lead to rupture of the wire,

5.5, Overvoltages on the Entrance Cables and Cable Inserts to Overhead Lines

The entrance of overhead communication iines to the repeater stations in the
majority of cases is made by cables. When the overhead lines, for example,
cross rivers and railroads at the points of intersection with the overhead
lines often cable inserts are used, the length of which, depending on the
local conditions, can vary from several tens of meters to several kilometers,
Usually the entrance cables and the cable inserts are laid in the ground
(underground cables), and they are suspended very rarely on the wooden
supports (the overhead cables).

For direct lightning strikes to an overhead line and also for lightning
strikes to ground near an overhead line the magnitude of the voltage in the
cores of the cable inserts and the cable lead-ins will differ from the
overvoltages occurring on the overhead wires.

Let us congider what the magnitude of the voltage will be on the right end
of the cable if a square overvoltage wave Upg occurring in the overhead wire
(Fig 5.4a and b) approaches the left end of the cable insert or cable
entrance. At the point of comnection of the overhead line to the cable line
(point B} the voltage wave UAB is refracted and reflected at the points B
and C. Let us determine the resultant wave Ucp after the cable insert,
again reaching the overhead line CD and the resultant voltage wave Ugg on
the terminals of the communications equipment. for a cable entrance. %he
resultant voltage wave going to the overhead line CD (from tbe right hand
side of the cable insert) will be defined [37] by the sum of the series

Ucp=%4p%pcUsp () + %45 Pcp P ®pc U gp (t—2t5) +
+Cag P PocOcaUngt—4l)+ - - -+ &y, pipphe X
X @ U yp (t—2nty), (5.15)

where aAB=Zzw2/(zw2+zw1) and uBC=2zwl/(z"1+zw2) are the refraction

coefficients of the voltage wave at the points B and C; Zy1 and zy) are

the wave impedance of the overhead .line circuit and cable line circuit
respectively; pBC=p03-(zwl-zw2) (z +z,9) are the reflection coefficients
at the points B and C; tg=L/v=YLaCy is the time of transmission of the wave
through the cable insert of length 2, the capacitance Cy and the

inductance L, for a wave propagation rate through the cable v;
t/2t0-15n<t/5t0 1s the number of successive wave reflections.
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Figure 5.4, Calculation of overvoltages on the overhead line:
a) with the cable insert; b) with cable entrance

1, Overhkead line

2, Cable insert

3. Cable entrance

4, Station equipment

If we take the time of appearance of the first wave at point C as the

time origin, then the value of Ucp after the n~th reflection is determined
from the equation

n .
. % __ __ptatl) Uire
Uu):aABaBCUABZp =A{l—p 1U4s

(5.16)
=0

her N
vere %a8%sc 22""’1) =]
A = i '—P’ - (lm + 35;)’ -_— (zll - zll)’ '

Key: 1., w

Thus, the step wave with gradually increasing voltage goes to the overhead
line CD (after the cable insert)

v =[1-(Eﬂ::£2)“+1c/ (5.17)
cD AR’
Key: 1, Z31+-2m ,

v v @) :
where nst/2tg<ntl.

By the end of the steady state process (for m=) the voltage on the second
end of the cable insert strives to be equal to the voltage of the incident
wave at the first end of this insert. Approximately replacing thr. step
nature of build-up of the voltage wave on the right end of the cable insert
by a smooth nature of build-up of the wave, it is possible to represent the
expression (5.17) in the form
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UcbszAa( l—e r)' . (5.18)

where T=tyln It

In—2m

— Sineca » .S>m Moameman el . P = in th
Wi~ Sy Tepresenting the expression In(z ¥2,,)7(z -z ,) in the
form of a geries and replacing to by the cable pg%ameters ,w%e g tain

T=— 1”?’ . (5.19)
| e -

It follows from this that the shape of the wave in the everhead line with
wave impedance (z,,) after passage through the cable insert (zy2<<zy1) will
be approximately t:l}le same as in the case of replacement of the cable by a
concentrated capacitance. In the case of a cable entrance where the cable
cores are connected to the telegraph or telephone equipment with input
impedance with respect to ground (Z )}, the resultant voltage Ug, at the
station end of the cable entrance can be defined by (5.16) for substitution
in it of the following corresponding coefficients of reflection and refrac—
tion of the wave for the end of the cable entrance: apAR=22y2/ (zyotzy1) ,

opc=22g/ (Zgtz,5) s ppc=(zy1- w2)/ (Z g1 t205) s ppe= (Zg=zy2) (Zgtz,p) .

If the winding of the line transformer or the communications equipment is
connected at the end of the two-wire telephone circuit, for each wire of the
circuit the load with respect to ground at the station end of the cable will
be Zg=», for each wire of the telephone circuit is open with respect to
ground. In this case the refraction and reflection coefficients will be
correspondingly: apc=2, Pcg=l, and the resultant voltage on the station
end of the cable entrance will approach twice the voltage of the incident
wave on the overhead line at the limit, that is, Ucg*2U, . ’

Actually, considering the above-indicated conditions, it is possiblé to
write equations (5.15) in the following form:

N Ueo=%452U 5 0+ %8P 20;45 (t_—-ét;) +IdAB Pac észB (t—dt)+
+ - tam, 2V, (t—2nty),

n
oF Uo=0,2,, 2 Phc=2U,A[l —PE],
: X
(5.20)
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where o
. hAB 21.‘ —

1 "'PBC (2s1+2m0) ( ___z_,!)

zZm+2m

Thus, on the station end of the cable core the voltage gradually increases

in accordance with the equation
\n+l1
(?n‘i"n - (5.21)

where ngt/2tg<mtl, For oo 20, pe

The conclusion drawn with respect to the overvoltages in the input cable

is valid only for the cases of comparatively short cables where it is
possible to neglect the wave attenuation., In addition, the magnitude of the
resultant voltage on the station end of the entrance cable will also depend
on the length and shape of the incident wave.

ufi;
NS
,\Q\ A=b0004 |- -
m =
%]
0 500 w000 1500m

Figure 5.5. Ratio A, (in percentages) of the maximum voltage on
the station end of the entrance cable to the maximum voltage. of
the incident wave as a function of the length of the entrance
cable £ for different wave lengths A

As an example, in Table 5.4 the results are presented from calculating the
maximum voltage on the station end of the entrance cable considering the
attenuation and the shape of the incident wave as a function of the length
of this cable for three incident waves of different length. The values pre-
sented in this table were obtained for the following initial data: wave
impedance of the wire of the overhead line zy1=150 ohms; wave impedance of
the core of the entrance cable zy7=50 ohms; attenuation in the cable cores
for the wave length given in Table 2.7, respectively: aj=0.18 decibels;
ap=0.47 decibels; a3=1.65 decibels; a wave propagation rate through the
cable v on the average equal to 150106 m/sec.

The relation for the maximum voltage Uy, on the station end of the entrance

cable as a function of its length & and the length of the incident wave A
is presented graphically in Fig 5.5 according to the data in Table 5.4,
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Table 5.4
Maximum Voltage on the Station End of the Entrance Cable .

Maximum voltage on the station end of the entrance

Cable length, cable-(in percentages).of the maximum ‘voltage of the
£, meters incident wave for -
=5 microseconds, 1=20 microseconds, t=50 microseconds »
Aw=730 meters Aw=3000 meters Ay=7500 meters
75 134 163 180
150 118 148 168
300 97 130 156
600 71 113 138
1200 50 92 122

From the data in Table 5.4 and in Fig 5.5 it is obvious that the voltage
occurring on the station end of the entrance cable 18 greater the less the
cable length and the greater the length of the incident wave by comparison
with the length of this cable. The presented calculations indicate that on
the station end of the entrance cable, in particular, for short length,
voltages can occur which are almost twice the voltage occurring on the over-
head line. Thus, the cable insulaticn and the insulation of the station
equipment are in danger of breakdown.
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CHAPTER 6, EFFECT OF MAGNETIC STORMS AND CURRENTS IN THE GROUND ON
COMMUNICATION LINES

6.1. Occurrence of Magnetic Storms

Many years of observations have established that the occurrence of magnetic
storms on the earth's surface is closely connected with the phenomena ob-
served on the surface of the sun. On the sun from time to time sections
appear with reduced brightness which appear as dark spots against the back-
ground of the brighter surface. Such spots on the sun sometimes appear in
groups in which they have no outlines and boundaries; sometimes the spots
appear separately from each other. The number of spots in the visible part
of the solar surface does not change from day to day. The number of spots
can be determined by the formula R=k(10g+S), where g is the number of groups
of sun spots; S is the number of clearly distinguishable separate spots in
groups; k is a constant defined by the observer and instruments. At the
Ziirich Observatory (Switzerland) k=1.

In Fig 6.1 data are presented on the number of sun spots obtained by the
same laboratory in October 1955 [42]. As 1s obvious, the average mumber of
spots in a month is 59; on the 16th, 17th and 28¢h of October there were 0,
and on the 29th of October, there was a maximum of 124.
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Figure 6.1, Number of spots on the sun during different days
in October 1955 §
Key: i
1. No of spots !
2. Days in October
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Table 6.1
Number of. Spots on the Sun
1946 1947
Jan Mar May Jul Sep Nov Jan Mar May Jul Sep Nov
50 80 70 120 90 130 120 130 150 200 160 120
oo
’ ” M
, 160
. : 20
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07555 1955 1356 1957 1998 1959 1960 161 1967 1964 1966 1365 1966 1957

Figure 6.2. Number of spots with flares on the sun (N) and
intensity of the magnetic field (H) by years for the period
from 1954 to 1965
Key:
1. amps/meter

In Fig 6.2 the mean values are presented for the number of spots on the sun
(N) and the magnetic field intensity of the earth (H) for every 3 months in
the period from 1954 to 1967. As is obvious, the mean monthly number of
spots does not remain constant by month or by years.

Many years of observations have demonstrated that the interval between two
adjacent maxima of 'spots fluctuated frem 17 to 7 years, and between two
minima, from 14 to 9 years, The intervals between the maximm and minimum
numbers can vary from 11 to 3 years, and the intervals between the minimum
and the following maximum numbers, from 7 to 3 years. Finally, from the
average values it becomes clear that in general for a decrease in the curve
from maximum to minimum a little more time is required than for it to rise
from the minimum to the maximum,

If the data on the number of spots by years from the period from 1850 to
_ 1970 is represented in the form of a curve N=¢(T), it is possible to note
that the interval between the maximum values on the average is 11 years.
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The temperature of the dark spots periodically appearing on the surface of

q the sun is approximately equal to 1500°K, which is below the temperature of
the parts of the photosphere surrounding them (6000°K), It is assumed that
out of a pailr of sun spots one is the location at which the strong magnetic
field enters, and the other, the location from which it exits, For several
days after the formation of sun spots two spots of irregular shape move
geparately from each other in:a longitudinal direction and enlarge in size.
When both spots reach a maximum magnitude, one of them begins to decay
rapidly and disappears, and the other spot exists for a longer time; its
average duration is four times greater than the time of existence of the first
apot., The time of existence and the dimensions of the sunspots are subject
to large variation, There are spots which exist for only a few hours or
days, but there are spots that exist for several weeks and months.

The largest groups of spots were photographed in 1947 and in 1957 during the
years ¢f maximum spot formation. The large spots appear appreciably more
rapidly than the small ones. Studies of 2000 sun spots at the Central
Observatory in Europe (Zlirich) demonstrated that on the average 60% of the
observed spots occurred in pairs, and 40% were single.

On formation of sun spots with powerful magnetic fluxes the gas atoms in the
solar atmosphere acquire a definitely directional movement under the effect
of magnetic lines of force., This gives rise to an enormous cluster of
positively charged ions in one region and negatively charged electroms in
another. At the time of sudden change in intensity of the magnetic field,
equalization of the electric charges takes place similar to a lightning
discharge in the earth's atmosphere. In any case, extraordinarily intense
lightning or a flare exceeding the brightness of ordinary sunlight occurs

on the surface of the sun,

Thus, the formation of sun spots is accompanied by flares on the surface
of the sun. The flares can be divided into four types (four classes):

1, 2, 3, 4. The data characterizing each type (class) of flare on the sun
are presented in Table 6.2,

Table 6.2
Characteristics of Solar Flares
Type (class) Size of spot, millionth of the Average duration of
of flare golid angle 21/100 flare, minutes
1 100-300 17
2 300~750 29
. 3 750-1200 62
4 >1200 180
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Several minutes after the occurrence of a flare its intensity will be maximum
and then it slowly disappears. The flares occur primarily in the central
part of a group of large sun spots. During flares radiation of four types
occurs: ultraviolet, corpuscular, radiowave and cosmic radiation. The
radiation of the first two types causes variation of the earth's magnetic

- field.

6.2. Varilation of the Earth's Magnetic Field During Ultraviolet Radiation

The ultraviolet radistion during flares after a short time interval (8 win),
reaching the earth's surface, has a quite strong effect on its magnetic field
(for the ordimary state of the sun the ultraviolet radiation is much weaker).

The ultraviolet radiation causes ilonization of the air in layers located at
high altitude from the surface of the sun (on the order of 100 km), and they
become electrically conducting. The ionization is greatest during the day-
time. In these good-conducting layers, strong currents occur induced by the
magnetic field of the earth on rotation of it around its axis. Under the
effect of these currents during the day the intensity and direction of the
magnetic field changes at the investigated point of the earth. At night
these changes stop inasmuch as the ultraviolet radiation stops.

For flares on the sun, the magnetic field changes sharply on the surface of
the earth. This is explained by the fact that for the flares the ultraviolet
radiation in the direction of the earth increases sharply, as a result of
which the ionization of the upper layers of the earth's atmosphere increases
significantly, and, consequently, their conductivity increases.

From vhat has been stated it follows that first the magnetic field of the

earth changes significantly under the effect of the ultraviolet radiation

only for flares on the sun and, secondly, these changes take~place only in
- that part of the earth which is illuminated by the sun. :

'6.3. Variation of the Magnetic Field of the Earth in the Case of Corpuscular
Radiation

The variations of the magnetic field caused by the corpuscular radiation

- occur both on the hemisphere lighted by the sun and on the darkness of the
earth, that is, in the daytime and at night. This is explained by the
following. On approaching the earth, the front of the corpuscular flux is

_ subjected to the effect of the rotating magnetic field of the earth. Here

the ions and electrons uniformly distributed in the flux will be separated

on approaching the earth so that the basic part of the ions will pass through

one side of the earth, and the basic part of the electrons, through the other

side of the earth. As a result, the earth will be surrounded by two currents

circulating in opposite directions, one of which is made up of negative

charges and the other, positive charges. These currents jointly make up

the common magnetizing current, the direction of which will be opposite to

the direction of rotation of the earth. As a result of this, the state of

the magnetic field is disturbed at each point of the earth's surface both

in the Jaytime and at night. These disturbances are the most intense

. during flares on the sun.
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The variations of the earth's magnetic field as a result of ordinary diurnal
deviations are on the order of (10-20).10~%4 tesla; as a result of ultraviolet
radiation during flares they reach (20-40)-10~4 tesla; as a result of
corpuscular radiation during flares the deviation can increase by 25 times

by comparison with the variation from ultraviolet radiation, that is,

reech 0,1 tesla and more, .

The variations of the magnetic field as a result of corpuscular radiation

are algo magnetic storms on the earth. The corpuscular theory of magnetic

storms at the present time is generally recognized. According to this

theory the disturbances of the magnetic field in the ionosphere and the

aurora polaris are caused by penetration of charged particles (corpuscles) . -

leaving the sun into the earth's atmosphere. The particles are emitted by

the active regions of the solar surface in the form of narrow, radiaily .
directed beams. The speed of the corpuscular flux is 1000 to 3000 km/sec. B
The flux is made up of particles of both signs and on the whole is neutral.

This corpuscular flux is the cause of the occurrence of the annular current

of the ionosphere around the earth in the plane of the geomagnetic equator.

The interaction of this current with the earth's magnetic field causes

magnetic storms and currents in the earth and in the seas and oceans.

6.4. Potential Difference Between Different Points of the Earth During
Magnetic Storms and the Effect of it on Communications Circuits

As the observations performed in various countries (the USSR, Sweden, Norway,
Canada, the United States, and so on) indicate, during magnetic storms
electric currents occur on the surface of the earth and also in the seas

and oceans. The currents in the ground (water) during magnetic storms flow
predominantly from east to west and from west to east. At geomagnetic
latitudes from 45° to 67° of the northern and southern hemispheres

(Fig 6.3) the magnitude of these currents increases in accordance with the
magnetic disturbance coefficients curve f£=¢(a°) (Fig 6.4), it decreases
slowly in the direction of the North and South Poles (after a geomagnetic
latitude of 67°), and it increases sharply at the geomagnetic equator [43].

1f the direction of the communications line coincides with the direction of

the stray currents occurring during magnetic storms, then on closure of the

communications wire to ground (water) part of the stray current of the earth
(vater) enters it. This current will have an interfering (sometimes danger-
ous) effect on the operation of the transmission systems,

It has been noted that the magnitude of the potential difference between
two points of the earth selected in the direction of the geomagnetic lati-
tudes, that is, the direction of flow of the currents of magnetic storms is
approximately proportional to the distance between these points (212), the
specific resistance of the earth (p_) in the reglons of occurrence of the
currents and the magnitude of the currents in the ground Ig occurring
during magnetic storms. Imiotlier words, if two points of the earth are
joined by an electric power transmission lire through grounded neutral
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points of transformers, then the voltmeter connected to the line with high
internal resistance records magnitude of the voltage drop in the ground
between the indicated points of the earth U1~U, which is determined by the
formula

UX_UI“EPI‘-’I:WB- (6'1)
Key: 1. g

where p_, 112 are the values for each specific case obtained during measure—
ments; § is the numerical coefficient considering the local conditions;

8 is the angle between the direction of the current in the ground and the
direction of the communication line.
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Figure 6.3, Map of the earth with the geomagnetic equator and
geomagnetic latitudes (45°, 55°, 67°, 80°): 1-1 —- poles of the
magnetic axis
Key: 1. geomagnetic equator
. From (6.1) it is also possible to determine the magnitude of the curreat in
the ground caused by a magnetic storm Ig-'(Ul—Uz)/Epgk.l cos B. The pre-
sented law for the underground communication cables, the overhead communica-
tion line and the electric power transmission lines is applicable also for
underwater cables if the magnetic storms of identical intensity occur
simultaneously at all points of the cable, that is, within the limits of
up to 1000 km [43].
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- Figure 6.4, Magnitude of the coefficient of magnetic
disturbances as a function of the geomagnetic latitude

- The potential difference (Ul-UZA-U ) occurring during a magnetic storm
between two points of the earth at a distance %79 from each other and
reduced to 1 km is called the potential gradient of the earth: G=Uy,/%;,,
volts/km. The potential gradient is defined as the value of the foreign
currents and voltages in communication lines. Therefore when designing
means of protecting communication circuits from the effect of magnetic storms
it is necessary to know thellimits of variation of the potential gradients
of the ground,

The magnitudes of the gradients of the ground observed at different points
during a magnetic storm occurring on 10-12 February 1958 are presented in

Table 6.3.
Table 6.3
Voltages Occurring in Communication Lines During the
Magnetic Storm of 10-12 February 1958
Between Type and length Measured Gradient,
Country  which points . of line, km value, volts volt/km
Sweden ~ Stockholm-S8dertilge Cable, 33 100 3
Vernamo Exper imental 7.2 7.2
- overhead, 1
- Vernamo The same 3.5~6 3.5-6
Stockholm-GUteborg Cable, 430 -80=200 -
USSR Petrozabodsk~Kem' Overhead, 450 500 1.1
Ufa=-Sim The same, 150 ' 70 0.5

From Table 6.3 it follows that the magnitude of the earth's potential
gradient during magnetic storms fluctuates witlﬂ.n ‘the broad limits from
fractions of a volt to several tems of volts per kilometer and depends on
the intensity of the storm itself, the geomagnetic latitude, the specific
resistance of the earth and the angle between the direction of the currents
in the ground and the direction of the communication line. In the territory
of the USSR, the potential gradiemt of the current (G, volts/km) during
strong magnetic storms usually does not exceed 2-3 volts/km
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The currents in.the wires of the communication lines during magnetic storms
can occur if conditions are created on the communications lines for the
formation of a single-wire "point on the earth-wire-second point on the earth"
circuit., Fig 6.5 shows the circuits of the overhead and cable communication
lines and the strong current lines in which during magnetic stomms foreign
currents can occur which lead to disturbance of the basic transmission and
to damage to the equipment and elements of the line structures. Such cir-
cuits are as follows: all single-wire circuits (telegraph, signal circuits,
the remote feed circuits using the "wire (two wires)-ground" system [wire-
return system]; the two-wire circuits used as single-wire with grounding of
the midpoint of the line transformers; two-wire circuits on both ends of which
protective dischargers-with ignition voltage from 250 to 1200 volts are
_ included between the wires and the ground; the triple-phase transmission lines
with grounded midpoints of the line windings of the three-phase transformers.

X 0 H
T

£ EQEZBQM—% —

e‘.

b D0 g

I

Ui

I

I
i~
)

~

-

Figure 6.5. Circuits in which the formation of interfering
currents is possible during magnetic storms:

a) signal or telegraph single-wire; b) two-wire by the "two
wires-ground" system; c) telephone protected by dischargers;
d) telegraph by the Picard system; e), powerful triple-phase
overhead line with grounded neutral; f) marine cable

The magnitude of the currents in the communication wires occurring between
two points under the effect of a potential difference of U1-Ug 1is determined
by the formula I=(U;-Uj)/(R&+2Z), where R. is the total resistance to direct
current of a circuit of length £, ohms; Z 1s the resistance of the terminal
devices closed to ground, ohms.

In order to have an idea about the harmful effect of the stray currents
occurring during magnetic storms, on the overhead and cable line communica-
tion installations and also the electric power supply installations, let

us present sevecal examples described in the literature., In Sweden during
a magnetic storm, a fire of enormous proportions occurred at one of the
telephone offices which destroyed a significant part of the equipment. A
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rotectors and ¢arbon protectors installed on the
large I;uml:i‘rmoii.i::eo? the country were damaged. 1In the northern part of
iﬁ:mﬁﬁizzd States during the magnetic storm on 24 March 1940, numerous
cases of burning out of the protectors were recorded on the overhead tele~
hone and telegraph 1ines along with failures of the carhon protectors and
ﬁther equipment. As 2 result of the high potentlals of the ground in the
high-voltage network in the system with grounded neutral, overheating of
the windings of two transformers at two power substations was recorded. 1In
the regions where damage was noted both on the telephone and telegraph net-
works, just as on the electric power supply networks, the specific resistance
of th; ground had a higher value (1000 to 5000 ohm-meter).
gtornm recorded on 10-12 February 1958, damage was
2;:::§esh§1$%::z:§usly on the overhead and cable communication lines in
Sweden, England and the USSR. In Sweden on all communication lires more
than 86 km long the carbon protectors ignited with a breakdown voltage of
1000 to 1100 volts. This means that the electric field gradient in the
ground at the time of response of the protectors was 25 to 27.5 volts/km.
In the copper wires of the overhead communication lines d=3-4 mm the
currents through the carbon protectors reached 5-10 amps during the magnetic
storm. The arcs between the carbon plates of the protectors under prolonged
ffec£ of the current of such magnitudes heats the carbon protectors and
;akea them incandescent, as a result of which fires can occur. The fires
nccurring on 11 February 1958 at a number of stations (Carlsbad, Malunga,
Lit, and so on) at telegraph and telephone offices occurred for this reason.
In some calL:- telegraph chamnels the filaments of the rheostat tubes were
burned by the ground currents, Up to 260 carbon protectors and several
hundred cutouts were damaged. In several sections of railroad the railroad
signal system was destroyed, During the same magnetic storm on 10-12
February 1958 all of the telephone circuits on the Kola Peninsula between
Mt;rmansk and Leningrad, Petrozavodsk and Kandalaksha, between Petrozavodsk
i other stations failed; rumbling, crackling and other noise were heard
and o its and communication channels on a voltage up to 100 millivolts;
on oo ch'cuh“c1.1:::u:(.t:9 the cutouts burned out. The telephone and telegraph
on many Ofit e were disrupted for 2 days [44]. From the presented data it
;mgs::cilﬁazn:he foreign currents occurring in the power lines and in
. ication lines during magnetic storms can cause the electric substations
comaun cat jetely destroy the telephone and telegraph communications over
;ilfzii;s:izgisn channels both in the low and the high frequency regions and

cause damage to the equipment.
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CHAPTER 7. EFFECT OF HIGE~VOLTAGE LINES ON COMMUNICATION CABLES
7.1. Effect on Cables without Metal Coverings

Overhead cables without metal coverings (sheathings, armor), for example, of
the PRVPM type, just as overhead electric power transmission lines, are
subject to electric and magnetic effects. The formulas obtained in Chapters
2 and 3 pertain fully to overhead cables without metal coverings.

Underground cables without metal coverings are only subject to magnetic
effects. In order to calculate the voltages and currents induced in the
cable cores, it is necessary to use the formulas of the magnetic effect ob-
tained above.

7.2, Effect on the Metal Covers of Cables in the Absence of Intermediate
Grounds

Let us determine the voltages on the metal coversl. For the investigation
of the theory of the effect of high-voltage lines on communications cables
let us introduce the following notation:

fj(c-sh)n(x)’ i(c—sh)n(x)’ é(c—sh)n(x) are the voltage (volts), current (amps)

and the longitudinal vmf per unit length (volts/meter) induced in the "core-
sheathing" circuit at the point with the coordiuate x in the n segment of
the cable (n = I, II, III, see Figure 2.1);

fl(c_g)n(x), I(c-g)n(x)’ E (x) are the same with respect to the cable

(c-g)n
ground in the metal sheathing;

I}c n(x), Icn(x)' écn(x) are the same in the "core-ground" circuit of the
cable without metal sheathing;

flshn(x), ishn(x), f?.shn(x) are the same in the "sheathing-ground” .circuit;

lThe term "metal sheathing" or simply "sheathing" will be used hereafter
instead of the term "metal covers."
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I = dIsh
sh dx
of the cable to ground, amps/meter;
Ush—g
the ground, volts;

is the linear leakage current density from the metal -sheathing

(x) is the voltage on the sheathing with respect to the near point of

Ye-sh’ Yc-g’ Yo’ zw(c-sh)’ ?w(c—g)’ Z,_gn 9T the propagation coefficients

and wave impedances of the circuits respectively: "core-sheathing,
ground” and "sheathing-ground," 1/m, ohms;

" "eore-

Z are the longitudinal resistances of the circuits, ohms/m;

Zc--sh’ c~g’ Zsh

Y , Ys are the conductances of the circuits, Sm/m;

c-sh’ Yc-g h

Zsh.b’ zsh.e’ Zb, Ze are the load impedances at the beginning and end of the

"sheathing-ground," "core-sheathing' or the "

core-ground" circuits, ohms;

Poh.b’ Pgh.e’ Pp’ Pe 87° the reflection coefficients at the beginning and

end of the "sheathing-ground" circuit, at the beginning and end of the "core-
sheathing" or "core-ground" circuits;

Zcoup is the coupling resistance of the metal sheathing, oh-m;

Z1 sh’ Z1  are the magnetic coupling resistance between the influencing line
and the sheathing (core) of the cable, ohm-m;

p8 is the specific resistance of the ground, ohm-m.

The "metal sheathing-ground" circuit is the usual single-line circuit. The
influence on this circuit in the absence of intermediate grounds was inves-
tigated above in Chapter 2. When calculating the effect on this circuit it
18 necessary to distinguish two cases:

1) The metal covers of the cable are well-insulated from the ground [the
cables in au outer plastic hose having high insulation resistance (5000 to
10,000 ohms-km and more)];

2) The metal covers of the cable have uniformly distributed good electrical
contact with ground (cables with outer jute covering, for example, type TB,
TZB, MKSB, and so on; cables laid in corridors, for example, TG, TZG, and
39 on).

In the first case the voltages and currents induced in the metal covers can

be found by the corresponding formulas (§ 2.3-2.5). Here the voltage with
respect to the remote and near currents (at a distance of approximately 1
meter from the cable or above it) are in practice identical. In the second
" case the voltage with respect to the near ground point can differ significantly
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from the voltage with respect to the remote current. It is approximately
equal to the leakage current with metal covers multiplied by the transient
resistance between the metal covers and the near ground point. In general
form (considering the resistance of the possible outer covering) this volt-
age 1s equal to the following in volts

R T \
Vg (Rt BT aw
1D e VDgh
@ @ey e
Key: 1. sh-g 3. ins
2. sh b g

where Rina is the resistance of the outer covering of the cable, ohm~m; 6 is

the distance from the cable to the near ground point with respect to which
the voltage is determined, meters (the maximum value of § can be taken equal
to 1.2 meters); Dsh is the outside diameter of the metal coverings of ti.ce

cable, meters; h is the depth of laying the cable, meters.

- As is obvious from (7.1), for determination of the voltage induced with re-
spect to the near points of the ground, it is necessary to know the leakage
current density. The magnitude of the leakage current is equal to the de~
rivative of the longitudinal current taken with opposite sign. In the
presence of a magnetic effect the induced voltage (with respect to the re-
mote ground point)

Ues (1) = . Lo _ g .
(a) Yoo - dx Yos

(a) (a)

- Key: a. sh
- Hence, we find that

Uy o (=Usg () Vo[ Riut- 22 ns 1. 7.2

®» @ [(3) Vi
. (2)
. Key: 1. sh-g 3. ins

2. sh

The conductivity between the metal sheathing of the underground cable and
the remote ground point (siems per meter) is determined by the formula [21]

. I )
Yo — s 1,12 1t
@ T [ & avear

( @ (@
Key: a. sh c. ins e. g

b. trans.sh d. sh
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Then the voltage with respect to the near ground point will be

[
Uy = Uog (2 VD 73
& @ R,$'+°—=“f3—-%__
n
¢ 8y Oy
Key: 1. sh-g 3. ins
2. 8h - 4. g

R.;+ %:" In

The resistance of the jute covering is insignificant so that

! [
In —s=— ~
Uss.. (%)= l(/'gg(x)_—-#%";l— » volts.
“ In ———
@ " Yo6 ¥V Dosh
Key: 1. sh-g 2. sh

Let us determine the voltages and currents occurring in the metal sheathings
as a result of the galvanic effect. Let us co. 3ider the cases where a cable,
the metal coverings of which do not have special insulating coating, come
close to an AC electric railroad. In the case nf parallel approach of the
cable to the electric railroad the voltage caused by the galvanic effect, as
a rule, is appreciably less than the voltage occurring as a result of the
magnetic effect. However, in the case of perpendicular crossing of the
cable over the electric railroad where tl:z magnetic effect on the metal
sheathing can be neglected, the galvanic effect is predominant, and it must
be determined.

The diagram of perpendicular intersection of a cable with an AC electric
railroad track is shown in Figure 7.1., The potentials of the ground points
located along the line perpendicular to the electric railroad, without con-

sldering the effect of the currents leaking out of the cable, are equal to
the following [21]:

U.(b, Y =§I,;L?ppsspg(0' pr)v (7.4)
€H) 0))

Key: 1l. g 2. r
where Q(0, Yry) is a special function (see § 2.9).
Correspondingly, the current field intensity along the cable axis
E= -—i—u’-?—gi,;'- YpPs‘Sp;y"Q ©. vp9). (7.5)
Y

1) ()
Key: 1.g. 2. r
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where Y, is the propagation coefficieant of the "rail-ground" circuit (1/m);

S_ is the coefficient of the shielding effect of the rails; since for small
values of Yy (to 0.1)

12 s _ I, !
Q0 1,9 = Ko (1, 9)=10 222, then E,= 5% vps Sy - (7.6)
oy (a) (b)
Key: a. r b. g
/’ N ,
Iol‘/‘ Iab
2 ?
?F h _*T [7777.7777/4
3 Rl L
Y

Figure 7.1. Diagram of the intersection of the cable with the

electric railroad: 1 -- contact line; 2 -- rails; 3 —— cable;

p I0 -- current coming to the rails.
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Figure 7.2. Ini$gra1 exggnential functions of the argument
Yord ]Yshyle = |U|e : a) for ¢ = 30°; b) for ¢ = 45°

—real components (>0); ---- imaginary component (<0).

- The current occurring in the metal sheating of the cable from the applied
distributed longitudinal intensity Ey is determined from the following equa-

- tion:
- . Pl oy o B -
dy* Tos o8 Rnep.oﬂ (7.7)
(1) (2)
Key: 1. sh 2. trzms.sh
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As a result of the solution of (7.7), we obtain

. (e)(d VooV )
106 =—@M§L e—?wﬂ S e'lds.{.evw” 5‘ e-'_l_ds _' (7.8)
47708 Rugp.o6 e 8 ' Yol 5
B (a) (b) |
Key: a. sh : C. 8
b. trans.sh d. r

Let us denote the exponential integral
o .
S &L ds= —Ei (—Zwy)
s a)
-—n )
Key: a. sh

and the integral
® -1 :
5 ¢ - ds=Ei(yos ¥)-
Yoo¥ . .

The values of these integrals for two values of the angles of the propaga-
tion coefficient are presented in Figure 7.2. Thus,

pg = —20182052__ [ MY El (y,55) — ot Ei (—yoq1) ]

z 4“Rnep,c6706 (7-9)
The leakage current density
_ T lavppsS Yot Ei ~Yoo¥ Ei (— o6 )1
J,,,-—-;‘u—};ﬁ;&—[e Ei (o 4) € (=) 7.10)

For small values of y where the depth of laying the cable h is commensurate
with y, the functions Ei and Ei must be taken not from the argument Yshy’

but from the argument y . d, where 4 = Vyz + h? is the distance from the in-
sh

vestigated point to the point of intersection. In this case if the current
goes to the rails not at the intersection point, but at s distance x, from
it, then for small values the problem i1s solved analogously. The cufrent
occurring in the metal sheathing of the cable will be

i Fpg= L0805 &™¥5" [ o %o¥ Ej (y, ) —e o0V i (— oo 1)} (7.11)
(1) in Rne .06
()
I Key: 1. sh 2. trans.sh
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and the linear leakage current density

f o l.? S —~Vp s : =
e B O B OBl

It is possible to use formulas (7.11) and (7.12) to values of IYryI - erxll-

= 0.2. The cable sheathing potential with respect to the near ground point
can be determined by (7.1).

Let us consider the case where a cable approaches the electric power trans-
mission line. The electric power transmission lines have a galvanic effect
on the cables laid in a row both for parallel approach of them and on inter-
section at the time of short circuiting of the phase to ground. In this case
the ground points near the electric power plant or substation and also near
the short circuit point on the line acquire high potentials with respect to
the remote ground points. The short circuit currents also create potentials
and currents in the underground metal pipes laid nearby. However, in the
case of parallel approach of a cable to an overhead electric power line, the
dangerous voltage caused by the magnetic effect is appreciably greater than
- the voltage caused by the galvanic effect. Therefore the galvanic effect of
the overhead electric power line on the metal sheathing of the cable must be
calculated only on intersection of the cable with the path of the overhead
electric power line perpendicular or close to it.

Let us consider the diagram shown in Figure 7.3, The current I0 is a short

circuit current going to ground through the ground circuit cf the substa-
tion or at the point of grounding of the phase on the line. The potential
of the metal sheathing of the cable at any point where the coordinate x
with respect to the remote ground point created by the current 10 is [21]

Uos= 21_,:7069:9 (Yo6 %, Yoo @) (7.13)
(a) (b)
Key: a. sh b. g

The current in the sheathing at any point with the coordinate
. - I-. - A
foo= 2200 (Vos £ Tos@) (7.14)

The leakage current from the sheathing at any point with the coordinate x

o hee )Y .
@ B = (7.15)
(@) 2" Ruep.os [Vm Yool2 (Voo 'f,,a,)]' |
' (c)
Key: a. sh b. g . c. trans.sh

where { and Y are special functions shown in Figures 2.19 and 7.4. The poten~
tial with respect to the near ground points can be determined by (7.1).
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- Figure 7.3. Calculation of the galvanic effect of an overhead
line on the metal coverings of a communication cable: 1 --
overhead line; 2 -- cable; I  -- single-phase short circuit

current.
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Figure 7.4. Dependence of the function ¢(u, v) on Iul fox
various values of Ivl: a) for ¢u = ¢v = 45°; b) for ¢u = ¢v =

= 30°, — real component (>0); --- imaginary component (<0).

7.3. Effect on the Metal Sheathing of Cables in the Presence of Intermediate
Grounds

The formulas for the effect on single-wire circuits obtained in item 2.3 and
2.5 pertain to the case where the circuit, in particular, the "metal cover-
ings (sheathing)-ground" circuit, has grounds of arbitrary resistance only
with respect to ends of the cable. Of course, this conditions is not always
satisfied. As a rule, the cable sheathing in plastic outer covering has
intermediate grounds. Here two cases are possible: the cable sheathing in
the investigated section as one or two arbitrarily located grounds, the re~
sistances of which are arbitrary; the cable sheathing was grounded more or
less uniformly with the help of relatively frequently arranged grounds with
predominately the same resistance. Both cases are encountered in practice.
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Determination of Induced Voltages and Currents in Metal Sheathing in the
Presence of Intermediate Grounds at the Ends of an Approach Section. Let

us consider the approach of a cable in a plastic outer covering to a high
voltage line in the presence of four grounds of arbitrary resistance located
on the ends of the cable and on the ends of the approach section (Figure 7.5).

: 3
’ I Bruriow,an
: . AUNUR

: %) Obonaune
iy | xabena

|
g !
ng I IDQ I gz( I |z«
1L I L E 2
) x=ly x=0 Xl x=0+ly

Figure 7.5. Diagram of the approach of a cable to a high
voltage line in the presence of intermediate grounds on the
sheathing located at the ends of the approach section.

Key: 1. sh.b 3. affecting line
2. sh.e 4. cable sheathing
1)
lBrustousan
AuUNUR
o Obonovra &
xadenn
Mu!i ' E!Im’z %)
3) .

x={ ’ X;lz_

Figure 7.6. Equivalent diagram of the approach ssction of
the cable to the high voltage line.

Key: 1. affecting line 3. equiv
2. cable sheathing 4. equivl

Let us denote the resistances between the sheathing and the ground included
at the ends of the approach section by Z_, at the beginning of the approach
section for x = 0 and ZE at the end of tge approach section for x = 211.

Then the approach section of the sheathing turns out to be loaded on the re~-
sistances: at the point x = 0, Zequiv 0= zinp_bzol(zinp.b+zo) and at the
-e+Z£), where Zinp.b =Z, ch cth

potat X = Arps Zequiv 2 = Zinp.e?e! Pinp :
(Y,2 -1nVY ) is the inpet impedance of section I (left) of the "sheath-

e

sh'1 Peh.b

ing-ground" circuit (from the point x = 0 in the direction of the beginning
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of the cable); zinp.e =2z, cth (YshR'III—lmpsh.e) is the input impedance

of section III (right) of the 'sheathing-ground" circuit (from the point
X = R’II in the direction of the end of the cable). The equivalent diagram

of the approach section of the cable with the high voltage line is shown in

Figure 7.6. =
The reflection coefficients at the beginning (psho) and end (psh 2) of the
equivalent approach section have the form

Zowno — 206 Zoxn 1 —2y 05

Poso= s =
(aﬁ )° zz‘{:)" + zl(o:) Pos Zamet 2, 05

Key: a. sh b. equiv c. w.sh -

For determination of the current and voltage on the equivalent approach sec-
tion we can now use the expressions obtained in item 2.3-2,5, Setting x = 0

and denoting ko = Zo/ (zinp.b+zo) and kll, = ZR,/(Z ZR.)’ we obtain:

inp.e+
in the first section

1 !
.  — ’I ——
2Z3065h 10 ¥ Pog o $h Yog =5 sh (Yoﬁ 7 —InVps l)

los1 (%)= ——
2_‘) Zeg sh (oo by —1n Vot oPos 1)
by sh[vw(1,+x)—"i/_r’%; (7.16)
1 (Yoo [; ~in )/ g )
Key: a. sh "b. sh.b e
I 1. ] —
. 2/,Zyo6sh In VPuGoShVob'%Sh(%G_zl!—]n Va1 ) :
Uog1 ()= — X

Yoo sh (Yoo Iy —InVpgopos 1) . - _
< h ch[voo(z,+x)—'"m1; a (7.17)
°. sh(vosly =10V Pogy) ’

in the approach section

I ()= ~l;zl°° [l'— chin Vpog o sh [vos ( fyy =)~ In Pot 1] +
Zos (Yoo 1y ~1n ¥ oo oo 1)

(7.18)
—+chin Vpoozsh(voox—lnl’rm}

U (x)_—.ﬁﬂ"_ chin ¥'pos o ch [res ( £y — %) —1In VP i) ——~
Y (vosly—inVrgwosr) (7.19)
~—chin¥ pogich (yos x—In Viege) - .
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in the third section
2206 sh 10 Vpog 1h o5 5 sh(m - —upr.,o.)x-

lgm®=
z°°’h(7°‘lu‘I"Y—)’h(%ﬁ’m"'l“m—:) :
= X s [vos Iy +byy) —2) — In}/ Pose] X (7.20)
B — o6 .._
Uog 111 (x)= iigshIn Vs ’hme(—fu_l"yp"“)x"

Y06 5h (Y06 Z;; — 10 ¥ 205 4Pt 1 1) sh (vos l,‘"'- IV Pogr) _
= Xch{yos (1 + 1y —2) = In Y Pogal " (7.21)
N 1

Correspondingly, the mean currents with respect to the sections are equal to:

0.z @il V— lll '"
hZ106 a1V pus o shvo6 5~ sh Yoo 5 —InVpug1 ) X -

ioﬂlep'——
(& - ?w?wl;ﬂl(?wlll—ln Vo5 epuat)sh (106~ 10V Dog )
: I { —_—
: "XSh?ooTlﬁ(?edT['—lﬂVpog_,)
. . I In .__
y; _ hzee (. 2sh o6 - chanpuooﬂl(?uﬁ 5 - lﬂVPool)+
06kl cp—
Zos Toﬂl"dl(voﬁl“ —InYy poonpoﬁl)
Iy
"+d”nVP0615h(706 —anpoa.)]
. L p— In Iy
[ 41210650 1n ¥ P06 1 Vo6 5 sh Yoo 5 2 —In VPoon)x"‘
oSillep=
zoﬁ?oGII"Sh(VOG l" - I"VPOG ¢ Pob I)Sh(?od ’"| —Iny Poc,u)-
L, l -
~Xshy '&’fsh(m'T—lnl/ Pos. ) ®©)
k‘- '
Key: a. mean b. sh.e
’ The currents through the ground ZO
L= — I (02222 (7.22)
20 0611 ZontZo .

Key: a. inp. e

For the selected positive direction of the current in the gheathing (in the
direction of an increase in the coordinate x) the curreant I 20 enters the
cable sheathing. The current through the ground ZJL
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. o z
Iy =los i (ly) Z.,,::-KZ. . - (7.23)
(a)

Key: a. inp. e

For the selected positive direction of the current in the sheathing the cur—
rent IZZ will be provisionally considered positive.

Determination of the Voltages and Currents in the Metal Sheathing in the
Presence of Uniformly Arranged Grounds. Most frequently in practice the
B conditions of multiple grounding are encountered under which all of the

grounds have approximately identical resistance to leakage and are located
at the same distance from each other. Let us consider such conditions, but
for great generality let us assume that the resistances of the grounds con-
nected to the ends of the cable and at the ends of the approach section
(Figure 7.7), are distinguished from the resistances of the intermediate
grounds. The distance between adjacent grounds (length of section) will be
denoted s; the number of sections in the segments k, = ZI/B; k, = ZII/s;

- k3 = E /s. If the cable has an outer plastic covering, then at both fre-

quenciea (when it is possible to neglect the distributed conductivity of the
""sheathing-ground" circuit and is fed I.,(x) = const) the fact on the multi-
ply and uniformly grounded sheathing cail be determined by the methods based

on solving the equations in finite differences.

\I'
St
Z ’(l 1 '

y: .zg;"--az,mz%g ST HT T

~
<
=)
5

Tl i .2 w2n
/mmpa Ja3eEmnenul

Figure 7.7. Diagram of the approach of a cable to an inter-
fering line in the presence on the sheathing of uniformly
arranged identical grounds.

Key: a. sh.d b. ground numbers c. sh.e

Let us represent the equivalent diagram of the approach section as shown in

Figure 7.8. Here Zinp p and Zinp o are the input resistances of the "sheath-
ing-ground" circuit; 2y z, are the provisional resistances giving terminal

loads of Zo and Zl parallel to the resistance Z, that is, Z0 - ZzO/(Z+zo);
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Figure 7.8. Equivalent diagram of the approach section in
the presence of multiple grounding

Key: a. inp.b b. inp.e

ZR. = Zzzl (Z+zz). For the currents induced in the cable sheathings in the
approach section, we can write [22] the difference equations:

for longitudinal currents in the sheathing

. . Zoss\ | E
loo(:-l)—2’°ﬂ‘(l+ 'ﬁ)'*' lgumy= —7 (7.24)
" @ Key: a. sh
for the currents through the ground
. z ,
lzu_—l) —2,, (H" T.;"’)+'Z w+n =0 (7.25)

In equation (7.24), E = ilzl h® is the emf induced in the cable sheathing

on the length of the section, volts. The general solutions of the nonuniform
(7.24) and uniform (7.25) equations have the form

oA B a, E (7.26)
- lnu-. l—e“e +1__E—ae +zw, ’
I=Aae+Be™, : (7.27)

where A and B are constants defined by the boundary conditions; o is the
coefficient which is a value analogous to the transfer coefficient of one
section and obtained from the expression ch o = 1 + (ZshsIZZ).

Finding the constants A and B from the boundary conditions at the ends of the
cable fnd the approach sections, substituting themin:(7.26) and (7.27), we
obtain™:

lA more detailed behavior of the solution is presented in [45].
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in the first section

; . Zsha(i—1)— !
Tog11= I°‘”“z+zz z+:°z Zshz(‘ 1” (zzoo'uTZ)Sha[ '
(a) o BTy Tt At T g
Key: a. sh b. inp.b ec. sh.b
. T z lgﬂli z . .
Iy =2 11y 2 ( oo,u+z)cha(t+l/2)—Zcha(i—l/z)'

24259 0+ 2,5, Zma(k‘*”“‘(zoo.rl-z)ﬂmkx . (7.29)

in the second section

2| zsh— LI
£l [ h [zmchm(k,.;.?_.)_;,zmx_,

Zas | ZogoZos s (s + 1) 1 2 (Zog g F

',OGIH=

. 1 et (7.30)
xchu(._ : )]-{-z,,,,,zo,,sha ’;' cha(—;—(k,+l‘)~i)]
~+Zog ) Zsh 2 - '
,Eqal) §| 2 ¢ a(k,+ 2 + 2, o6Ssha kg
Key: a. sh
) k
l - zuoaznusha(-;-—z)sh%(h-;-l)+..
2T Zog s ZosoZog 1sha (ky+ 1)+~
~+Zsh - (Zusoha (by— I +-Zog 13har ] : (7.31)
-—+2(Zo¢o+zodl)zs}l%cha(’?:""_;')'l"zz"os.shak’
in the third section
. . Z S
Tosnre=logupg o —2
o6 T4 °"""’z+zm urz,, Xa
(ZosxF+2)shaa (ky +1—i) = Zsha ky — i) (7.32)

(Zosxt2)shaky~Zsha(g—1) '

Key: a. inp.e
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z;sh
A S J—
zuis o6 mz+ 2061 z,+z,,5 (11)
1
(25, +Z)che (k,—f—?—l') ZCha(k:—';"") (7.33)
_ X @) (Zogxt2)shaky—Zsha(ky—1) i

Key: a. sh,e b. inp.e
vhere zsh 0" zOziup.b/ (20+z:|.np.b)’ zsh 22 inp. e/(z + Z:an.e)'
The input impedances Z :an.'b and 2 inp.e for five or more sections in segments

I and II, respectively, can be taken equal to the wave impedance of the sec-
tion z, = vZ  s8(Z+Z . s) With a decreased number of sections the input im-

- pedances must be calculated by the formulas cf circuit theory.

- Let us find the average currents induced in the cable sheathing in the first
section,

z:,[zgz ti—1) = (Zogn+2) X~

LD
i 1
loﬂ(l cp=~;1- ) loﬂll Ioﬁ" 1 (Zo 60_*_2)(2“_‘*_2'x .)kl [zsha(kl_l)——o
. a) - (b)

-—XSh—2—(k1+l)]Sthx

_._(ZM>,,+Z)shak,]sh-‘2i- (7.34)
(e
Key: a. sh I mean b. inp.b c. sh.b

in the second section

E
. loﬂlcp_—z oom‘z;‘. 1—
=)
. 22,612 1500 T s byt -+ Zeh aky (ot e 200 )

k1208 206 150 (b 1) +2 (Zeg o+ Zog ) 2o X ==

nxcha(lz,-f-—;-)-f-lzogsshak,' ‘ (7.35)

in the third section

N . . Zy (2 = & ——
s op= 1_2 Tsti=los 11 pa [( et Hhy Gty
ks & C+Zo6 1) (214 2y Y 1y X —
(b)
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@, ‘a
..._zshT(k._x)]sh-E-k,

X [(Zog.x+ D shaky — Zshar (b — )] sho- (7.36)
(a)
Key: a. sh.e b. inp.e

It is possible to calculate the effect in the case of uniform arrangement of
identical grounde by the formulas of item 2.3 under the condition of replace~
ment of the concentrated grounds by the equivalent transient resistance

R between the metal sheathing and ground. The formula for deter-
trans.equiv
mining R will be obtained by selection in [46, 47]:
trans.equiv
Rys YR,
R =", (7.37)
"@’)’“,’ Vi 40,14 V5
)
Key: a. trans.equiv —
b. g

where Rg is the resistance of the grounds, ohms, s is the spacing between the

ground, meters; n is the number of sections between the grounds.

For spacing between the grcunds v’nRg >> 0.14 /g—, Rtrans = Rgs ohm-meter,
The calculations of the induced currents in aluminum sheathing of MKSAShp
cable by (7.28)-(7.32) and by (7.16)-(7.20) with the introduction of the
equivalent transient resistance defined by (7.37), demonstrated that for
211 = 20 km the results differ by 5-10% for s = 1-2 km and in the sections

I and II reach 20-30% for s = 4-5 km.

In order to discover the dependence of the induced current in the sheathing
on various factors, calculations were performed, the results of which are
partially represented in Figures 7.9 and 7.10. In Figure 7.9 the relation
is presented for the current modulus along the sheathing of the cable at
various distances between the grounds, and in Figure 7.10, the analogous
current function through the grounds. The calculation was made for f = 50
hertz, EI = 0, ZII = 20 and QIII = 10 km, Esh = .10 v/km. The performed

calculations also d:ronstrated that the effect of the terminal grounds on
the current magnitude in the sheathing is appreciably stronger than the in-
termediate grounds. This indicates the possibility of an increase in the
resistances to leakage of the intermediate grounds under the condition of
inguraice of small resistances to leakage of the terminal grounds.

7.4. Effect on Cable Cores in the Absence of Intermediate Grounds on the
Metal Coverings

Pr? .ary Relations. In general form the symmetric communications cable 1is
a multiwire system, in which in addition to the two-wire circuits it is
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Figure 7.9. Currents induced in an aluminum, multiply grounded

sheathing for Z = 5 ohm, zsh.b = Zsh.e = ZE = 2 ohmg: —— g =
=1km; -— g =2 km; -x~%x- 8 = 5 km.
Key: a. lIsh.eI b. approach section
1£% 1)
7
;\\
\
N
i
3 1
,\\ (32)
N eemer, o
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T e
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- \
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Figure 7.10. Currents flowing through the grounds of a multiply
grounded aluminum sheathing for ZSh b= Zsh e ™ ZR, = 2 ohms,

Z=15ohms: — g=1kn; -~ s =2kn; -x-x- 5 =5 k.

Key: a. approach section

necessary to consider three types of asymmetric circuits: "core-gheathing,"
"core-ground" "sheathing-ground" (Figure 7.11). From the point of view of
the general theory, two circuits -- "core-sheathing" and "core-ground" --
are basic (subject to the effect), and the "sheathing-ground" circuit plays

a the role of the third circuit. The effect on the "core-sheathing" circuit
of the symmetric cable is realized as a result of double energy transfer:
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from the high voltage line to the "sheathing-ground" circuit and from the
latter, just as from the third circuit, to the "core-sheathing” circuit.

The effect on the "core-ground" circuit also 1s the result of two transfers:
directly from the high voltage line and through the sheathing as the third
circuit.

Munra-ofonoeka (a)
¢ 0donovxa ~ semnn (b)
) Hura~-semar (c)

Figure 7.11. Asymmetric circuits in the cable.

i
I
U
"

Key: a. core-sheathing c. core-ground
b. sheathing-ground

A /F E}'Im 74 (a/)ﬂ
| £ yull

£

Figure 7.12. Determination of the mutual resistance between
the "sheathing-ground" and "core-ground" circuits.

Key: a. Ishzcoup

The effect on the coaxial pair with external metal sheathing occurs as a re-
sult of triple energy transfer: from the high voltage line to the "sheating-
ground" circuit, from it to the intermediate "outer conductor-sheathing"
circuit and then to the coaxial pair. Here the third circuit is the "sheath-
ing-ground," and the fourth circuit is the "outer conductor-sheathing."

The distinguishing feature of the metal sheathing as the third circuit is
the fact that the coupling parameters between the iaterfering line and the
sheathing and between the interfering line and the "core-ground" circuit are
in practice identical, whereas in the general case these parameters are not
equal. The quantitatively indicated energy transfers from the "sheathing-
ground" circuit to the "core-sheathing" circu.t or to the intermediate "out-
er conductor-sheathing" circuit are determined by the coupling resistance of
the sheathing.

By the coupling resistance of the sheathing we mean, just as in the general
theory of the effect bgtween coaxial circuits, the ratio of the intensity
of the electric field Ea at the inner surface of tf = sheathing to the current

flowing in the "sheathing-grouné" circuit, that is,

Ish
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|
i
!
i
1
. E, 2

Z == (7.38)
1 oo "

(2)
Key: 1. coup 2. sh

The electric field intensity on the inner surface of the sheathing 1is the
induced emf active in the "core-sheathing" circuit. Thus, the longitudinal
emf Ec-sh occurring in the "core-sheathing" circuit under the effect of the
external magnetic field is

Eyos (=5 (1) Z,,. (7.39)
- @ @ @
= Key: 1. c-sh 2. sh 3. coup

On insulation of the sheathing, the current induced in it is minimal, and
the emf occurring in the "core-sheathing" circuit assumes the smallest value.
The smaller the resistance of the sheathing grounds, the greater the current
and emf in the "core-sheathing" circuit.

The cases of interest where the currents in the interfering circuit do not
depend on the length, that 1s, where the interfering magnetic field is uni-
form. The current induced in the sheathing in this case can be represe-ted,
as follows from item 2.5, by the general expression

where ésh is the emf induced in the sheathing per unit length; ¢(Ysh2) is the

function taking into account the length of the circuit subjected to the
effect, its parameters and the load resistances. For ideal grounding the

) ends of the approach section ¢(Ysh£) = 1 and the induced current

. E

lw=ﬁ . (7.41)

Substituting (7.41) in (7.39), we find that the emf induced in the "core-
sheathing" circuit is ’

By op = Eog 22 () (7.42)
(a) () “t
_ Key; a. c-sh b. sh c. coup

Inasmuch as the cable sheathing and core inside the sheathing are encompas—
sed in practice by the same magnetic flux, the coupling parameters between
the interfering line and th: sheathing and the "core-ground" circuit are
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- identical; consequently, the emf's induced in the "core-ground”" and “sheath-
ing-ground" circuits are equal, that is,

Eos(9) X Ex (). (7.43)
; ¢y (2)
Key: 1. sh 2. ¢

Then (7.42) can be rewritten in the form
. 3
B ) ‘Ex-oﬁ= Ex 'zzc"—'(- )
Q@@

Key: 1. c-sh 2. ¢ 3. coup 4. sh

(7.44)

that is, for ideal grounding of the sheathing and a uniform interfering mag-
netic field the emf induced in the "core-sheathing" circuit is equal to the

emf induced in the core in the absence of metal sheathing multiplied by the

ratio Zcoup/Zsh' This ratio is the coefficient of protective effect (Kzb)

of the ideal grounded metal sheathing of the cable located in a uniform
interfering magnetic field

. A;zjéiﬂz)
D Zo6(3) (7.45)

Key: 1. id 2. coup 3. sh

Thus, under the indicated conditions ﬁ =ES ..

c~-sh c id
Let us find the emf which arises in the "core-ground" circuit. This emf de-
creases as a result of the back effect of the current induced in the sheath-

ing:
Ey.s ()= Ep (9)— 1 () Zos
* o - (7.46)
W @ @ @
B Key: 1, c~g 2. ¢ 3. sh 4, sh~c

The coupling resistance Up-c between the "sheathing-ground" and the "core-

ground" circuits is equal to the following, as follows from Figure 7.12:

Zogn=Zos—Zey. (7.47)
@@
Key: 1. sh-c 2. sh 3. coup

The magnitude of the voltage arising between the point A (Figure 7.12) and
ground with a cable length equal to one,

UA= Eoo-u= ! 06206_‘]062(:-'
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Hence,

Zos.x=Zog—Zcr= Eoe-x/’oc'

1 (@ @3
Key: 1. sh-c 2. sh 3, coup

Thus, the longitudinal emf occurring in the "core-ground" circuit per unit
length of cable is

Ev, ()= Ex(d—los (9 (zoe—ze(.)- (7.48)
“ (4
o @ 3 @
Key: 1. c-g 2. ¢ 3. sh 4. coup

Taking Zsh outside the parentheses, we heve

En o (0)= Eg () —Iog (%) Zog (1 —S,)- (7.49)
[6)) 2) 3) W
Key: 1. c-g 2. ¢ 3. sh 4. id

For a uniform interfering field and ideal grounding of the sheathing, con-
sidering (7.41) and (7.43), we obtain

‘ En-n (n= ExSux- (7.50)
1) (2) 3
Key: 1. c-g 2. ¢ 3. 4d

Thus, for ideal grounding of the metal. sheathing of the cable in a uniform
external magnetic field, the emf's induced in the "core-sheathing" and
"core-ground" circuits are identical.

Ieffect on the "Core-Sheathing" Circuit. Let us consider the general case
of approach of the cable to the interfering line (see Figure 2.3). The
voltages and currents induced in the "core-sheathing" circuit in each sec-
tion of the cable satisfy the system of equations:

du,,. : . p .
N 17 e 06T oty ()= E oy m (005 J%:u+
; 7.51
Y oeUrmoqy a=0- (7.51)
1)

Key: 1. c-sh

Solving by the method of variation of constants and considering that E

- , we obtain c-sh

Ishzcoup
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Uinoty1 =46 ™% +Be ™ -
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Vo6 — Tx-
(ﬂ)‘ , . o6 _yx( odx
7 (—a o™ p gy wos™)

an 1(x)

o0y 1 (9= 23 neo)

Zey Y’ .06 .
— ———2'—,‘,' log1 (x),
2,06 ( ¥35 — YVix-o5)

LR V06 * ZeaY ot
Uony 1 ) =43¢ ™% +Bge ™ ——0e

. ]
Uos i (X)—

(b) 1’36 - y?ﬂ-oﬂ osll )

15(0) Z100Zca ¥ va ch [(va( £y — ) =0V py )

Zo6( 126 — Vao6) ( Vieos — )sh(nly—In Vhi)
Y x -y x
(—A,e %" +Be ™% )—
2y (x-08) .
- (‘C) Zn:nyod
Zx-06 ( 1’36 - 73(06)
11 (0) Z106Zcn Vix. 5 Vos Sh [va( 1y — %) — In V53]
*
Zy06 206 (W5 — Vo) { Yiceos — 1) 50 ( iy = InVpr)

) ¥ o8 ¥ —V 6 X ZepY ol . 3
Ueosy m @)= Ase ™+ Bye ™ Ty Jesi
. (vas — ¥i-06)

(—A, gmoe” +8B, e o8 ‘)_..

! oy 11 ¥)=

Jog i (%) —

. 1
' ! ooty 11 ) =

2, (x-06)
— ZsY ot U

o6 111 (%)
Va6 — Vo6 ) -

Key: a. c-sh b. coup c. w d. sh

(7.52)

(7.53)

(7.54)

For determination of the integration constants Al—A and B.~B_, let us write

the boundary conditions: 3 173

f‘or X = -RI‘

U 1) T, Lo .
- (’M?“( ) W Timcoty (=) Z,= ] o001 (—1)2, onoty SthInV o
for *=1l;+ 1, ' @

Yinoo m Cutlm)= 1, 5, m-‘ln +hn) Zy=
=]
for x=0 ooyt G+l 2, (o cthin Vo

! iyoy1(0) = 7 o ¢ . 3
( ; : L0V =
for X=I|, -00) 1 (x-06) 11 ( ) U(x-oc) 1 (O) U(ik-oo) 1 (0);
oy ) = . '
(x-06) 11 \*11 . ), U, . =
@ ox-o0 11 (1) x-08 11 (n1) U“M) (o).

_ Key: 1. c-sh 2, b 3. e
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Determining the six integration constants from the boundary conditions and
substituting them in (7.52)-(7.54), after a number of transformations we
find that in each section of the cable

s
U X _ Sums
(‘”)"() 736 721-06
__"ﬁ-[/‘ () — 3

2 fogn |+ S0P
'“%w] 1(x)

[Ul n '(x)v_uoﬂ n (x-)] + sn‘éu (x), (7 . 55)

i(x-oe) ) =

06 " Ix-06 (7.56)

where Uc n(x)ic n(x) are determined by the formulas item 2.3-2.5 pertaining

to the magnetic effect; for Yy = Yeogn® pr(e) pb(e)’ Ushn(x), (x),

the same; for Yo =Y ), ") (x) d (x) are the values

sh” Pgp(e) = Psh.b(e
arising from the effect of the currents flowing in the "shea:hing—groun "
circuit on the "core-sheathing" circuit (volts, amperes);

@, ()= . — o),
(736—71’:(-06)"'(?::-06""!“ Voupe) (“l"V"oﬁ,l)
f e _ oo (it
X ‘E-c;h ¥x.0s i+ liy—2x—1InVp,] o (- ln"]/'%) X
X P ch [yx (i + 0)—1n VIJ.'.]]. (7.57)
b ()= Zos

- (7o~ 7:00) 2y (06 S ( Vu.06{— Yﬁ)

lo(—1) ¢
x[ﬁﬁ:‘Pnsn[?x-ou(lu'*'lm—x)—lnﬁ‘]:
Tos (4 + 1ty
"= )

i P ) T Yos chin)/ P uoshin V Puo —tmshin V Posner p‘”(! o
g

‘pzsg [?m-oé(ll‘*‘x)"‘ln]/;u]] ’ (7.58)

X gh ln]/'p,l 0 _ (7.59)
Key: a. sh b. e~sh c. b d. e
e. sh.b f. sh.e g. b(e)

As ie obvious from the expressions obtained here, the voltages and currents
induced in the "core-sheathing" circuit are determined by the effect of the
high-voltage line on the "core-ground" circuit (under the condition that the
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metal sheathing is absent), on the "sheathing-ground" circuit and the addi-
tional effect of the currents flowing in the sheathing on the core. The
formulas are comparatively simple with respect to notation, but the calcu-
lations by them in the general case are very tedious considering the propa-
gation coefficient in the interfering line. Less involved calculations are
obtained in the following individual special cases only: Py =P, " 1, EI -

- RIII =0, Yy = 0.

- The basic formulas for calculating the voltages and currents for y, = 0 are
presented in Table 7.1 (the formulas for the currents in the sections out-
side the approach are not presented for reasons of economy of space).. Using
these formulas, it is possible to consider the following special cases: the
sheathing 1s insulated, grounded or closed to the wave impedances, the core
is insulated, grounded, closed to the identical or diffe- «t resistanres,
For example, taking the length of the sections of the cab.e located outsid
the approach to the interfering line equal to zero, that is, setting ZI =

R'III = 0, we obtain
U () = 112306502 [\'35 [chinVpych [ Voo ( sy — ) = IV D) ===
(x-06) 11 2 ) —
Vo6 — Vx-06 \. V.06 sh ( Vx-06 ln —In VPMPK)

~—chin¥ pych ( Vw06 =MV )] vos[chIn 1V Pog.u €h [vos ( 1;; ——

Sh(yoﬁlu“'ln V' PosnPosix )
===y s J—chin) Dog . ch (o6 x — Y Posn)

I l
2¢h Yoo "21_][5" (?°° _21_!__1" V ”oG.x) Puch | ¥y o6 ( 11— %) =10V py] =~

sh( V-06 11— 10 ,/Tp") sh (vos Ly =Y Doy Pos.x )

l
—._Sh(%ﬁ?”—l"l’ po6.u)%m(7m.oox-lnm)] }

»

12,068,
] (x) = e 71%1069m3 ?2 1—
A oy 11 s
* Zyeos (Vo6 —Vaeos) | °

s (V.06 l1y — 10V Pups)
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If in these formulas we set psh b = = -1, that is, it is assumed that

Pah.e
the sheathing is ideally grounded by the ends of the approached section,
then the expressions will be obtained in which consideration of the presence
of the metal sheathing is done by simple multiplication of U or I_ by the
idealized coefficient of protective effect. ¢ ¢

With a complex approach route, two methods of solution are possible: either
by the mean resistance of the magnetic coupling over the entire approach
route with subsequent calculation pertaining to the parallel approach; or
superposition of the induced values from each approach section. The calcu-
lations demonstrated that it is possible to use the first method with an
error 1. exceeding 2-3Z.

Effecy .a the "Core-Ground" Circuit. The following emf is induced in the
"core-ground” circuit

By ()= Ex(x)—1og (1) (Cos—Zca)- (7.62)
(a) ®) (c) C)) '
Key: a. c-g b. c c. sh d. coup

In this equality Ish(x)zcou = Ec.sh(x)’ Ish(x)zsh = Ec_sh(x)lsid. Thus,

P

éu-oo (x) :

E._,(x): Ex (x)— +Epy.os (x),

Sua
ox

El-l x)= EI-DG x) (l -~ ‘s_l“—) +Ex (%)

(a)
N (b) (7.63)

Key: a. c-sh b. id

In contrast to the "core-sheathing" circuit, in the "core-ground" circuit

the induced emf decreases with an increase in current in the sheathing. When
the sheathing is insulated; the maximum emf occurs in the "core-ground"
circuit. 1In order to lower the emf in the "core-ground" circui. the sheath-
ing must be grounded. The minimum emf is induced for ideal grounding of the
sheathing at the ends of the approach section.

For determination of the voltages and currents occurring in the "core-ground"
circuit, let us write the system of equations:

-/ - ; :
N g a D Zaa= E gy (8

dx
A insy n (%) .
—(L;‘z_'*'yx-p(..,) n (X)=0- (7-6‘0)
(a)
kKey: a. c-g
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As a result of the solution of this system, analogously to the preceding one
after a number of transformations we obtain the following expressions for
voltages and currents induced in the n-th section of the cable:

Suvhe— 1%

Ul-; n(x)= 2 :xn + I—S V
@ A _
. Vag . .
X U n _¢ ’
- [ @ “ Vo= s "(x)] (7.65)
Key: a. c-g b. 4d c. sh
. Sax Ves— Vs
I(g.;) n(‘)=‘_.:2'::—7£.._'1:n(x)+(l_su) X
I' n 2067:., .
X [ R PR e (x)]‘ (7.66)

where éﬁ’ &i are determined by (7.57) and (7.58) on replacement of the pa-
rameters of the "core-sheathing" circuit ty the circuit parameters "core-
ground"; U.» I, are determined by the formulas item 2.3-2.5 pertaining to
the magnetic effect, for Yy = Yc~g’ pr(e) = pb(e)' By means of simple

transformations it is possible to show that

U(x-s) n (x) = U(!‘OG) n (x) (l - s;l) + Uu n (x),

Dy n®=1, 1— Vo (7.67)
((a)’. ((bog)n(‘)( sc )+/.u(x).

Key: a. c-g b. c-sh c¢. 4d d. cn

where U and I {x) are defined by (7.55), (7.56), in which the

(c-sh)n (c-sh)n _
parameters pertaining to the "core-sheathing' circuit are replaced by the -
parameters of the "core-ground" circuit. As is obvious from (7.67) for

Sid+l, Uc—g*ucn; for S1d << 1 the first times 'are equal to -Uc_sh/Sid and
~1

c—sh/sid' The potential difference between the core and the provisional

near ground point determined by the current leakage from the cable sheathing
is U (x) =U (x) + U, (x).
c-g (c-sh) sh

Calculation of Effect Considering Adjacent Cc ;. A study was made above of
the effect on the cable cores without considering the mutual effect between
cores. Although at low frequencies this effect does not have such great
significance as at high frequencies, consideration of it permits better
evaluation of the effect of the induced voltages and currents.

Let us consider a cable containing a large number of cores. Imn all the cores
when the cable approaches the interfering line, emf's and mutually interfer-
ing currents are induced. For low frequencies it is possible to assume that

186

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4

the induced emf's are identical in all cores. If in this case all the cores
are arranged identically with respect to the sheathing and relative to each
other, it is possible to consider that the voltages and currents in the
cores are also identical. 1In this case the solution is simplified signifi-
cantly.

For multiple-lay cables this assumption cannot be made; therefore for simpli-
fication we shall consider all adjacent cores as an aggregate bunch, the
parameters of which differ significantly from the parameters of the inves-
tigated core. This aggregate bunch is an additional intermediate circuit
which is under the same metal sheathing with the basic circuit subject to

the effect. Then the result of the effect on the basic circuit can be repre-
sented in the form of the sum of two components: the result of the direct
effect and the result of the effect through the intermediate circuit. If,

as was indicated above, the "sheathing-ground” circuit is the third circuit,
then the bunch can be considered as the fourth circuit.

The performed studies demonstrated that consideration of the bunched cores

in general form leads to highly awkward expressions. It is simpler to con~
sider the bunch if it is aasumed that the cable sheathing is ideally grounded
(Pgh.b = Pgh.e = "1

The resultant voltage in the core caused both by the direct effect (6 )

dir
and by the effect through the bungh is (since the sheathing is grounded,

Uc-g - Uc—sh - Uc): uc.res(x) = Uc.dir(x) + Uc.bu(x)’ where Uc.bu(x) is the

voltage induced in the cable core through the bunch.  Hence, the coefficient
of protective effect of the bunch Sb“(x) = Uc.res(x)/uc.dir -1+ (Uc.bu(x)/

/Uc a (x)). For x = 0, that is, at the beginning of the cable, Sbu(O) -

r
=1+ (uc.bu(o)/u(o)c.dir)'

Assuming that there is no inverse effect from the direction of the basic
circuit on the bunched cores, we obtained values of the coefficient of use-
ful effect of the bunch sbu(o) for different conditions of its loading (see

Table 7.2).

The following additional ~otation 1s introduced in Table 7.2: Zbu’ bu’ Tbu

are the total resisatnce, the total conductivity and the propagation coeffi-
. . 1 - - . " - -
cient of the bunched cores; K bu.c Zb“.c (Ybu.c)/Ybu Zc, K bu.c Zbu.c
(Ybu.c)lyc zb“; zbu.c’ Ybu.c are the resistance of the magnetic coupling and
the conductivity of the electrical coupling between the bunch and the inves-
tigated core of the cable.
As follows from the formulas in Table 7.2 for a short cable lemgth with
Ybuzll << 1 the shielding coefficient of the insulated bunch approaches one.

The shielding coefficient of the grounded bunch does not depend on the length.
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Table 7.2. Forumulas for the coefricients Sbu(O) of the bunched
cores in the cable with grounded sheathing

Condition of the bunch Sbu(O)
Yake £  pthafy2
Insulated P oty /2 )
4
Grounded l—-—7>
o
~ Y, () . f—e Tt
Loaded by wave impa- 1—,—"1’2- Ko l—l""(——e—l—-)- -
dances at the ends o= Vx 20 thy,—é—'
of the section O
. ?2 (| —e Tn 'Il)
K I 7
n.K 2?3 J
Key: a. bu.c b. bu c. c

The shielding effect of the bunch of insulated adjacent cores at a frequency
of 50 hertz in a segment with a total length of about 100 km was investiga-
ted experimentallv by A. A. Snarskiy [48]. A bunch of 24 (6 quads) cores
insulated at the ends decreased the voltage induced in the core at the be-
ginning of the cable by 7.3%, which corresponds to a coefficient of protec-
tive effect of 0.927. For cables with a capacity of 14 X 4, a coefficient
of 0.9 is recommended, and for a cable with a capacity of 7 x 4, a coeffi~
cient of 0,95.

Effect on Coaxial Cables with Outer Mestal Coverings. Let us consider a co-
axial pair with outer metal sheathing (Figure 7.13). The following circuits
exist here in general form: the "inner conductor-outer conductor" coaxial
pair, the "inner conductor-sheathing" coaxial pair, the "inner conductor-
ground" coaxial pair, "outer conductor-sheathing" coaxial pair, "outer con-
ductor-ground" and "sheathing-ground" coaxial pairs. In the presence of an
external magnetic field voltages and currents will be induced in all of the
enumerated circuits. The voltages and currents induced in the coaxial pair
and the outer conductor are of the greatest interest.

The voltages induced in the coaxial pair itself constitute a danger to the
insulation of the pair and the input fittings. The current induced in the
inner conductor flowing through the feed circuits of the intermediate re-
peaters causes interference in the channels, nonlinear distortions, spurious
modulation, and it also can damage the transistorized equipment. The volt-
age induced between any conductor of the coaxial pair and the outer metal
gheathing is dangerous to the insulation of the corResponding input fittings.

)]
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Figure 7.13. Schematic of the circuits of a coaxial cable.
Key: a. sh.b b. sh.e c. le d. 2¢ e. ...b

Let us consider the effect on the coaxial pair. The current in the outer
conductor jinduces voltages and currents in the coaxial pair itself through
the coupling resistance of the conductor. This current can {low both in the
"outer conductor-sheathing" circuir and in the "outer conductor-ground"
- circuit. Thus, the effect on the coaxial pair can be considered as a double
transition through intermediate circuits along two paths: the first path is
from the "sheathing-ground” circuit through the coupling systems of the
sheathing to the "outer conductor~sheathing” circuit (the first junction) and
from the "outer conductor-sheathing” circuit through the coupling resistance
of the outer conductor to the coaxial pair (the second junction); the second
path is the direct effect on the "outer conductor-ground" circuit (the first
junction) and from the "outer conductor-ground” circuit to the coaxial pair
(second junction).

Ir. practice the outer conductors of the coaxial pairs are either completely
insulated from the sheathing (for example, in the K-120 system) or they are
connected directly to the sheathing (for example, in the K~1920 system).
Accordingly, it is possible to consider that the current in the outer conduc-
- tor will flow only through the "outer conductor-sheathing” circuits, and
the effect on the coaxial pair takes place along the first path, that is,
through the two intermediate circuits: "sheathing-ground" and "outer con-
ductor-sheathing." The formulas for calculating the effect on the coaxial
pairs are obtained in [49] and are not presented here. The presence of the
double transfer of emergy through the intermediate circuits leads to signi-
ficant complication of the calculated formulas. In the case of ideal ground-
ing of the metal sheathing the process of the energy transfer to the coaxial
pair is significantly simplified. 1In this case the first of the above-in-
dicated transfers through the intermediate circuit is considered a simple
multiplication by Sid 1’ that is, the ideal coefficient of protective effect

of the outer metal sheathing. The second transfer (from the "outer conduc-
tor-sheathing" circuit to the coaxial pair) is considered just as the effect
on the "core-sheathing" circuit of the "sheathing-ground" circuit in a sym-
metric cable.

Analysis shows that on grounding of the sheathing of the coaxial cable, the
induced values in the coaxial pair in any section can be determined by the
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formulas pertaining to the '"core-sheathing" circuit of the symmetric cable
multiplied by the coefficient o = Z /Z , where Z is the coup-
out-sh coup2

out-sh is the total longitudinal
resistance of the "outer conductor-sheathing" circuit. Here Y

coup2
ling resistance of the outer conductor; Z

1] z ’
c-sh’ “c-sh
zsh’ Ysh’ Sid’ Pen in the formulas must be replaced respectively by the

analogous values pertaining to a coaxial cable: ¥y Z are the propaga-

c.c’ “e.c
tion coefficient and the total longitudinal resistance of the coaxial cir-
cuit; Zout—sh’ Yout-sh are the total longitudinal resistance and propagation

coefficients of the "outer conductor-sheathing" circuits; Pout—sh is the

reflection coefficient at the beginning and end of the "outer conductor-
sheathing" circuit.

The main coaxial cables of the majority of types have not one, but several
coaxial pairs. The presence of adjacent coaxial pairs if the outer conduc-
tors are insulated from each other and from the sheathing has no effeet (in
the low-frequency band) on the distribution and magnitude of the induced
currents in the investigated pair. In the case of connection of the outer
conductors of all of the coaxial pairs to the sheathing, which usually occurs
in practice, induced currents arise, the interaction of which must be taken
into account. The simplest solution is obtained if it is proposed that all
of the coaxial pairs are identical, they are loaded identically and they are

arranged identically with respect to the sheathing and with respect to each
other.

In real structures, for example, in the KMB-4 cable, this proposition is
completely valid. When investigating the effect on the 2,6/9,4 pairs of the
KMB-8/6 cable it is possible not to consider the effect of the small-diameter
pairs, for their resistance is appreciably greater, and for investigation of
the effect on the 1,2/4,6 pairs it is possible to consider all pairs identi-
cal. Under these conditions the calculation of the effect can be made by

the formulas for a single pair, replacing the resistance Zout—ah by the

_ equivalent resistance defined by the formula

Zya=2,,5+ZutZuyt - -
(a) (b)

Key: a. equiv b. out-sh

where Qli’ Z21 ... are the resistances of the magnetic coupling between the

first, second, ... and i-th "outer conductor-sheathing" circuits.
7.5. Calculation of the Effect in the Case of Several Cables Laid Parallel

In cases where two or more (in the general case n) cables are subjected to
the effect of a high-voltage line, it 1is necessary to consider the.mutual
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effect between them. It is natural to propose that all of the circuits en-
tering into the multicable system ("core-sheathing," "core-ground" "sheath-
ing-ground") influence each other, but the effect of the currents flowing
in the "core-sheathing" circui® is insignificant by comparison with the
effect of the currents flowing in the "gheathing-ground" circuit. This is
caused first of all by the lower magnitude of the current flowing through
the cores and, secondly, the additional shielding of the sheathing. Inasmuch
as the cables are laid in the ground, in addition to magnetic effects they
also have a galvanic effect on each other. If the cable sheathings are in-
sulated from the ground, then the galvanic effect can be neglected inasmuch
as the leakage currents from the sheathings are small., If the cables do
not have an insulated coating, then it is necessary to consider both types
of effects.

The voltages and currents in the sheathing of the kth cable satisfy the
following system of equations which take into account the mutual magnetic
- and galvanic effects:

. n . . I
dUOGR_{_Zl“‘Z‘h: —I,J,ZO,,; d’dOGR +Y06l(uobl+

dx = (a) (b) *
+ D =5 7.68
Y 2 e eyt (7.68)
Key: a. sh b. effect c. trans

where Zik are the magnetic coupling resistances between the "gheathing-

ground" circuits of the ith and kth cables (Zkk is the natural resistance of
n - " .

the "sheathing-ground" circuit of the kth cable), ohms/m; Rtrans 1k is the

transient registance through the ground between the sheathings of the ith
and the kth cables (Rtranskk = 0), ohm-m; Zok are the resistances of the

magnetic coupling between the interfering line and the "sheathing-ground"
circuit of the kth cable, ohm/m.

In practice the spacings between the cables laid parallel are always much
less than the spacing between them and the interfering lines so that it is

possible to set Z01 = 202 = Z03 = ,,, = ZOk' For simplification let us

propose that all the cables and also the spacings between them are identical
and equal to the geometric mean of all of the mutual spacings, that is,

- Zoon=2m=_' <= Zosx=Zog Yosu=Yor= - - Yoga="VYos
Zpy=2Zn=2yy=2Zy= - - -=Zpn=Zog.06=i0 M. ()
Ruepn‘-:Rnemlancpl::RnepSl: s 'R&e)p)lthmp.oﬁ-oé'
Key: a. sh b. trans

The transient resistance between the sheathings can be defined by the
following approximate formula
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Rup o= 32 [t {/ " @R @ ) |
a . .

Key: a. trans sh.sh

where a is the average spacing between the cables, meters; R is the average
outside radius of the sheathings, meters; h is the depth of burial, meters.

If the cable sheathings are loaded on the ends by identical resistances, the
voltages and currents in them are also identical., Then the first group of
equations of system (7.68) taking into account the magnetic coupling is con-
verted into one equation which is valid for any cable in the bunch:

dUos .\ . ) T
dxw F 106206+ 10520606 (R— 1) = ~1anZ,y.06

or

dd;° +los1Zs6+ ?06-06 (n—D)= —légl-w

Key: a. effect

The second group of equations taking into account the galvanic coupling is
also converted to one equation which is valid for any cable:

;‘%' 4+ Uos¥ost+ d;:d Y esRuep.06-08 (#— l) =0,
(a) (b)
Key: a. sh b. trans.sh.sh

or

SR 1 .
U 1 U+ Raepos.os@—1)) =0

Thus, the above investigated system of two equations is obtained in which
the presence of the adjacent cables in the bunch is taken into account, in-
troducing the equivalent parameters:

Zouaos=Zon-+(n—1) Zog.a, Yowmo6= 7=+ Ruspos.as (1—1)] -
(a) » :

Key: a. equiv.sh

The calculation of the effect consequently can be made by the formulas which

pertain to a single cable, but with consideration of the equivalent parame-
ters.
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As was demonstrated, the effect on the "core-sheathing" circuit is determined
by the current induced in the "sheathing-ground" circuit. Inasmuch as the
equivalent resistance of the cable sheathing in the bunch increases, the cur~
rent decreases and, consequently, the effect on the "core-sheathing" circuit
diminishes. The magnitude of the ideal coefficient of usual effect of the

sheathing also changes, for the ratio Z /2 becomes less. Here,
coup’ equiv.sh

the shielding effect of adjacent cables is manifested. The same effect is
also obtained under the effect on the "core-ground”" circuit.

7.6. Effect on Cable Cores with Multiply Grounded Sheathings

Let us consider a cable subjected to the effect of a high voltage line, and
let us assume that the sheathing is grounded in the approach section at the
arbitrary point M (Figure 7.14) where the grounding resistance is Z. Let us
denote the current flowing through the ground iz' This current creates

voltages and currents in the '"core-sheathing" circuit which can be represen-
ted as follows:

in the cable sections located to the left of the ground,

. 12206 V.6 Sunch { V.06 by — 11 Vg) X —

I (K- Fl (x) = C
@ Z,g o6 ( Vi~ Voccc6) 1 (.06 | — 10 ¥/ 7af)
' — X [ vy o5 (1 +5) =10V
. i ()’
) 7 l‘z‘ﬂvﬂt-wsnﬂm(\'x-oﬂ lz.x—lnl‘/ﬁ;) X+ (7.69)
U(x-o6) z(x)= - P —
( V?ﬂ - 73'06) sh ( Y06l —In VP:PR)
= X ch[ Puo8 ( l("i“‘)"’ﬂ}fp_n] .

Key: a. c-sh b. 1id c. e d. b

in the cable sections located to the right of the ground,

) i e oo Suach (Vacos .y = 10 VPR X
- -o6)z— —
ootz Z 06 ( Vas — Ve-06) S { Voo 0 { — I V pui)

X sh [7)(-06( l][+l[“‘—x)‘_’n V":‘]

7 1,706 Va-06 Sna h ( V.05 Lz —In VE;) X — (7.70)

U oo %)= — -
T oh 2 (Ygﬁ_vk-w)ﬁ(?m-wl—m’ Pupx)
= X ch [ Ve os( L+l — %) — 10V pa)

v

where 2z-e’ lz-b are the distances from the ground to the end and the be-
7 ginning of the cable respectively.
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On derivation of these formulas the direction of the current iz is provision-

ally taken as positive (the current flows out of the cable sheathing). If
the direction of the current is the opposite, then the signs of the variables
change. Formulas (7.69) and (7.70) make it possible to consider any number
of arbitrarily arranged grounds on all sections of the cable by the super-
position method.

1

| o e @ .
i (8) ole (142X
; Ll ?VL -2
., ! Lylz Z
(c) x=0 » L 1 'zd)

Figure 7.14. Approach of a cable to an interfering line in the

presence of one arbitrarily arranged intermediate ground on the

sheathing: 1 -- interfering line; 2 -- communication cable.
Key: a. 2zb b. ze c. e d. b

In the case of multiple grounding and uniform arrangment of the grounds on

the sheathing, the calculation of the effect on the cable cores can be made

by the formulas of item 7.4, replacing the discrete grounds by a uniformly

distributed transient resistance defined by (7.37). As the calulatioms in-

dicated, it is possible to use this method in the "core-sheathing" circuit -
with a spacing between grounds of no more than 2 km and ground resistances

of no more than 5 ohms; in the "core-ground" circuit, for grounding resis-

tances to 20-30 ohms independently of the spacing between grounds.

7.7. Effect on the Two-Wire Circuit of a Cable Line

Effect of an Asymmetric Overhead Line. As demonstrated above, the effect on

the two-wire circuits is caused by asymmetry of the arrangment of the cir-

cuit conductors with respect to the interfering wire and asymmetry of the

electrical parameters of the wires and the input fittings. On cables.the -
spacing between cores is always incommensurably smailer than the distance

to the interfering conductor; therefore it is possible to neglect the asym-

metry of arrangment of the conductors. '

When investigating the effect on cable lines, it 1s sufficient to consider
only the asymmetry, and accordingly, it is possible to represent the voltage
induced in the two-wire circuit just as in gverhead lines, in the form of

the sum of the squares of two components: UT = Vﬁ: c + ﬁiA' The first of

these components depends on the voltage induced in the "core-sheathing"
circuit and the asymmetry of the core parameters with respect to the
sheathing. The magnitude of this component can be determined by the formula

Ut c = Uc-sh' N, where n is the sensitivity coefficient of the circuit to

- the interference. The second term depends on the voltage induced in the
- "core-ground" circuit, and the VKGlasymmetry. The magnitude of this compo-
- nent UTA = Uc-g’ A, where A 1s the VKO asymmetry coefficient of the equipment.

lOverhead cable equipment. 194 -
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Figure 7.15. Systems for measuring the sensitivity coefficient
of cable circuits n = UT/Uc_g: when using the interfering line

(a); when simulating the effect by including an outside genera-
tor: at the midpoint of the measured circuit on the near end (b);
at the midpoint of the measured circuit on the far end (c); in -
both lines longitudinally in the middle of the circuit (d); in

the "sheathing-ground” circuit (e).

Key: 1. effect 3. c-g
: 2. measured circuit 4. sheathing

Although in general form Uc—sh# Uc-g’ with good grounding of the metal covers

(no more than 3-5 ohms) and also for all cables with Jjute outside covering

it is possible with sufficient accuracy to set Uc-sh % Uc-g' Then UT =

UC_B/hz + A%, Usually an effort is made to make the asymmetry of the equip-

ment appreciably lower (asymmetry higher) :than the asymmetry of the line so
that, as a rule, A << 1. In this case we obtain the simple expression:

Up = U,_n-
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The systems for measuring the sensitivity coefficient of the two-wire cable
circuit to interference with grounded sheathing are presented in Figure 7.15.

The studies [30] demonstrated that it is necessary to use the system for
circuits of short length (to 10 km for rnoncoil-loaded and to 25-30 km for
coil~loaded) in Figure 7.15b as the baric system for measuring the sensitiv-
ity coefficient with artifical excitation of the longitudinal emf's, and

for the longer circuit, the system in Figure 7.15c. The results of the
measurements by these systems under the indicated conditions are close to
the actual values of the sensitivity coefficients measured on the same cir-
cuits by the system in Figure 7.15a.

The VKO asymmetry is determined as was indicated above for the overhead line
equipment.

Effect of Two-Phase and Three-Phase Overhead Lines. When determining the

effect of multiwire high-voltage lines on a two~wire cable network it is

possible in practice to consider the energy transfer only to the asymmetric

cable circuit ("core-sheathing," "core-ground”) and from it to the two-wire

s circuit by introduction of the gensitivity coefficients of the circuit and
the VKO asymmetry. The asymmetric cable network is affected by two circuits:
the asymmetric "two wires-ground" interfering circuit or "three wires-ground"
interfering circuit and the symmetric interfering circuit (two-phase or
three-phase). The effect of both the asymmetric and symmetric circuits is
defined by the same formulas, but with different magnetic coupling coeffi-
cients (mutual induction) between the circuits, The formulas for calcula-
tions of the coefficients of mutual induction between the various circuits
are presented in Chapter-9,
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CHAPTER 8. VOLTAGE BETWEEN THE CABLE CORE AND SHEATHING WHEN THE CABLE IS
DIRECTLY STRUCK BY LIGHTNING

8.1. Formation of an Electric Arc Between the Point Struck by Lightning and
the Cable

The formation of an electric arc between the cable and a point struck by
lightning on the ground was investigated by Ye. D. Zunde, who, as a result of
absence of experimental data, took the breakdown voltage of the ground equal
to: Ebreakdawn = 250 kv/meter for p < 100 ohm-meter and Ebreakdown = 500

kv/m fcx p > 1000 ohm-m. Béginning with this proposition, the expressions
were obtained for determining the distance jumped by the electric arc as a
function of tine specific resistance of the ground. The experimental data
avallable at the present time have made it possible to define these formulas
more precisely [50]. Considering the point struck by the lightning as a
point ground, we find that the field intensity on the surface of a hemisphere

- of radius r (with its center at the point struck by the lightning) is equal
to

EeJo=tu_
=i P (8.1)

where TM is the lightning current amplitude; p is the specific resistance
- of the ground; J is the current density.

A spark zone is formed around the strike point, the radius of which r, is

determined by the maximum breakdown voltage F‘breakdown nax measured in a

" uniform field. Let us denote the intemsity Eb akd
(8.1) we obtain reakdown max

V.

For sand with a specific resistance of p = 150 ohm-m and with predischarge
time tpr = 2-4 microseconds, E, = 14 kv_/c-m. Setting the lightning current

amplitude equal to 220 kiloamps, we find that in sand at p = 100 ohm-m, L
= 1.58 m, and for p = 1000 ohm-m, I, = 5 m.

= Eo; then from
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The dimensions of the hemispherical "ground" at the point struck by light-
ning are determined by the intensity E = E.. The individual streamers can
be propagated beyond the limits of the spark zone if the potential differ-
ence is sufficient for breakdown with an average breakdown intensity of the
- field E .
average

The potential difference between the surface of the spark zone and the

surface of the hemisphere of radius r, is
UOI-_-_’P___’P_=_’P_(_L_L)
2nry  2nr, 2 \ry, 1 (8.2)

For an average field intensity E » this difference can be represented in
the form ave

U01=Ecp(r1—ro). (8.3)

(a)

Key: a. average

£ Eaverage is the average breakdown intensity of the ground, then I, - T

is the distance to which the streamers can be propagated with uniform struc-
ture of the ground. Equating (8.3) to (8.2), we find that

o n=r . Egp(ri—re)-
2n o (a)

Key: a. average

Considering (8.1), we obtain

_ Ey
'1= r,—— .
. Eep ) - (8.4)
. <p (a)
Key: a. average
For sand the magnitude of the average breakdown intensity is Eaverage % 3.50
kv/cm. Substituting the values of E. and E in expression (8.4), we
0 average

obtain for the current IM = 220 kiloamps for p = 100 ohm-m, r = 6.32 m and

for p = 1000 ohm-m, r, = 20 m.
As a result of the high conductivity of the metal sheathing of the cable,
the symmetry of the electric field is disturbed, which causes a rise in the
potentials at the remote points of the ground. In the first approximation
these potentials are equal to zero. 1In reality, the sections of the cable
located mnear the points struck by the lightning acquire some average poten~
tial between the zero potential of the remote point of the ground and the
field potential at the same point in the absence of the cable. Setting the
cable potential approximately equal to zero, we find that the potential
difference U02 between the spark zone in the cable is
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Uo’——_—'—"-L N (8'5)
2"'.

or
Ups= Ecp (rs—ry),
(a) (8.6)

Key: a. average

where I, is the distance between the point struck by the lightning in the
cable.

If Eaverage = Eavetage breakdown

down by the streamer in the presence of a cable in the ground; equating (8.5)
and (8.6), we obtain the expression for determination of r

, then r, is the distance which can be broken

2°
£ ;
n=rl1+ °)=(,+A) T (8.7)
- G
a
Key: a. average breakdown
b. average

Substituting the values of Ty Eo and Eaverage bteakdown

find that for IM = 220 kiloamps and p = ohm-m, r, = 7.9 m, and for p = 1000
ohm-m, r, = 25 m.

assumed above, we

Expression (8.7) makes it possible to obtain a value of r, for the maximum
propagation of the streamer and maximum distance jumped by the electric arc
of the lightning current, and expression (8.4) makes it possible to obtain
the value of % for the minimum propagation of the streamer and minimum

breakdown distance. Since Eo is appreciably greater than Eaverage breakdown’

r, and r, are close to each other. In the practical calculations it 1is

possible to consider that when lightning strikes, breakdown can occur in the
ground with respect to the direction of the cable from a distance of r,y.

The cases observed in practice indicate that the length of the arc between
the point where the lightning strikes and the cable will be 3-6 meters, and
sometimes tens of meters. In such cases, in the cable sheathing opposite
the strike point a characteristic dent is observed although traces of the
arcs are visible only in the first meters of the path with respect to the
direction of the cable. Sometimes electric breakdown to the cable during a
lightning strike in a tree occurs along the surface of the tree roots. Here
the cable surface is indented not only opposite the tree, but also at some

- distance from it, which is explained by the location of the cable relative
to the root system.
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8.2. Derivatlons of the General Formula for Calculating the Voltage in a
Cable

When the lightning currents get into a cable with metal protective covering
made of lead (or aluminum) sheathing and steel bonds, voltages occur in the
symmetric cable between the sheathing and cores, and in the coaxial cable,
between the inside and outside conductors of the pair (that is, between the
central core and the tube) and also between the cable sheathing and the
outer conductor (tube) in a multipair coaxial cable if the conductors of the
pairs are not connected to the sheathing.

When the lightning current gets into the cable through the "sheathing (tube)-
ground" network, currents and voltages also occur in the "central core-ground"
network. The process of the current and voltage propagation in these inter-
connected circuits is described approximately by the following telegraph

equations:
T _py g O oty
ox Ry +1, "67-1- My, >
du . i a
_.o_;= 21’+L’0~‘:-+M2‘ﬁ , .5
: 9 (uy —
- —£=glu1+gn (uy—u)+ Cu__(u,a‘_u')_ '
7 : 0 (g —
_..-'-;i-= ety + gy (g —u)= C"__(u_,ox_ll_)_ '

where 1, and 1, are the currents flowing through the "central core~ground”
and the "tube-ground" circuit; uy and u, are the core and tube (sheathing)
voltages with respect to an infinitely removed point of ground; Rl’ Ll' Cl,

g, are the resistance, inductance, capacitance and conductivity of the leak-

age of the cable core respectively with respect to ground per unit length of
the cable; R2’ L2, C2 and g, are the analogous parameters of the tube (sheath~-

ing); M,, is the mutual inductance of the "tube-ground" and the "core-ground";
8, 18 the conductivity between the core and the tubes (sheathing); Cyp 18
the capacitance between the core and the tubes.

Since the current in the sheathing'i2 is not sinusdidal, but is a pulse of

arbitrary shape, the system of equations (8.8) cannot be solved by the
traditional method. This:' system 1s solved most simply by the method of
operation Laplace transformations. When making the transition to the
operation transforms, we obtain
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_-‘;l= Zx-’:x'*“zu‘._z‘)v l
—Uy=Zyd + 2oy, (8.9)
—‘_‘l = (Yx + Yu) Eu - lezs- l

—_l; = ‘-Yn.‘-lx +({,+ yn)"_‘n-

Considering the ground surrounding the cable as a coaxial cylinder of radius
Ty for the propagation parameters of the pulse through the "core-ground"

and "tube-ground" circuits it is possible to obtain the following expres—
sions:

A

B Z;=PL1+R1= E‘_'Z.]n—t-’_-*-kl_

2n I

Z,=pL,+R,= ;{m:—:m,.

) Zyy=pMys, Y,=pCi+g,~0,
Yn=PCu+gn=P‘yL:!' +tg5p2—ug'z 14 Znen ,

In-% n—3 n*
n n n
2 E ; ’
Ya=pCit ot p—-+ = 2 (2pz.+-1-)as
2 pm pl P
4] . rs ]
~ -~ — for cables, the metal sheathing of which
ln’—' has good contact with the ground;
- 2
- a
Yymp zu:%;))for cables in a flexible tube,
In—

s

Key: a. flexible tube b. g

where Rl and Rz are the core and sheathing (tube) resistances respectively;
s r2, r, are the core radius, the tube radius and the equivalent radius

- of the ground; elz, €, eflexible tube 3T€ the dielectric constants of the

8
insulation between the central core and the tube, the ground and the flex-

- ible tube respectively; tg & is the loss tangent in the core insulation
from the sheathing.

The ground radius tg corresponds to the depth of penetration of the current

*
) In these equations the dash indicates the derivative with regpect to x;
the desired variables and coefficients depend on the parameter p.
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into the ground. It can be estimated approximately by the Rudenberg for-
mula: r8 = 6¢Twpg , meters, where Tw is the wavelength (the halfdecay time)

el |

of the lightning current, microseconds; pg is the specific resistance of
the ground, ohm-m.

For the calculations cf the capacitance C2 in the case of the cable in a

flexible tube rg can be approximately assumed equal to the outside radius
_ of the flexible tube Ttiexible tube’ The expressions for the voltage be-

tween the core and the tube (sheathing) do not include the value of r .
Nevertheless, the introduction of r 1into the intermediate calculatioﬁs

will help to understand the physicai aspect of the phenomena and to obtain
smooth formulas. '

The equations (8.9) are a system of first order uniform linear differential
equatijons. The methods of their solution are generally known. This system
of equatious reduces to the fourth-order uniform linearity equation. For
the current in the core il we obtain the equation

v VeZo+ Y0 (24 + 2, —22,)] + 1Y,V (z2,—z})=o0. (8.10)

(8.10) assumes the form {,'V—ai,''4p=0. For the propagation constants

we have the characteristic equation Y“ - ayz + 8 = 0, Its solution
- [ + VT_
y=k T <+ B Hence,

n= VEN VYiZ, v= V‘—E:z ‘/Y“ (Zl—' '%’) 2

: 2
Since in practice for any pa” >> 4B and Yzz2 >> Y12(Z1 + Z2 - 2212). Thus,

the general solution of the differential equation (8.10) for the current
il has the form

B D= A D)€ Ay (0) €N 4 Ay (0) ™ 4 A, (0) €7

For x + @ it is necessary that il + 0; therefore A3 = A4 = (O; then we ob-
tain

B p)= Ay (0) € 4, (5) e,

= From equations (8.9), by simple algebraic calculations we find that the
. voltage U9 between the central core and tube (sheathing) of the cable and

the current in the tube Iz are equal to the following:
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-—

- - i A ¥ . 4 Vs x
(e Pl p)—i (5, p= = AR ARETE
- - _ A VeV Ay eV Y, (2, — Z) (A eV e
s p)= Yiu(Z,—2,) ’

When determining the integration constants Al and AZ' it is necessary to
consider the following boundary conditions:

At the point where the lightning strikes the current hits the metal sheath—
ing and flows through it in both directions; breakdown of the insulation
between the core and the sheathing does not occur;

Breakdown of the insulation of the cores from the sheathing takes place,
the cores at the point where the lightning strikes turn out to be closed
to the sheathing, the current is propagated both through the cores and
through the sheathing.

The most important boundary condition is the first, inasmuch as it deter-
mines the maximum veltage in the cable.

8.3. Calculation of the Voltage in the Cable, the Metal Sheathing of Which
has a Constant Contact with the Ground

Let the cable have only a jute cover over the metal sheathing. Inasmuch as
the jute becomes wet very quickly in the ground and fails, the cable sheath-
ing can be considered in good contact with the ground. For example, these
cables include the MKSB type cable. Let us consider the first type of
boundary conditions, that is, breakdown of the insulation of the cable core
from the gheathing does not occur. In this case at the point where the
lightning strikes (for x = 0)

0. =0, 50, p=—1F0). |
where -:I'.O(p) is the mapping of the current 10(t) flowing in the lightning
channel,

Using the boundary conditions to determine the integration constants, after
simple calculations we find

U (x, p= —;— -ET(:’)_Z_;z:_(la 271 e"'"—-y, ), (8.11)

Key: a. coup

_ where zcoup = ZZ - Z12 denotes the coupling resistance.
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The spectrum of the lightning current (the main discharge) is within the
limits to 20 kilohertz, which corresponds to small values of the parameter
p. For the cable, the sheathing of which has good contact with the ground,
for small p it 1s possible to write

Zo= R,
@ ——
w=V¥Z~ Vaz; = VPE:Lz(l + —’-)z
pLy

~ szl-zz]/l’fs: '
YE ~ VPCH (R1+R2).

(8112)

Key: a. coup

Considering (8.12) and proceeding to the originals, we obtain

- _ . R’
4 (5, )= 2(al—al) oy g (2 5, ) —a, g (ayx, 1), (8.13)

where

(11=1/ “/2030 x2= V C]z(Rl-’-Rz),
¢ , e
gaxh=(it—n—L_e * 4o
Jieyze
At the point where the lightning strikes (for x = 0) formula (8.13) assumes
the form

t

Ry i (f—1)—]
2lV 72, + ¥ Cia (R Ry) df Var

Since V p/2p>V an{R:+R¥). ~ then
Fhen
b 0. =RV 9725 (i ¢—9)—d.

Ua (0, )=

dr.

0 Vme (8.14)

It is known that the lightning current has the form of pulses with a front
of 1-5 microseconds and a halfdecay time of about 50 microseconds. Perform-
ing the numerical integration in (8.14) for a current wave of 3/50 at the
point where the lightning strikes, for a voltage amplitude UM between the

core and the sheathing of the cable not insulated from the ground, we obtain
the expression

TR
w=211R,Vp, (8.15)

where UM is the voltage amplitude, volts, l’.H is the lightning current ampli-

tude, kiloamps; R, is the resistance of the cable sheathing to direct cur-
rent, ohms/km; p is the specific resistance of the ground, ohm-meter.
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From (8.15) it is obvious tliat the voltage amplitude is directly propor-

- tional to the current amplitude of the lightning, the resistance of the
cable sheathing and the square root of the specific resistance of the
ground. The shape of the voltage is similar to the shape of the current,
but it is elongated appreciably by comparison with it. Thus, for a current
shape of 1.5/40 the voltage wave has the form 60/300. The amplitude and
the shape of the voltage are significantly influenced by the current wave-
length. Integrating (8.14), it is possible to show that the voltage ampli-
tude depends on the wavelength of the current by the following law:

Ux= 0,296 I-R: VB‘:
(a)

(8.16)

Key: a. w
where Tw is the current wavelength of the lightning, microseconds; the re-
maining notation is the same as in reference (8.15).

It must be remembered that formula (8.16) is valid to values of T = 200-
250 microseconds and that on derivation of it the duration of the“current
front was taken much léss than the wavelength. The variation of the cur-
rent front Tf is felt little in the voltage. This is explained by the fact

that for the lightning current the cable is an integrating circuit, and the
output voltage of the "core-sheathing” circuit depends on the total charge
flowing through the cable. Since Tf << Tw’ the charge depends on the wave-

length. On propagation through the cable, the voltage varies with respect
to shape and it damps with respect to amplitude depending on the length of
path and the specific resistance of the ground (Figure 8.1). The greater
the specific resistance of the ground, the greater the voltage amplitude
and the more slowly it damps. For example, for p = 200 ohm-m, the voltage
decreases by half at a distance of 250 meters from the strike point, and
for p = 2000 ohm-m, only after 600 meters.

- ®) .rju[\‘\
e N @a ou-wi(a)

o -
N ™~
200 N
2000
1= 1000

N,

~— !
P —
7 S0 1000 1560 2000 2500 m

Figure 8.1. Voltage amplitude as a function of the path
length and the specific ground resistance.

Key: a. ohm~m b. volts
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8.4. Calculation of the Voltage if Lightning Strikes the Cable, the Metal
Sheathing of Which 1s Insulated from the Ground by a Flexible Tube

Again, let us consider the first type of boundary conditions. In this case
the conductivity of the flexible tube is negligible, and the flow of current

to ground takes place through the capacitance C2' Therefore for small values
of p we have '

=V pCRy, v2= VPCm R+ Rz);

Subsituting the values of Y1 and 72 in the general formula for the voltage

(8.11) and proceeding to the originals for the first type of boundary con-
dition, we find that the voltage between the core and the sheathing is de-
scribed by the same expression as in (8.13):

R —— ‘e . . -
U (%, )= —— [, g (@, X, )— :
" 2(af—a}) REEux H—eglex, g, _ (8.17)
but the values of o have the form: méVC£mm=VCM&+$L

For x = 0 (at the point where the lightning strikes) expression (8.17) is
simplified:

, . ..
Ry !
0, = i—)——dr.
“a (0 1) 2[VCRy + VG (R1+R2)hy ( Vaz -

Performing the numerical integration for the current wave 3/50, we obtain .
the following expression for the voltage amplitude between the core and

the sheathing (tube) at the point where the lightning strikes for the cable
in the flexible hose:

Vs — 166 Ry
* YCR A+ V(R Ry (8.18)

where UM is the voltage amplitude, volts; iM is the current amplitude, kilo-

amps; R2 is the sheathing resistance, ohm/km; C2 is the capacitance metal
sheathing (tube) with respect to ground, farads/km; 012 is the capacitance

of the central core with respect to the tube, farads/km. In the case of a
symmetric cable C12 is the capacitance of the bunched cores with respect to

the sheathing.

From (8.18) it is obvious that in the presence of a flexible tube and for
the same current the induced voltage is appreciably greater than the voltage
in the cable, the sheathing of which is continuously grounded, for the path
followed by the current through the sheathing is appreciably greater.
Physically the occurrence of the voltage between the core and the sheathing
can be the following. Let the current 1 flow through the "sheathing-ground"
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circuit of the cable with resistance R ohm/km and of length %. This cur-
rent creates a voltage drop in the cable sheathing equal to u = {RR. The

) field intensity on the inside surface of the sheathing is a generator for

- the "sheathing-core" circuit (Figure 8.2). The larger the value of R and
L, the greater the value of u for the same current. On propagation through
the cable, the sheathing of which is in good contact with the ground, the
current continually flows off to the ground. If the cable sheathing is
insulated from the ground, the current occurs with low damping to a signi-
ficant greater distance, as a result of which for the same current the
magnitude of the voltage is appreciably greater. At the same time the
flexible hose 1s not a serious obstacle for the current getting into the
cable sheathing at the point where the lightning strikes itself. Indeed,
the potential difference between the point where the lightning strikes and
the cable can reach a value of several millions of volts, whereas the
electric strength of the flexible tube is a total of 25-50 kv.

77777 77007 ‘ WALTSS
Ly H Ly
o u=[R! > o
/ i’l o~ 1’ o ’.
14
{ yl

Figure 8.2. Equivalent diagram of the "sheathing-ground"
and "core-ground" circuits.

Let us compare the numerical values of the voltages for a current of one
kiloamp for a cable in a flexible tube and without it. Let Ry=1 ohm/km,

P = 400 ohm-m, R, = 16 ohm/km, c, = 1.2-1076 farads/km, Cpp = 0.5-1070

farads/km. Substituting these values in (8.15) and (8.18), we obtain 42
volts for the cable without the flexible tube and 412 volts for the cable
in the flexible tube, respectively, that is, a difference of 10 times. By
comparing formulas (8.15) and (8.18) we see that the flexible tube is
equivalent to the ground with specific resistance of Pe = u/202R2.

As we see, the grounding of the metal sheathing of the cable has a signifi-
cant effect on the magnitude of the voltage in the cable. Therefore in

- order to lower the voltage in the cable it is expedient to ground the metal-
1lic sheathing.

8.5. Calculating the Voltage When Lightning Strikes a Cable with Periodic~
ally Grounded Sheathing

Now let us have a cable in a flexible tube, the metal sheathing of which is
connected at equal intervals of lemgth % to the ground with the resistance

Rg. The concentrated grounds can be considered distributed on the length £

with leakage conductivity 8 = 1/Rg£. If the value of R8 is sufficiently
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small, then 8, >> pC, (for small p),’and the propagation constants assume

2
the form: = Jp(L2R3) , and Yo 88 before, Y, by /pClz(Rl+R2) .

We can consider with some approximation in the lightning frequency spectrum
that L2 x const; therefore the voltage between the core and the sheathing

is described as before by the expression (8.13)

(e g (. )—0ag(@n )
a3

1=

Uy (x, )=

but al and az have the form

@ =VL/RJ, a,= Ve (R, +R).

For x = 0 we obtain

e - t“ -
s fie— L g
2lVL/RI+VCyy (R +RS Vaz

u (0, )=

Performing the numerical integration for the current wave of 3/50 and con-
sidering that V L./Ri/> VC,,(R,+.R2), for the voltage amplitude between

the core and the sheathing of the cable we obtain the expression

Uy=37,3LR, VR, (8.19)

where UM is the voltage amplitude, volts; IM is the current amplitude of
the lightning, kiloamps; R2 is the resistance of the sheathing, ohms/km;
R3 is the resistance of the concentrated ground, ohms; £ is the distance

between grounds, km.
Let us determine the limit of applicability of formula (8.19).

1. Formula (3.94) was derived under the assumption of small values of p,

that is, low values of the frequency, when Zcoup can be considered equal to

the dc resistance zcoup % R2' This is valid for an angular frequency w of

no more than 20-300 kilohertz. Otherwise it is possible to obtain a sig-
nificant error (more than 20%).

2. If the damping of the current through the capacitance of the sheathing
with respect to the ground is too large, then the grounding of the cable
becomes meaningless. Therefore the formula (8.19) is applicable when
1/R3E >> pC, or R3z << 1/pC2. '
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Assuming that for a lightning frequency of P " 10 kilohertz, C2 - 1'10“6
farads/km, we find that l/pC2 = 102 ohm-km. Formula (8.19) is applicable

if R3E does not exceed 10% of 1/p02, that is, if RBR. << 10 ohm-km.

8.6. Calculation of the Voltage Along the Communication Cable in the Case
of Breakdown of the Insulation of the Cores from the Sheathing at the
Point where the Lightning Strikes

A study was made above of the case where at the point where the lightning
strikes the voltage ulz(x, t) does not exceed the electric strength of the

ingulation of the cable core from the sheathing. If at the point where the
lightning strikes there is breakdown of the insulation between the cores
and the sheathing, the integration constants are found from the conditions:

(0, p)=0, }
70, P+i0, P=i () (8.20)

From equation (8.9) and the boundary conditions (8.20), after algebraic
calculations, we obtain

i a5, D)=y () —RB (1)
] (8.21)

Proceeding to the originals and using the theorems of convolution and obli-
gation of transforms, we obtain

e, )= f < l£(@ N—g@x. ol (8.22)

@) —

a'xt

where t 1 " —
glxx, l)‘-:!i(f—‘f)',’—’_‘_;—e i dr, G'=VC"_(R1+R3)»

and al, depending on the type of cable, has the form: a = /}1/293 -- for

a cable, the metal sheathing of which is in continuous contact with the
- ground; al = y/'(:ZR2 for a cable with flexible tube over a metal sheathing;

o = ’EZ/R3 %, for the cable in a flexible tube, the metal sheathing of

which is periodically (with a gpacing %) grounded to the resistance R3'

Correspondingly, for the cables of these types expression (8.22) assumes
the form:

_ Cpp (R4,
1 [ o —efidfe
e - dr,

gy (x, 5zR.VpT;:ji(t-1) e

aT
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Uy (xv t) =

k: Yc-ﬁ; : N 1
Ghi~Catritr) ) TR
GRS Gy (RytRy) 2
x[ e Jdn

X

e 4"_

4%
Lt Gy (RHR) 2

t
U(x, )= RV R.l/L.Ji(t—-t) Vl_ [e Rls__ . 4 ]d‘l‘.

T

From investigation of the formulas it is obvious that in the case of break-
down of the core insulation at the point where the lightning strikes the
voltage along the cables of all three types varies as follows. For x = 0,
U™ 0, then the voltage increases on going away from the point x = 0, and

at some distance from the point where the lightning strikes, it reaches a
maximum. As is obvious from Figure 8.3, the voltage of the cable with
continuous grounding of the sheathing, reaching a maximum, decreases in-
significantly over a very long extent; over the entire length almost maximum
voltage is applied to the insulation between the core and the sheathing.

If at any point a place is encountered with weak insulation, then secondary
breakdown takes place. In practice it was noted long ago that when lightn-
ing strikes a series od damaged places in the insulation occurs, sometimes

a significant distance from each other. As a rule, the repeated damages
occur in areas with weak insulation., for example, in the couplings, for
their wearing is done at increased temperature, which sometimes causss par-
tial weakening of the insulation of the cores. -

27 (a

40

- g _,%,% J»J

000 “

Figure 8.3. Variation of the voltage along the cable in the
cage of breakdown between the core and sheathing at the point
where the lightning strikes (x = 0).

Key: a. U, volts

In order to determin the distance Xy fron the point where the lightning
. strikes at which the voltage between the core and the sheathigg reaches a
maximum value, it is necessary to take the mixed derivative 9 ulzlaxat and
equated to zero. However, the derivative of (8.22) is an expression that
is too complex. Its solution is difficult. It is possible to simplify -
- the problem somewhat if we find the extremum of the operation transform i
(8.21) with respect to x. Differentiating (8.21) with respect to x and
equating the derivative to zero, we find that the magnitude of the voltage
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will be maximal for Xy defined by the expression

"
e P (8.23)

As is obvious from (8.23), the maximum voltage between the cores and the
metal sheathing is reached at a distance which depends on the parameters of
the cables, the surrounding ground and the equivalent frequency of the
lightning current.

Xy =

For cables of the 1nvestigated types (8.23) assumes the form

X = l’ Iny’ ll/2pC,, (R1+R,)— for a cable with continuously
grounded sheathing,

1
-2'" (CoRy/Cro(Ry + Ry)) i
Xy = —
M Y Rs— Vil RitRD iz;ea cable in a flexible

————n — ’

= VR'I/M‘. IV Ly/RIC, (R, + R)— for a cable in a tube with

periodically grounded
. sheathing.

Being g:l.ven the values of p = 10 kilohertz, p = 400 _ohmm, u = 1.256° 10

g/m, R, = 16 ohm/km R, ~ 1.0 ohm/km, C,, = 0.5'10° =6 “tarads/km, C , = 1.2°10
ohm/km, 9 = 2 10 /hn R3 = 10 ohm, £ = 1 km, we find that for the in-

dicate types of cables x is correspondingly equal to the follpwing:

-6

X, "
= 775 m, XMZ = 11.6 km, X3 = 153 m.

As we see, the maximum voltage in the cable with a flexible tube is the most .

‘removed from the point where the lightning strikes. A voltage close to the
. maximum occurs over a very long length so that the equipment comnected to

the cable is under high voltage in spite of its significant removal from the -
point where the lightning strikes.

8.7. Calculation of the Voltage in a Coaxial Cable, the Tube of which is
Insulated from the Metal Sheathing.

In practice the case frequently occurs where the coaxial cable is insulated
from the metal sheathing. Usually the connection of the tube to the sheath-
ing is made only at certain points along the line. Let us consider the
single-coaxial cable having a layer of insulation over the coaxial pair and
only then the conducting sheathing. The voltage will have the following
form for various boundary conditions:

1) in the case where breakdown of the insulation does not occur at the point

where the lightning strikes either between the sheathing and the coaxial
cable or between the tube and the inside conductor,
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the voltage between the sheathing and the coaxial tubes is

. S
Ugy (%, 0) 2(a,’—a.§) [a28 (&2, 1)—@,3(&.:. nl;

the voltage between the tube and the central core is

2(«,—«,) & —a?

a,—a,
g @ ')-aae(a,x. )
. G- -]

u“(" Q_M [a't’g(alx' t)_'alg‘alx- t)

the current in the coaxial tube is

. e T
) | oo (=, °=mu (@, )—h (a2, D];

the current in the core is _
- Ro6 (R—Rop) CT [ h(zyx, t) hlazf)
‘.(‘, ‘)—-——— % X,
2(af-a3) [ @ —af
b=, t) h(a.x. t)]
G —af '

2) in the case where the sheathing and the coaxial tube are either connec-
ted at the point where the lightning strikes or breakdown of the insulation
takes place between them, the insulation between the tube and the core re-
mains undamaged,

the voltage between the sheathing and the coaxial tube

=ty (x 'f)= (:2"“ 1 [g(a,x. ) —g(a,x D];

the voltage between the coaxial tube and the core

b 0=R°;ész;2)c [ “'g(azx-a:)—:le(axx. n _
-%
_u@eCr )—nng(mrnn |
a’(“g"ag) »

the current in the coaxial tube

ba (%, 0-= (a, ( ) VC/Rlaxh(anx- O—ash(n2 0)];

Key: 1. sh
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the current in the core
Ro6 (R—Rys) CC [h(ayx, §) —h{ayx, 0)
Tniz. ) = [ - 1
" 2(a—aj) G-
_ h(gx, )—h(ayzx, 0
(cv/ay )('a} —a)

3) in the case where complete breakdown of the insulation takes place at
the point where the lightning strikes between the sheathing and the tube
and between the tube and the central core, that is, the sheathing, the co-
axial tube and the core are closed among each other at one point (this
usually occurs under the indentation in the sheathing at the point where
the lightning strikes),

the voltage between the coaxial tube and the sheathing

_ Reg(R—Ren)C
y(x, ="R0 T80
- 2(o}—d})
x[gﬁ?xx. N—g@mxl) g@z )—g@msp].
oG —af ©_a ;

the current in the core

Rog (R— Rog) CC

Tu(‘: 0= Z(Gf—ug) agx
x[uxh(a'.x,_r)—za.nz(a,x. ) ah(Gyx, )—aher, 9
% ¢ (93—~ a) 3 (G—a) :

In the formulas of this item the following notation is used:

t 1 _(Va;l)'_v .

gz, f) ==5ri “—ﬂy’_ﬁ—e f' d'l.»

- H « et
Az, H=li¢— = T 4,
(ax, §) J( 7) 2“/“_? e dy,

o=y o=VRG &4=VRC;

Rsh is the sheathing resistance; R and C -- are the resistance and the

capacitance per unit length of the "coaxial tube-cable sheathing” circuit;
R and C are the resistance and the capacitance per unit length of the "core-
coaxial tube" circuit. .

The Chilean telephone company used the indicated formulas to perform cal-
culations of the currents and voltages in a coaxial cable for the following
values of the parameters: Rsh = 1 ohm/km; R = 7.2 ohm/km; R = 21.4 ohm/km;
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Figure 8.4, Currents in a complex coaxial cable during a
lightning strike: Is -- current in the shea::

IB -- current in the sheathing the cable
I =- current in the shielding of insulation is
" the coaxial pair not damaged;

I00 -- current in the core of the
coaxial pair
, 1,0 == current in the shielding} f;’t Rr;ak;l-g:n ofht:heh
the "shielding-sheath-
I -= current in the core ing" insulation at the
point where the light-
ning strikes;

Ill -- current in the core in the case of complete dam-
age of the insulation at the point where the
lightning strikes (both the "sheathing-shielding"
insulation and the "shielding-core"” insulation)

B Key: a. current in the sheathing b. microsecondg
t

C = 0.1°10™® farads/im; G = 0.5:107% farads/km; 1(t) = 1150 (e~0-013°10
_e—0.5'106t)

The results of the calculations are presented in Figures 8.4 and 8.5 a and b.
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Figure 8.5. Voltage between the core and the shielding of
the coaxial pair and between the shielding and the sheathing
_ of the cable from the lightning strike (p = 10% ohm-meter) :
a) in the absence of breakdowns of the insulation; b) in the
case of breakdown of the insulation at the point where the
ligkning strikes and the point of connection of the sheath-
ing and the shielding to each other.

- . Key: 1. volts 2. microseconds
8.8. Probability of Lightning Damage to a Cable Laid in Open Terrain

When the lightning leader approaches the ground, charges ‘begin to move in
the latter toward the point located under the leader. At the time the lead-
er reaches the ground and the time of beginning of the return strike, the

potential of this point can be so high that an electric arc occurs between
it and the cable.

The conditions of the formation of the arc were investigated in section

- 3.2.1 where the derivation of the formula is presented for the distance
jumped by the electric arc to the cable. If the distance is large and the
average field intensity in this space is less than the critical breakdown
value, the arc does not burn. However, this does does not mean that the
cable will not be subjected to damage under such conditionms.

As has already been noted above, when the lightning current flows through
the sheathing between the cores and the sheathing, a potential difference
occurs which is greater the greater-the amplitude of the flowing current.
a If this potential difference at any time turns out to be greater than the

electric strength of the insulation between the cores and the sheathing,
breakdown occurs and, consequently, damage to the cable. For each type of
cable there ig a pulse current amplitude i such that for currents exceed-
ing i, breakdown of the belt insulation ang the insulation of the cable
cores takes place. The value of 10 depends on the resistance of the metal
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protective coverings of the cable, the pulse strength of the insulation, the
specific resistance of the surrounding ground.

When lightning strikes at a distance y from the cable, y > Ymax (where Ymax

is the maximum distance jumped by the arc), the current flows in all direc~
tions from the point of the strike, the electric arc to the cable does not
occur, and part of the current goes to the cable. In this case the damage
to the cable insulation occurs according to Sunde [21], if the amplitude of
the lightning current exceeda the value

lnl/ r i
o In(1/yy+1 ' (8.24)

where y = 0.08/p 1is the propagation constant of the lightning current through
- the sheathing, 1/m; r is the cable rad{ius, m.

As Sunde has demonstrated, within the limits of some distance ¥y < Ymax from

the cable the damage can be caused only by the electric arc to the cable;
nevertheless, for lightning strikes farther than v, damage 1s also caused

without an arc by the leakage current gs soon as the latter exceeds i, al-
though the occurrence of the arc is not excluded in this case.

The probable number of occurrences of damage from lightning striking an un-
derground cable laid in level terrain will be defined, according to Sunde,
as_follows. Let q = 0.1 l/kmz-day be the number of lightning strikes per
kn® on one day of lightning; then the number of strikes dv to the ground )
within the limits from,y to y + dy on both sides of the cable will be: dv =
= 2qSdy, where S is the length of the cable. The striking of lightning at
a distance y will cause damage when the current i exceeds some value which
depends on the distance i = £(y). The number of strikes, the amElitude of
which is greater than i is described by the expression P(1) = e %1, where

k = 0,038 1/kiloamps. The number of strikes dn leading to damage will then
be

dn=P(@)dv=2gSeMdy,

The total number of cases of damage as a result of long strikes to ground in
a year will be determined from the expressions

n=2gSN § e May,

where N is the number of days of lightning per year for the given terrain;
Y is the maximum distance from the cable which is meaningful to consider.
The integral is conveniently divided into two.

n=2NS § e™dy= 2qNSU eMdy+ | e—*‘dy) 8.25)
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- where (O, yl) is the interval of distances from the cable in which an arc
occurs; (yl, Y) is the interval of diatances from the cable in which damage

takes place before the occurrence of an arc (although the latter can occur).

Integrating (8.25) by parts, we find

A o
n= %NS [Ye‘" +k S yeMditr )‘ y e‘”di] . (8.26)
L] 1
B YR =10,
: ﬂ J. ]
Iy P
: e
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Figure 8.6. Graphs of the probability of damage 'of underground
cables by lightning.

Key: a. ohmm

Here, for the first integral which is in the right-hand side of expression
(8.26), the dependence of y on i is expressed by the formula (8.7), and for
the second integral, by the formula (8.24); i is the value of the current
corresponding to the distance Y1 which can be found, equating (8.7) and

(8.24); 1 is the maximum possible current amplitude of the lightning.

The integrals .of equation (8.26) are taken by the numerical methods, and
- the corresponding tables and graphs exist for them. On the basdis of the
solution of the integrals (8.26), the graphs are compiled for the probable
number of their occurrences of damage to the cables presented in the “Hand-
book on the protection of underground coupling cables from lightning strikes."
At the present time in a number of advanced countries of the world the
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thunderstorm activity is estimated not by the number of days with a thunder-
storm, but by the mean total duration of the thunderstorms in hours. This

- only requires variation of the coefficients in the formula (8.26) and, with-
out touching on the essence of the conclusion, permits more exact determina-

B tion of the probability of damage. The graph of the probability of damaged
underground cable by lightning is presented in Figure 8.6 for the following -
values of the parameters: total thunderstorm activity T = 36 hr/year, elec~
tric strength of the insulation 3000 volts. Formula (8.26) and the graph in
Figure 8.6 pertain to cables, the metal sheathing of which is in good contact
with the ground (for example, the MKSB type cable).

8.9. Probability of Lightning Damage to Underground Cable Laid Beside a
Forest

The possibility of lightning damage to an underground cable laid through a
forest is the same as the cable laid in an open field inasmuch as the uni-
formly distributed trees, independently of their distance from the cable will
orient the lightning strikes to themselves with equal probability. On pas-
sage of the cable near the edge of the forest the picture changes signifi-
cantly. Indeed, trees at the edge of the forest will orient strikes toward
themselves from a strip adjacent to the forest (Figure 8.7a).

According to the research data of A. A. Akopyan, et al. [3, 10], a developed
lightning channel is "attracted" to objects which project above surrounding
structures, and usually lightning will strike the high point. Since the
development of a lightning discharge depends on a number of random circum-
stances, the strike can also bypass the high point, but the probability of
this event is low. The higher the object, the greater the space it will
"protect" from lightning strikes, and the more reliably it will do this. By
1 the "lightning rod protection zone" usually we mean the space near the light-
ning rod within the boundaries of which there is low probability of lightning
damage to the protected targets. The height of the lightning rod has decis-
ive significance on the protective effect of it; its grounding is no signi-
ficant role. Therefore it is possible to use ordinary trees as lightning
rods. The protective zone of the lightning rod is not a completely  defined
value; it is characterized by the probability that lightning will penetrate
the zone. It is natural that the higher the admissible probability of pene-
tration, the greater the area can be assumed to be protected.

The experiments of A. A. Akopyan established the dimensions of the protected
zone beginning with the conditions that out of 1000 strikes not one strike
enters the zone. The greatest radius of the protection zone at the surface
of the ground for a lightning rod r = 1.5 h, where h is the height of the
lightning rod. In the case of an overhead cable, this zone is decreased as

a result of a more uniform electric field, and it 1s equal to 1.2 h. For the
edge of the forest it is possible to take the width of the protection zone

to be 1.5 h, for the tops of the trees are not a continuous line and create
sufficient field distortion. All of the strikes which trees collect from

the strip adjacent to a forest will hit an underground cable laid in direct =
proximity to the roots of these trees at the edge of the forest. On the
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Figure 8.7. Probability of lightning damage to cables laid

beside the forest: a) orientation of discharges; b) varia-

tion in probability of damage to the cable by a lightning

current depending on the discharges between the cable and the
forest.

[Q0(a)

2000
1000
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Figure 8.8. Specific resistance of clay as a function of
temperature.

Key: a. p, ohm-m

other hand, a cable laid ir the pro*:::i.. zcie uf the trees at the edge of
the forest and at the same time located sufficiently far from it so as to re~
duce the number of lightning strikes forming an arc from the roots of the
trees to the cable to a minimum will be protected from direct lightning;
strikes. Comsequently, the number of cases of damage to an underground com—~
munications cable from lightning strikes when the cable is laid along a
forest depends on the distance between the cable and the forest and can be
both greater than and less than the number of cases of damage to the cable
laid through open terrain (under other equal conditions).

Analogous statements can be made with respect to any prominent objects lo-
cated along the path of the cable, whether overhead communications lines,
the supports of overhead electric power transmission lines, individual
trees, and so on. The picture will be the same qualitatively.

Now let the cable be located at a distance y = % from the edge of the forest
and let £ < 1.5 h (see Figure 8.7a). The integration region will be broken
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down into three parts: one part corresponds to the protection zone of the
forest, and the other two, to the regions lying outside the protection zone
on both sides of it:

1,841 "y -y Y :
n=qNS( .[le dy+ je”"dy+ J e""dy). (8.27)
-] -1 1,88}

In the first integral in the right-hand side of expression (8.27), the cur-
rent 1 does not depend on y and is completely determined by the distance %
between the forest and the cable. Indeed, if & < Yy» then for a lightning

strike at the edge of the forest the cable will be damaged if the arc of
lightning current is capable of jumping the distance % between the cable and
the forest, that is, when the lightning current amplitude i > 22 p/l.21 eg°

If ¢ > Yys then when lightning strikes the edge of the forest the cable

will be damaged when the leakage current to the cable exceeds i.. Setting

y = % in (8.24), we find the boundary amplitude of the lightning current such
that the cable will be damaged in the case of lightning strikes to the edge
of the forest with any large amplitude. In addition, considering that

-Y

VI gy
fe™ay _[e dy,

-1

let us rewrite (8.27) in the following form:
n=qNS( "5kt rf ""‘”’dy+ J- "‘“‘”’dy) (8.28)

where i, is found from (8.7) or (8.24) (depending on the relation between £
and yl) for y = &.

- The integrals in the right-hand side of (8.28) are analyzed analogously to
the integral (8.26).

In order to determine the probable number of cases of damage to the cable
located in the protection zone of. the trees at the edge of the forest,
expression (8.28) is used. If the cable is located outside the protection
zone of the forest and at a distance £ from it (that is, & > 1.5 h), the
probable number of cases of damage to the cable can be found from the
expression

I TIET S
neans| et ione e feva feva)

These integrals are taken just as in the preceding cases. In Figure 8.7b
the curve is presented which indicates the probable number of cases of damage
to the cable as a function of the distance between the cable and the forest

220

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP382-00850R000200070053-4

(for p = 800 ohm-m). The dotted line n, indicates the probable number of
cases of damage to the same cable but located in an open field under other
equal conditions. From the graph it is obvious that by proper selection of
the location of the cable it is possible essentially to reduce the expected
number of cases of damage from lightning strikes. When the cable is laid
at some distance gopt from the forest it is possible to achieve the minimum

possible number of cases of damage to the cable. The distance 2opt can be
found from the condition dn/df& = 0.

Differentiating the right-hand side of the equality (8.28) with respect to %,
after simple transformations we have

T R
dy _ M)
l+l,5kha e . (8.29)
The solutjon to the equation is complicated by the fact that the dependence
of the current 12 on £ is different for different %£: namely, for % < 2 it

is expressed by the formula (8.7), and for £ > ¥y» by the formula (8.24).

The greater part of the cases of damage to the cable occur as the result of
the occurrence of a lightning current arc to the cable. The probable number
of cases of damage from leakage currents is low. Part of them, in turn, are
accompanied by an arc to the cable. Therefore we shall consider 12 - 2ée0/

/1.21p. Equation (8.29) assumes the form

%ley, _ S @D
- 6y 1,21p

— .
l-Fl.5hl'2m

Solving the equation graphically, it is possible with accuracy which is en-
tirely sufficient for practical purposes, to determine the most advantageous
distance from the forest at which the cable must be laid: for h = 10 m,

zopt ~ 15 meters; for h =15 m, Eopt ~ 17.5 meters; for h = 20 m, 10pt ~ 20

metexs. It must be noted that when deriving the formulas, the presence of
roots on the trees wa:, not taken into account. It is known that the pulse
breakdown voltage with respect to the surface of the tree will be 200 to 300
kv/m, which, by compirison with the breakdown strength of the ground, is
smaller. Accordingly, the actual distance between the tree and the cable
will be less than che distance between them measured on the surface of the
ground. From Figure 8.6 it is obvious that removal of the cable from the
forest leads to fewer cases of damage than bringing it closer. Therefore
considering what has been stated above, the optimal distances must in prac-
tice be increased by the length of the roots.

8.10. Probability of Lightning Damage to Cable Laid along a Cut Through a
Forest

When laying a cable through a cut through the forest, we have a superposition
of zones of orientation of the lightning strikes to the opposite edges of the
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- forest. It must be considered here that the strikes directed to the left
part of the cut to its center will be oriented to the left edge of the forest,
and to the right part, to the right edge of the forest. The maximum width
of the strip from which edge of the forest the strikes are collected will in
this case be not 3 h as would first appear, but 7 h. It is assumed that the
terrain is level, and the height of ithe trees is no less than 6 to 8 meters.

In practice the cable is laid either through a specially made cut or through
a cut made when building other structures (a road, electric power transmis-

sion lines, and so on). The width of the cut will be different in all cases.
If the width of the cut is less than Yin® where Yoin is the distance within

the limits of which the lightning current with an amplitude i  forms an arc
. to the cable, then the forest can be considered solid, and :hg calculation
of the expected number of cases of damage must be made by the usual. method
without comsidering the cuts. For p = 1000 ohm-m, for example, Yodn & 6 m,

- and in this case it is indifferent whether the cable is laid in the middle of
the cut or along its edge. For greater width of the cut the cable must be
laid down the middle. The number of cases of damage when laying the cable
in the middle of the cut is given by the expression

n= 2q1\;~;} l;_k{":l:‘?é;h' dyv
/ ’ (8.30)

where 28 is the width of the cut.

If the forest is moved back to both sides on the cable, then the cable will
be damaged less and less, and at the limit the minimum number of cases of
damage will occur for a cut width close to 7 h. With a further increase in
width of the cut, the tree protection zone will be divided into two parts
will decrease rapidly. Therefore the probable number of cases will begin to

- increase rapidly, the expected number of cases of damage to the cable when .
it is laid in the middle of the cut more than 7 h wide is given by the ex~
pression

1-1,5h
n= 2qNS[ s’ e M
.0

Sy .
dy+1,5he 14 (e‘“dy],
) H

where the integral is uncovered, just as before, depending on the relation
between £ and Y (2 is half the width of the cut).

With an increase in the cut width above 7 h to some limit laying the cable
in the middle will lead to a minimum number of cases of damage. However,
beginning with some width, the effect of the forest will weaken to such a
degree that the strikes in the space between the wooded areas will damage
the cable more frequently than if the cable were located closer to the forest
rather than in the middle of the cut. It is obvious that at this critical
width of the cut, the second derivative of n with respect to £ changes sign;
therefore differentiating (8.30) twice and setting the result equal to zero,
we obtain the equation
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- din\s _ i _
_ k(-d;) T (8.31)

From (8.31), it is possible to find the maximum width of the cut 22 for
which laying the cable in the middle does not lead to a decrease in the num-
ber of cases of damage. However, it is necessary to consider that the maxi-
mum distance from the cable, in case of a strike within the limits of which
damage is possible would be approximately 70 to 80 meters. Outside this
distance, the strikes with any current amplitude do not cause damage. In
addition, with an increase in width of the cut above 7 h the protection zone
decreases sharply. Therefore for cuts more than 8 h wide the effect of the
second part of the forest on the orientation of the lightning strikes can be
neglected, and the location of the cable in the middle of the cut becomes
meaningless.

8.11. Effect of Single Trees Located Near a Cable or High Structures on
Damage to the Cable by Lightning Strikes

Damage to a cable by a lightning strike through individual trees located near
a cable has been mentioned more than once in the literature. However, a
quantitative evaluation has not been made. If a tree of height h is located
at a distance £ from a cable, the number of cases of damage for the section
of cable 3 h long near the tree is given by the expression

. - 7 15k
- "=0Na(l,5h)‘e~“’+2qyj‘ [dsje“’” dy].

It is obvious that the limits of the internal integral are variables which
depend on S and £ (S is the distance reckoned along the cable).

8.12. Effect of Overhead Lines Located Near the Cable on the Degree to Which
- it is Subject to Lightning Strikes

Now let us consider the effect of an overhead communication line located
directly next to a cable on the probability of damage to it by lightning.
The strikes in the absence of a line in strips 1.2 h wide on both sides of
the line now will hit the line, and after jumping the supports the currents
will form an arc to the cable, that is, all of the strikes hitting in the
strip 2.4 h wide turn out to be direct strikes for the cable. -The procedure
for calculating the number of cases of damage to the cable is the same as in
the preceding case; therefore we shall not discuss it. In order to avoid
damage to this case the overhead line is equipped with spark gaps with .
remote grounds. The grounds are a significant distance to the side. Here
- the damage is reduced to a minimum.

The grounding will be located at a distance of 60 to 70 meters from the
cable; then the currents falling from the ground in practice do not cause
damage for any amplitudes. The adopted distance of 25 to 30 meters excludes
the currents forming an arc to the cable.
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If the line 1s not equipped with remote grounds, then the calculation formed
by the method analogous to the one discussed above indicates that the mini-
mum number of cases of damage occur with the cable locator at a distance from
0.61 h to 0.65 h from the communication line or electric power transmission -
line, where h is the average height of suspension of the wires. However, in
this case the decrease in the probable number of cases of damage to the cable
is insignificant,

8.13. Calculation of the Probable Number of Cases of Damage to Cables by
Lightning in Permafrost Zones and with Two-Layer Structure of the Soil

The operation of long distance underground communication cables in permafrost
Zones has demonstrated that they are subject to damage from lightning strikes
sometinies even to a higher degree than in ordinary soil in spite of the fact
that in regions with frozen ground, cables are used with high mechanical
strength and, as a rule, with high longitudinal conductivity of the external
protective coverings.

In the structure of the soil in permafrost zones it is possible clearly to
isolate two layers that differ sharply with respect to their properties: the
upper layer, so-called active layer (the thickness of which during the melt-
ing period is 2-3 meters) saturated with moisture and having a low specific
resistance of the soil, and the almost nonconducting permafrost layer. The
periods of greatest thunderstorm activity and maximum thawing of the upper
layer of the ground are shifted relative to each other. Thus, the greatest
volume of thawing of the ground can occur in September, and the thunderstorm
activity lasts from May to September (with a maximum in June-July). In Table
8.1 the characteristic mear monthly soil temperatures are presented.

Table 8.1. Mean monthly soil temperatures
Depth, Mean monthly soil tgggg;ggggngyﬂ; ep,_for month
bl

pei ]—;(ll

meters I n m v v Vi Vi vl Ix

0,4 (-I12,9—13,01—9,1(~3,3| 0,3} 6,2|10,7 11,8/ 7,4 2,1{—2,2/—8,6
0,8 |—8,3|-9,6 (-7,6{—3,5/—0,9|—1,6| 6,4/ 8,5 6.4 1,6/ 0,0—3,4
1,6 {—~0,9 |-3,5 —4,3(—2,9|—1,4/—0,9/—0,4 1,3/ 2,4 1,00 0,1| 0,0
2,0 ~0,4 |—1,9-3,2|~-2,9|-—1,5{—1,0{—0,7[ 0,0{ 1,0, 0,6 0,1] 0,0
2,5 |—0,2 [—0,2 {~1,0{—1,7|—1;3|—1,0|—0,8]—0,7|—0,4]|—0,2{—0,2|—0,2

The total duration of the thunderstorms during the year is on the average
about 50 hours (for 20 days with a thunderstorm). For comparison let us
point out that, for example, in Moscow the thunderstorm duration is a total
of 31 hours (for 26 days with thunderstorms).

The greatest thunderstorm activity is observed where the soil still is only
beginning to thaw, the temperature at the depth of laying the cable is nega-
tive: according to Table 8.1, at a depth of 0.8 meters the soil temperature
is ~1.6° C in June; it is +6.4° C in July; at a depth of 1.6 meters it is
-0.9 and -0.4° C, respectively. The cable laid at a depth of about 1 meter
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is in entirely frozen ground in May; in June-July it is somewhere near the
boundary between the melting and frozen ground. The specific resistance of
the frozen ground is extremely high. Figure 8.8 shows the specific resist-
ance of clay as a function of temperature for a moisture of 15%. On transi-
tion of the temperature through zero the specific resistance varies discon-
tinuously from 140 to 320 ohm-m, and then it increases with a decrease in
temperature.

The specific resistance of the soil along with the thunderstorm activity is
the basic external factor determining the degree to which the cable is sub-
Ject to lightning discharge effects. As follows from a comparison of Table
8.1 with Figure 8.8, the probability of damage to the cable by lightning in
May is more than twice the probability of damage to the cable in August even
without consideration of the nonuniformity of distribution of the thunder-
storms during the thunderstorm season.

Thus, the calculation of the lightning protection with respect to the speci-
fic resistance of the melting ground leads to serious errors in estimating
the probability of damage to the cable by lightning.

By the end of the thunderstorm season when the active layer has melted, only
the upper layer has good comductivity, and the lower layers in practice are
nonelectrically conducting. The lightning currents leak off in the upper
layer of the soil, which can cause a high damage rate to the cable located
in this layer by comparison with ordinary conditions. Consequently, perma-
frost imposes specilal requirements on the lightning protection of the cables.
When estimating the probable number of cases of damage to the cable in per-
mafrost zones it is necessary to consider the following:

1) high specific resistance of the upper layers of the soil at the beginning
of the thunderstorm season;

2) unfavorable relation of the specific resistances of the layers at the end
of the thunderstorm seasons;

3) noncoincidence in time of the greatest thunderstorm activity and the
greatest melting of the soil;

4) in some regions an increased total duration of thunderstorms.

Let us determine approximately how the potential difference between the cores
- and sheathing of an underground cable varies for the nearby poorly conduct-
ing layer of the soil. The potential Ul of the ground points at a distance

r from the lightning strike point with uniform soil with a specific resist-
ance is determined by the formula

Ity
U= (8.32)
where Im is the lightning current amplitude.
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If in the case of a two-layer structure, the upper layer of the soil of thick-
ness h has a specific resistance Pys and the lower layer, a specific resist-

ance pz, then the potential of the ground points will be

U,: 2 . _h’/ﬂ'l’

(8.33)
where k 1is a function of the ratio pllp2 (Table 8.2).

Considering in the first approximation the potential of the cable sheathing

— equal to the potential of the surrcunding points of the ground and the po-

- tential of the cores equal to zero, by (8.32) and (8.33) it is possible
roughly to estimate the increase in voltage in the cable in the case of a
two-layer structure of the soil., Assuming that the lightning strikes occurs
to the ground directly over the cable, that is, r = hl’ where h1 is the depth

of laying the cable, we find that

U:/U; ——p;/p;+(| _%) — (8.34)

Table 8.2. Values of the coefficient k as
a function of ratio of the specific resist-
ances of the ground layers

pilps - | 100 10 1 0.t |o,02

k 2 1,84 1,16 0,4 0,12

On the average it is possible to consider the depth of laying of the cable
h1 = ] meter, and the thickness of the active layer h = 2 meters. Consider-

ing these values in Table 8.3, the calculated ratios U /U are presented as
a function of 01/02

Table 8.3. Ratio of the cable potential for two-
layer soil to the cable potential for uniform
structure of the soil (or p,) as a function of the
ratio of the specific resis resia%ances of the layers

pi/os 100 10 i 0,1 0,02

Us/Uy 0,61 0,67 1,0 1,8 125

From an analysis of formula (8.34) it follows that for p./p, >> 1, U /U +
(~khy/2h 12

-+ , that is, for small specific resistance of the lower layer, some
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reduction in rthe induced voltage takes place, and this reduction is determined
by the ratio of the depth of burying the cable and the thickness of the upper
layer of the soil. If pllp2 << 1, that is, then the lower layer has very

poor conductivity, the leakage of the current from the cable sheathing is -
complicated, the lightning current in practice is all propagated in the

upper layer, and a significant increase in voltage takes place. The latter

case is realized both in the permafrost regions and in rocky ground.

The effect of the two-layer nature of the soil is especially strongly felt

in the case of lightning atrikes at a significant distance from the cable.

In this case with good conductivity of the nearby lower layer the lightning
currents simply do not hit the cable. In the case of poor conductivity of
the lower layer even the remote lightning strikes lead to damage to the cable
which does not occur for uniform structure of the soil.

It 1s possible approximately to consider the two-layer structure of the soil
by the introduction of a correction factor m for the specific resistance of
the upper layer: pequiv = mp. Indeed, the voltage amplitude in the cable

with uniform structure of the soil Py is calculated by the formula ulH = 2.1

'IHR¢ Py» where IM is the amplitude of the lightning current, and R is the

resistance of the cable sheathing. In the case of the two-layer structure
of the soil, the voltage varies as a function of the ratio pllp2 in accord-

ance with Table 8.,3. Let us denote the ratio UZM/U =y m . Then we can

write M

Upe=ymUpy=ym2,1 IRy py=2,11, Ry mp;

Thus, the two-layer soil can be replaced by uniform with an equivalent speci-
fic resistance of p = wp,; . The magnitude of the correction factor m depends

on the ratio of the specific resistances of the layers pllp2 and the ratio
of the depth of laying of the cable h1 to the thickness of the upper layer.
The values of m for ratios of hllh and pllp2 are presented in Table 8.4.

8.14. Maximum Lightning Current as a Function of the Specific Soil Resistance

It was already stated above that the amplitudes of the lightning currents

vary within broad limits. The upper limiting value of the current is 250

kiloamps recorded on the object with low grounding resistance. In mountain-

ous regions where the specific resistance is high, the observed values of

the currents are appreciably lower. In mountainous regions a different ratio

between the discharges of positive and negative polarity than in the low-

lands is also observed. Generalizing, it is possible to say that the spe-

cific resistance of the soil in a thunderstorm region influences the magni-

tude of the currents in the ground in the case of a lightning strike. The -
resistance of the damaged objects is also felt in the current magnitude.
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Table 8.4. Values of the correction factor m
for different magnitudes of ratios pllp2 and
hllh

Factor of m for pllp2

N e S e T

100 10 1.0 0,1 |o,02
0,1 0,81 0,86 1,0 1,21 1.
0,2 0,66 0,73 1,0 1,96 2,%
0,3 0,365 0,45 1,0 3,25 6,25
0,8 0,207 0,285 1,0 5,3 10,6
1,0 0,141 0,212 1,0 6,8 13,0
2,0 0,021 0,059 1,0 16,0 42,0

For example, for lightning strikes to the ungrounded or poorly grounded over-
head lines the lightning current is limited by the wave impedance of the cir~
cuit. In the underground cables with continuocus grounding of the sheathing,
the currents are appreciably higher than in the overhead lines.

A decrease in the maximum values of the currents with an increase in the
specific resistance of the soil and the resistance of the grounding of the
objects can have great significance for the practice of lightning protection
measures. However, it is not necessary to simplify the problem unjustifiably
and exaggerate the significance of this fact. For large values of the re-
sistances of the grounds the potentials of the lightning-damaged objects

- can be so high that this leads to the development of electric breakdown in
an unforeseen location and to damage.

Figure 8.9 shows the results of measuring the lightning current amplitude in
soils with different specific resistance. The greatest magnitude of recorded
currents occurs in the region with small gpecific resistance. Constructing
the envelope curve of the maximum values, it is possible to establish that
the lightning current amplitudes IM vary as a function of the specific re-

sistance of the soil p‘approximately by the square hyperbola law (in the
range of variation of p from 200 to 1100 ohm-meter) approaching a constant
for large p:

Le=16+2:100p%. ‘ (8.35)

Considering that the curve in Figure 8.8 is constructed on the basis of com-
paratively few data, it is expedient to introduce the safety factor

 Le=1506+210vph.
(8.36)

into the formula (8.35).
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Figure 8.9. Results of measuring the lightning current ampli-
tude in the ground with different specific resistance.

Key: a. kiloamps b. ohm-meter

The probability of damage to the cable considering the function (8.36) was
calculated by the same procedure as before, but the upper integration limit
with respect to the current now depends on the specific resistance of the
soil. The performed calculation indicates that considering the dependence
of the current amplitude on the specific resistance of the soil, the proba-
bility of damage to the cable turns out to be 30% less than for the calcula~-
tion with maximum current amplitude of 250 kiloamps. The use of this deriva-
tion when calculating the lightning protection of the underground cables
will permit significant reduction of the expenditures on lightning protec~
tion and it will lead to material savings. However, it is necessary to use
this fact cautiously inasmuch as the good conducting and well-grounded cables
lead to the inverse effect -- an increase in the current in the sheathing.
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CHAPTER 9. PARAMETERS OF THE ELECTROMAGNETIC COUPLING BETWEEN CIRCUITS OF
DIFFERENT ELECTRIC SYSTEMS

9.1. General Principles

From the above-investigated theory of the effect between the electric cir-
cuits it follows that the induced voltages and currents in the circuit sub-
ject to the effect are characterized by the parameters of the electric and
magnetic effects. The electric effect parameter is the total mutual conduc-

_ tivit; of the electric coupling between the interfering cir-uit and the cir-
cuit subjected to interference, numerically equal to the ratio of the current
induced in the circuit subject tn effect to the voltage active in the iater-
fering circuit, that is

Ylu=QIu FioCy ='ln/0h‘ ‘ (9.1)

where Gik is the active component of the electric coupling usually called

the galvanic coupling; Cik is the capacity coupling or the mutual capacitance

between the interfering circuit and circuits subjected to interference. The
index i pertains to the interfering circuit and depending on the type of
interfering circuit, it can be designated by 1, 12, 123, and so on. The in-
dex k refers to the circuit subjected to the effect, and depending on the
type of circuit in the given chapter it will be denoted by A for single=~
wire, T for double-wire telephone circuits.

The pérameter of the magnetic effect zik is the total mutual resistance of

the magnetic coupling or the total resistance of the mutual inductance be-
twcen the interfering circuit and the circuit subject to interference numeri-.
cally equal to the ratio of the emf induced in the circuit subjected to the
effect to the current in the interfering circuit

Zig= 0 My = Ry + 0Ly = —(Ex/l)s 9.2)

where Rik 1s the active component of the magnetic coupling; wLik is the rxe-

active component of the magnetic coupling,
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) loMy | =) R} + L, (9.3)

Mik is the mutual inductance or the magnetic coupling between the circuits

considering the active and reactive components occurring as a result of
losses in the ground.

9.2. Capecitive Cohpling Between Single-Wire Circuits of Overhead Lines

When considering the parameter of the electrical effect between the circuits
of the overhead lines both for suspension of the wires on single supports

and for suspension on different supports the active component of the parame-
ter of the electrical effect can be neglected in view of its extraordinarily
small value by comparison with the reactive component. Therefore the equa-
tion (9.1) can be assumed to: Y:I.k < iwc 1K Thus, determination of the pa-

3 rameters of the electrical effect between the different circuits of the over-
1 head lines reduces to determination of the capacitive coupling between these
circuits.

The capacitive couplings C ik °F the partial couplings between the circuits

are determined from solution of the Maxwell equations compiled for the in-
vestigated system of conductors [10]. Let the conductors 1 and A (Figure

9.1) have potentials Ul and UA under the operating conditions and carry
charges 9 and Uy Let us write the Maxwell equations for two conductors

[see (2.103)]:

U=k (mou + 95 %),

- Uy=k(me,+4,9,,), (9.4)

6,
where k = 18°10°; O1qs Gpps 0y, are the potential coefficients.

Let us solve the system (9.4) with respect to the charges 9 and qA:' V

a
AA ; @1y .
= — Up —
. n=7 ( a9, a,, —aj, A o, , —aj, Ul)'
1 a . a . 9.5
"A“T( e Ua— B_—1,). 9-3)
G yp —0jp ay e

Equations (9.5) can be rewritten as follows:

B=Cul,+C,, (U, —U,) =0, (Cu—Cp)—U,¢C,,, }

I=CpaUrHCia (Uy—Us) =U, (€ +Cp ) = U, C,. (9.6

Here the value of Cll is the part of the total charge of the system of con-

ductors which pertains to the proportion of the first conductor (1), where
all of the conductors are joined to each other and they are communicated a

potential equal to one, that is, U = UA = 1; in other words, Cll is the part
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of the total capacitance of the entire system (where all of the conductors
are joined together) which is caused by the presence of the first conductor

(1) in the given system. The analogous value of C

AA

is caused by the pre-

sence of the conductor A. The value of ClA is the mutual capacitance between

the first and the second conductors under the conditions of the given system.
Comparing {9.5) and (9.6) between each other, we see that

Tan 1

—a i
Culyy—ap, &

%ia

 ————
Mok (a9, —af)"

Ca+Cy, =

! a.
—_ 11
Cq A +ClA = -_T_
%u aAA alA

Figure 9.1. Calculation of the capacitiwe coupling between

single~-wire circuits 1 and A.

Hence, substituting the value of k and neglecting otz

comparison with a;llaAA’ we obtain

10~¢ e, —a

_ AL %A
AT ana,,
In exactl thevsame wa
AT 18 aye,,
106 a

1A
= —

W8 aya,,
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_ Considering that (Figure 9.1)

) 2 2c
Ay = —— == ——
i =In o G =Ing—,

D V RN Y ]
A a* (6 +4-¢)
Gp=1In e, =ln @ (b—op’

find
ve _lo* _a,

Mg aya,,

After substitution of the value_es of alA’ 0q0 aAA’ we obtain

in BG40
Cp=218.10- — 2+ 6—0*

(9.9

(9.10)

where a, and a,, are the radii of the conductors 1 and A. For the struct—

ures encountered in practice for the interfering circuits and the circuits
subjected to interference of the overhead lines, the potential coefficients
%3 and @, are approximately identical, and on the average they are equal

to 8.5 to 9. Substituting this number in (9.8), we obtain

clA =0,77alA.|o—9 .

(9.11)

For g = “AA = 8.5, from (9.8) we find, neglecting %A by comparison with
-6 _
0); and @,,, that C,, = C,; = (107°/18)(1/8.5) = 6.5:10™9, farads/kn, and

for a =9 -¢C

11~ %a

11 = Cap = 6.17-10~7 farads/km. As as 1is dbvious, the

values of cu and cAA can differ insignificantly from each other. Therefore
for calculations, they can be set identical and equal to 6.3-10-9. Substi-

tuting the value of @, obtained in Chaspter 2 in (9.11), we find

R b
Cpp =~ 1,5:10-9 ——>
1A ’ AP

(9.12)

- 9.3. Capacitive Couplings Between the Triple-Phase and Siungle-Wire Circuits

For determination of the magnitude of the capacitive coupling between the
triple-phase ac circuit and an ingulated communications line we write the

system of Maxwell equations
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l?1=k(%“u+qaﬂu+%an)-
U!=k(‘h“n+‘h“u+_%ﬂu).'

Up = k (g1 03y + g tsg + g3 Ogy), (3.13)
Up=k@may, +a0,,+ga,,),

where Ul’ U2, U3 are the voltages of the wires of the triple-phase high-vol-
: k= 18-10°.
tage circui; with respect to ground; k = 18-10 ; “11’ a22’ a33, a12’ a23,
and so on are the coefficients which were calculated by the general formula
aik,' ln(Dik/aik)’ for example,-a11 = ln(Dlllall), where D11 is the distance

of the wire 1 from its mirror image; a; is the radius of the wire 1.

In equations (9.13) four values remain unknown; ﬁA’ 9y 4ys 43¢ The remain-
ing values are as follows: &1’ ﬁz, ﬁ3 are given, and the coefficients Oyqs
a22’ ey alZ’ and so on for each given case are determined from the mutual

arrangement of the wires (Figure 9.2). For simplification of the written
equations we make a number of the assumptions that follow below.
In equations (9.13) instead of the coefficients a12’ 023, a31 without special

error are under the above indicated conditions it is possible to substitute
their arithmetic mean value alZ = (“12 + a23 + a3l)/3; the coefficients O
Qg and Ogq usually differ little from each other; therefore it is possible
to substitute instead of them their arithmetic mean value, all = (all + a22+ 3
+ aJ3)/3. Then the first three equations of system (9.13) assume the form: !

U=k Tyt 500), ;
TUs=k (g1 G+ 33y + g5 (9.14) K
Us=k(qg Q1+ Gy Gya - gy 1) . ;

Solving these equations with respect to kql, kq2, kq3, we obtain:
& - Uy @+ 319 — (U, +-Ua) N
9 = = —
@u—ay) (@, + 2a3,) :
Uy Gu"‘zu)—(ua»"'ul);g. (9.15) ‘
(a_ll + 231. ) (a_n "'Eu) !

kgy = Us @1y +ay) — (U Ug) .‘Tu
(@1 —5) (@ +22,,)

kgy =

For equal voltages between the wires in the triple-phase system the voltages
of the conductors of this system with respect to the ground can fail to be
equal to each other both with respect to amplitude and with respect to phase.
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Figure 9.2. Determination of the potential on the communications
line A under the electrical effect of the triple-phase overhead
line.

In this general case the triple-phase system will have a residual voltage
equal to the geometric sum of the voltage vectors of each conductor with
respect to ground.

Indeed, let the triple-phase line have equal voltages between the conductors;
then these voltages can be represented graphically by three vectors making up
an equilateral triangle (Figure 9.3a). If the voltages of each conductor of
a triple-phase line with respect to ground have equal amplitudes and are !
120° out of phage with respect to each other, then the position of the ground
potential is determined by the point zero which is located in the center of
the triangle. The lines 0l, 02 and 03 connecting the point 0 to the apexes
of the triangle are the voltage vectors of the conductors with respect to
ground. If the voltages of the conductors with respect to ground have dif-
ferent amplitudes or are out of phase by different angles (or both simulta-
neously), then the point 0 (ground potential) will not be in the center of
the triangle, but can occupy any position both inside and outside it, for
example, at the point 01 in the figure 9.3b. 1In this case the voltages of

the conductors with respect to ground are also represented by three vectors
joining the point 01 to the apexes of the triangle.

From 9.3b it is possible to see that the voltage vectors of the lines with »
respect to ground are the geometric difference of two vectors: for example,
the vector 011 is the geometric difference of the vector 01 and 010; the

vector 012 is the geometric difference of the vectors 02 and 010; the vector
013 is the geometric difference of the vectors 03 and 010. The geometric sum
of all three voltage vectors with respect to ground obviously is the geometric
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a

Figure 9.3. Vector diagram of the voltages of a triple-phase
overhead line for phase load: a) symmetric; b) asymmetric.

sum of the components of the vectors 011 + 012 + 013 =01+ 02+ 03 + 010 +
+010 + 010 or

U+ Us+Us=Us + Ugn + Ugs + Uo + Uo +- U (9.16)
In the right hand side of the last equation the sum of the first three vec-
tors equal to each other and 120° out of phase is zero. The sum of the re-
maining three vectors (equal to each other and in phase) will be equal to

the triple vector 0,0. Thus, it is possible to write that the geometric

sun of the voltages Of the conductors of a triple phase line with respect to
= ground is 300:

s 01+0,+l7.=3l]o. (9.17)

This last voltage (3!.1 ) 1s called the residual voltage of the three-phase
system. From equation (9.17) it follows that

Uyt Us= 30— Uy
UI+U1=300—U,: '
U;+U,=3Uo.-l).. . (9-18)

Substituting the values of sz + ﬁ3, 1.13 + fll, fll + 62 from the system (9.18)
in (1.15), we obtain -

b= Ux_ —_— 300‘;11
Gy — g (ﬂu—%)(a.u'f‘z;n) '
gy U’— _ 30U, . (9.19)
Mu—an (2, —a,)(a,+235,)
b Body
Qg — Gy (Gn—“u)(;x:“,"b’“—u)
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For determination of the induced voltage on the communications lines let us
take the last equation from system (9.13) and, substituting the values of
kql, qu. k.q3 from (9.19) in it, we obtain

Upm-aluttioy +Usay,  3Usdu(ay +aytay) (9.20)
Ty~ Qg ) (ﬂn—ﬂn)(ﬂu‘f'zau)
- The voltage vectors of each of the three phases with respect to ground can

be expressed as follows: -
0]=Uo—-l]¢.
. A NEY
U’=UQ+U4 _+i )n
ALY (9.21)
Ua=Uo+U'¢<7—i7fTa).
- where U " is the phase voltage of the triple-phase, high-voltage line.

Let us replace the values of the potentials ﬁl’ UZ’ 63 in (9.20) by the phase
veltages according to the equations of system (9.21):

Urm (Uo—Us) au+[l).,+l)¢ (%44 /Ta)] @, +|Uo+Ug (_;. —i L"g)] a,, -

ay —ay,
3Usay (% +8y,+ay)

- ‘;n‘-“u)z“u'f‘za_n) )

After transformation, we obtain

. 1 - 3 -
Us _U’[ ~ouh g (a ey i ’_,2':(“1\:“"1«:)]
A= O — gy
Uo (%p +9,,+a,,)
Ell+2al: . ) (9'22)‘

-+

+

The first term of this formula characterizes the electrical effect of a com-
pletely symmetric triple phase overhead line caused only by different arrange-

_ ment of phase conductors of the overhead line with respect to the conductor
subjected to the effect; the second term characterizes the electrical effect
of a completely asymmetric "three wire-ground" circuit., :
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9.4, Capacitive Coupling Between the Entirely Symmetric Triple Phase and
Single-Wire Circuit

Let us consider, the first term of the right-hand side of equation (9.22),

denoting it by UAl

L"A1=

Uy 1 /T
. @ — g [— A1+?(¢A,+u‘“)‘+l—2-(ah__a“)]'

The modulus of this expression

Waal = g id‘:;u l/ [% (%2 f";“Aa) - aAl]. + [l/—f (% T““A;].—'

Substituting o A2 aAl = h2 and aA3 - OLAl = h3 here and replacing the corre-

sponding values under the radicals by h2 and h3, after transformations we
obtain

Upp=— hi4-h2—h,
M= uu—a,.V’+ st - (9.23)

The wires of the triple-phase transmission line can be located either in one
plane (horizomtal, inclinded or vertical) or in a triangle. On location of
the wires in the horizontal, inclined (Figure 9.4) or vertical plames, the
equality h2 = —h3, and then (9.23) can rewritten as follows:

Un=

=V B R+ =y =

a -an

The value of h, = a,, ~ o

2 A2 a1 Can be determined by the Taylor formula

., .
h.——-— (8a)yy 4 -—L(Ao),,,

where according to Figure 9.4 (Aa)l2 = Glzcos o, (Ab) 12 is the difference

with respect to height in the suspension of the conductors 1 and 2 of the
triple phase line; 612 is the distance between the wires 1 and 2 of the
triple phase line.

Substituting the following values in the expression for h

2
B dwe 0% saiag
%t @or o ab @484 cp
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we obtain

hym ——tabely covap LE@EA— 9 byana -

@b+ (ﬂ’+b‘+¢‘)’
%8,
m[ 2bcos a-F (a4 — 59 sinal]. (9.24)
_ Replacing 512 by the geometric mean distance between the three wires, we
) obtain
3
M LT (9.25)
3
For 612 = 613 and 2612 = 62 / 6126122612 v 2612 . Hence 612 = §/1.26.
Now substituting this value of 612 in (9.24), we obtain
a,=-—-—————2‘° 2ab ot i 4
LB @ oop | —20bmet @+ —b)dna]. (9.26)

Thus, for the given case the magnitude of the induced voltage &Al after sub-
stitution of the obtained value of h2 in (9 23) will be defined by the formula

0u; 1 efuoco
(011 —3;) @+ 63+ 3

[_2“b°°’“+(‘?’+“'—b')ﬁn¢l- (9.27)

The voltage on the insulated communications line subjected to the electrical
effect of a symmetric triple phase line, in accordance with (3.75) will be
determined from the equation

Up - v
Y,
: m—vi "‘( At shy, ¢

0“':IA e‘-’"l';‘diyl l )
e (9.28)
A

In accordance with the conditions adopted when deriving expression (9.27)
(Yi:l = 0), equation (9.28) assumes the form

T Uuaz
u,u=____'!.‘..lf“A

Ta
Knowing that
. :, i
Yy =0y +i0C,, ~iaC,, and —2A - ~ ,
=0y tieCy,=iaC,, Ta G +ieC, ~ iwC,
we obtain
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Un= Uuz 1.9 (9.29)
A

where ciiA - 0123A is the magnitude of the capac%tive coupling between the

triple-phase line and the communications lines; UiiH is the phase voltage .
@,). B
9

Figure 9.4. Calculation of the capacitive coupling between
the triple-phase overhead line and the communications line A
(with inclined arrangement of the overhead lines)

7\

Figure 9.5. Calculation of the capacitive coupling between

a triple phase overhead line and the communications line A

(for triangular arrangement of the.conductors .of he overhead
line)

Equating (9.29) and (9.27), we find that the magnitude of the capacitive

coupling between the symmetric, triple phase overhead line and the communi-
cations line will be determined from the equation
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- . lﬁf-ca (a';-b‘—}—c’)sinnA—?nbco&a
WA= TG B o Gy —

Cy. (9.30)

Depending on the location of the conductors of the triple phase overhead
line the values of the capacitive coupling will be different. Considering
that CA ¥ 6.5°10°7 farads/km and considering that on the average 0,; = 8.5

and “12 = 2.5, we find that

for horizontal arrangement of the conductors when the angle o = 0,

_ 6-10%abc §
1BA™ (@ L ay

- for vertical arrangement of the conductors where the angle a = 90°,

Cpppp = 210 @ — B 9cs
2A (@45 ’

for a > 50 meters
¢ 3.10~9c8
MAT T ot

for triangular arrangement of the wires and for § = 612 = 613 = 623 (Figure
_ 9.5) the values of h2 and h3 will be determined from the equations

da

by 8, "“An
=3 7+

- a8 0%, 8
Vg "--—T-T—‘T»—ﬁ?'_

Then

39 aa an
"2+"§ hyhy =4 (aa) ( )+ 1/_ ]
Since dan/da=—4abc/(a*+B3+3)3, dapjdb=2c(a’—b2+3)/(a*+bi+cY)?,  then
[

"§+h§~"z”a~m[2nb —V3@ -+ o).

Thus,

- 38 2
V B+ k= ————-,}:b,ic.,, 5 ab—a— a+m,

or it is possible approximately to set
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V BB~ e

Then the magnitude of the capacitive couplings

c 2.10-%¢$ o
TS B (9.31)

9.5. Capacitive Coupling Between the "Triple Wire-Ground" Circuit of a
Triple~-Phase Line and Single-Wire Circuit

For determination of the magnitude of the capacitive coupling between the
completely asymmetric triple-phase circuit ("three wires-ground" and the
communications wire) let us consider the second term of the right-hand side
of (9.22), denoting it by U h2»

| Up(aytey,ta
_.._____.A___
Une= ‘;n +2’ 2) (9.32)

In this formula for simplification it is _possible to replace the coefficients

Gyqs Opos Gpg by their arithmetic means By = (ocAl + %0 + o:As)/S. Then
. 3Uea,,
Una= a-u+2¢u (9.33)

The voltage induced in the communications wire of the three-conductor, com-
pletely asymmetric line with interfering voltage U 100 " Uo, in accordance

with (3.73) will be determined from the expression

Upz ~n!

. . BA : e —chy, !
UAII=UA2=—?T_:';2A‘ Yia (?A-l-?: —W—)

In accordance with the above adopted conditions (Yi = Q)

_UsCia
m= e (9.34)
where C,, = C is the magnitude of the capacitive coupling between the

1A 3¢0a
"three wire-ground” circuit of the triple-phase line and the communications
wire. Equating (9.34) and (9.33), we find that

, S
Croon= Gt 2o Cx (9.35)

Since E..zébc/(a’-f—b’-l-c’) and @u=85; a.,-25 CA”GS l0-° then (9.35) can be re-
written in the following form:
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2,9-10~9 b
Geor=aFTaga" (9.36)

9.6. Capacitive Coupling Between a Triple-Phase Symmetric Line and a Two-
Wire Circuit

The Maxwell equations for calculiting the capacitive coupling between a
triple-phase symmetric line and two-wire communications circuit will be
written analogously to the equations of (9.13):

Uy=k(ay g +ona+ayq),

Us=k(ﬂn‘h+%‘h+°uqa)-

) Us=k @1+ g0 ). (9.37)
Upy=k(sy, fi+0y,0+0,,0), 1
Up =t(ag, a1 +ag, 0+ ag,q).

Neglecting the inverse effect of the charges of the communications wires on
the triple-phase line wires, for each wire the triple-phase line we obtain

~

3
U= 18-10‘2 G 1Gxs
A=1

where k = 1, 2, 3; that is, for each communications wire:

B n .
Ur=1810Y a, g..
) .2=. An'H (3.38)

n
Ug = 18-10'2 a5 Ixe
ho=t

e e
Denoting 18-10° % aage=Sa and 18-10° X Gplx=Sg, We find that the potential

V=1 k) .
difference between the communications wires

o " @lC,
Up—Ug =Uszan=(Sp —Ss) 2 Zap (9.39)

where £ is the length of the communications circuit

. . L"° —
Sym s L AR = o Y/ (940

Gy — Gy

2%
hy=ay —0,,, h=04,y—0y ST aipias’
da 30, pp — Al ot
. b=t Aant—gp- " T T @r bt or
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L LT 28,
- Tm—“’ @t (Aot

+ (a* — 34 cY) sing].

B Substituting the value of hi
.-s - 2/3c8,Up

A O —3y) (@ 2 e

in (9.40), we obtain

[—2abcos @ (a® — 62+ c¥) sin ¢]. (9.41)

For different cases of arrangement of the wires by this formula we obtain:

for horizontal arrangement of the wires of the triple-phase line -

s ;/3' U . abcb
Az CEFEE

for vertical arrangement of the wires of the triple phase line

V3 . cb@—bth "
SA='m"¢—(a=+b'+F)‘

for trianghlar arrangment of the triple phase line wires

- c6
a’+bl+¢l

SA= 6 Us

Now of the indicated cases of location of the wires it is possible to deter-
mine the difference SA - SB by the Taylor formula, that is

- B 5SA aS, ’
Sy =Sy =" ba=g" Ac. (9.42)
- For different cases of location of the wires by this formula we obtain:
for horizontal arrangement of the wires of tire triple phase line for the
communications circuit suspended on cross pieces .
NP W TN S PVET
—BTTBI VAT (@ EFap : (9.43)
where o, is the distance between the wires A .and B;
the same thing, for the communications circuits suspended on hooks, ‘
. S, — 55 = abacﬁ(a'+b’—-3c')
Se=Ta te B (9.44)
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for vertical arrangement of the wires of the triple-phase line for the com-
munications circuit suspended on cross pieces,

V3 ;. 8@+
S\=Ss=3mUe —@rEtey (9.45)

the same thing, for the communications circuits suspended on hooks

3 g bt ARy
Su—Ss =g v ML A (9.46)

for the triangular arrangment of the triple phase line wires for the communi-
cations circuit suspended on cross pieces

VT, el
Sa=Ss=30 be@rotar (9.47)

the same, for the communications circuit suspended on hooks

L YT ed@tB
Sp=5s =Y Vo @y 5 (9.48)

Thus, subsituting the values obtained for S

A " SB from (9.43)-(9.48) in -

(9.39), we obtain respectively:

for horizontal arrangment of ithe wires of the triple-phase line for the com~
munication circuit suspended on cross pieces;

. .m_'CAl'z V3 . b d(d—b—c)
V=" Tl @rogza '

the same for the communication circuits suspended on hooks,

: . _9G ! Y3 ok 8@ B—ay |
. =T L Tw Ve gy

for the vertical arrangement of the wires of the triple-phase line for the
communications circuit suspended on cross pieces, -

o T om @t
uﬂ.=7mCAI{__,3Z'7:3-U¢ @rofap : i

the same, for the communications circuit suspended on hooks,

o YT . e b[a A
U“'=TQCAIZI‘T‘%U° @FPFap H

for the triangular arrangment of the wires of the triple~-phase line for the
communications circuit suspended on cross pieces
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. a

e

. i VI . aca. §
Unu="g0Clz,, 3,0 Ue (@351 4¢3

the same for the communications circuit suspended on hooks
‘ L P PN 17 W

Urlu=’2"'0)CAIZ‘“TU¢ ———-———-—(a,_l_b._‘_c‘). .

The capacigance of a single wire C, which will be quantitatively set equal

to 6.5:1077 farads/km enters into all of the last formulas for Uiy The

voltage in the two-wire communications circuit for the electrical effect of
the triple-phase symmetric line was determined from the solution of the
differential equations, as a result of which the equation (see item 3.5) was
obtained. Under the adopted conditions this equation assumes the form

Usin= 5 Uiu 2, Yuir I, (9.49)

where Uiy=Us; Y,,,zi;;;cf,,,,; Cizse is the maghitude of the capacitive coupling.
Equating (9.49) successively to the equations written above for the various
cases of suspension of the wires of the triple-phase line and communications
network, we obtain respectively: -

for. horizontal arrangement of the wires of the triple-phase line:

a) for the communications circuits suspended on cross pieces

6,010~ boa 5 (30 — b3 — %) .

Ciase = @+ +P

b) for the communications circuits suspended on hooks,
' c 6,010 aba §@ 40 —3eY) .
1231 (@ F B '
for vertical arrangement of the triple-phase line wires:

a) for the communications circuits suspended on cross pleces

3,0:10~ aca, § (3 42— 34
Groar = @+ BFap ’

b) for the communications circuits suspended on hooks,

1,510~ a 8 [t 482 — (2 — )]
Cragr = @F o F )’ ’

for the triangular arrangment of the wires of the triple-phase line:
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a) for the communications circuits suspended on cross pieces,
o _ 37100 ams .
= G E o

b) for the communications circuits suspended on hooks

18510 % ac 6 (@450 —ch)
(a'+b'+c')' -

Crogr =

9.7. Capacitive Coupling Between Single-Wire and Two-Wire Circuits

- Analogously to the preceding, obtaining the expression for the voltage in a
two-wire circuit subjected to the effect of a single-wire circuit from the
- solutions of the maximum equations of electrostatics and equating this ex-
pression to the voltage determined by (3.16), we find the following formulas
for determining the magnitude of the capacitive coupling between the single-
- wire circuit and the two-wire circuit: -

for the circuit suspended on cross pieces,

 2,6.10% gboa, i
(@403 o9 ’ (9.50)

Clr =

for the circuit suspended on hooks,

1,3.107 ba, (a4 33— 1)
Cix= @FoF A . (9.51)

Analogously, it is possible to obtain the formulas for determining the mag-
nitudes of the capacitive coupling between the "three-phase-ground" circuit
and the two-wire circuit, between the two-wire circuits for different arrange-

-  ment of the wires on the supports and also between the two-wire interfering
line and the single-wire communications circuit. All of the formulas for
determining the magnitudes of the capacitive coupling between the high-vol-
tage circuits of the overhead lines and the communications circuits are

- presented in Table 9.1.

- 9.8. Determination of the Mutual Inductance Between Singlé—Wire Circuits of
Overhead Lines . ' -

The total mutual resistance between the interfering circuit and the circuits
subjected to interference (the magnetic coupling resistance) is an important
value for determining the magnetic effect of one circuit or another. It
acquires especially great significance when determining the effect between
circuits using the ground as the return conductor, that is, between the
single-wire circuits.
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The active component of the magnetic coupling resistance Zik [see (9.2)] 1s

caused by the losses to eddy currents in the nearby metal masses and in the
ground and also the direct transfer of the currents to the ground. In the
case of the effect between the overhead lines, the active component caused
by the presence of adjacent wires is negligibly smalil and is not taken into
account. When suspending the sires on the same supports (the effect between
communications circuits) the component caused by losses to ground is also
not considered.

Mutual Inductance for Parallel Arrangement of the Wires of Single-Wire Lines.
From theory it i1s known that the total magnetic coupling resisiance between

- the interfering single-wire lines (1) and those subjected to the interference
(2) is equal to the ratio of the electromotive force inducted in the wire
subjected to the effect of the line to the current in the interfering line,
that is,

Zugen= — T = —iaM,, (9.52)

where . )
E| = —imA,l.

(9.53)

M12 is the magnitude of the mutual inductance between the two lines; Ax1 is

the horizontal component of the vector potential of the electromagnetic field
of an infinitely long overhead "conductor-ground” line in the air. Hence,

My = A/l (9.54)

A large number of papers by both Soviet and foreign authors have been devoted
to the mathematical definition of Ax1, and, consequently, the definition of
Ml' The first strict solution of the problem of the field of a vertical di-
pole placed at the interface of air and a conducting medium (the ground) with
defined conductivity with constant physical constants of the air and the
ground was obtained by Sommerfeld in 1905 [52].

In our country the studies of an ac electromagnetic field from extended
sources of finite length were performed by academician V. A. Fok and profes-
sor V. A. Bursianov, who in 1926 solved the basic problem of the theoretical
definition of an electromagnetic field of a conductor of finite length lo-
cated on the surface of a uniform halfspace in general form [53]. The solu-
tions for the vector potential A are presented in the expressions of the
variable integrals which, however, could not be used for practical calcula-
tions.

The approximate formulas for determining the magnitudes of the mutual induc-

tance between wires of finite length based on the laws of transmission of a
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direct current in the ground were presented by Campbell [54], and between
the small-dismeter wires of infinite length with uniform ground, by Pollac-
zek [19], Carson [20], Haberland [55], Shalimov [66], and so on. It is
necessary to note the papers by Carson and Pollaczek, who investigated the
problems of the propagation of electromagnetic waves along a conductor sus-

_ pended above the surface of uniform ground with finite conductivity. 1In
these papers the following assumptions were made:

1) the ground is a semiinfinite medium with comstant finite conductivity;
2) the wire cross section is infinitely small;

3) the daming of the electric and magnetic fields in the direction of the
axis of the wire is small;

4) the transverse components of the electric current in the ground are neg-—
ligibly small by comparison with the longitudinal components;

5) the bias and conduction currents in the air and the bias currents in the
ground are absent.

Under these assumptions Carson obtained the general formula for the mutual
inductance, :

M,._—__-l%j V@ FT —u) e-das em-ﬁ‘_“oos(aua)du.
o o N .

- (9.55)
The analogous general Pollaciek formula has the form:
| M"=—'2£i;{ f.gf«'*%’+=@5 [V EFTa+ uldut
R A ) o
A +5e"‘"“”*‘w“—€‘m—"““}' (9.56)
- For ¢ > 0 Habgrland obtained the expreésion . o
- Mx=%'"_'§+—i52‘”[/“'_+—i—-u]e""“‘b+‘)cos(nau)du. (9.57)

[

Beginning with (9.56) and (9.55), Pollaczek and Carson obtained approximate
formulas, the numerical calculations by which give identical results. For
large spacings between the lines (ca > 10)
M, =M =——-ih

K" natay (9.58)

In these formulas the folloing notation is introduced: a -- horizontai spac—-
ing between lines, meters; b -- average height of suspension of the inter-
fering line, meters; c -- average height of suspension of the line subjected
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Table 9.1. Formulas for determining the coupling capacitances

between the circuits of overhead

lines and communications circuits

Magnitude of capacitive coupling

Formulas, farads/km

1 2

Between a single-wire overhead line 9
1,5.107" be

and a single-wire communications cir- CM=—‘;;-_W;—‘,—

cuit or between the contaat conductor

of an electric railroad and a single-

, wire communications circuit

2,9-10~% ¢

Between the "three wire-ground" over-
head line circuit and a single-wire
communications circuit

Between a single-wire overhead line
circuit and the two-wire telephone
circuit

) Between the '"three wire-ground" over-
- head line circuit and the two-wire
telephone circuit

Between a three-phase symmetric over-
head line circuit and a single-wire
telephone circuit

Between a three-phase symmetric over-
head line circuit and a two-wire tele-
phone circuit

250

C0a= a3} 043

1) Telephone circuit on crosspieces
2,6-10~° abea, |
G =@t ay
2) -telephone circuit on hooks
1,3.10~% ba (a1 - 83— c8)
(@FFap

1) Telephone circuit 6n crosspileces

Cir =

c 5,010~ abea,
A CE N L
2) telephone circuit on hooks

2,6.10~9 ba, (¥ 4% — ¢%)
Coor= @r TP

1) For horizontal arrangement of the
overhead line wires

c 6,0-10~% gbc 8
AT @R

2) for vertical arrangment of the
overhead line wires .
3,0.10%c6(at— 04t .

WAS T @
3) for triangular arrangement of the
overhead line wires
o L2000
= T Ere
1) For horizontal arrangement of the
overhead line conductors:

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP382-00850R000200070053-4

Table 9.1 (continued)

Magnitude of capacitive coupling

Formulas, farads/km

1

2

- Between a two-wire overhead line cir-
cuit and single-wire communications
circuit

Between two two-wire circuits

telephone circuit on crosspieces
c 6,0-10~%ca. 8 (3ar — 8 — %) |
= @+ B P '

telephone circuit on hooks

c 6.0 10~abac & (@ + 0 —3c)
nr = @+ +ap ;

2) for:vertical arrangment of the over-
head line wires:

telephone clreult on crosspleces.

3,0.10~° aca_ 8 (a3 — 35%)

N ‘

telephone circuit on hooks

Co _ 15107 % b0t —4830— (s3] .,
o= @+

3) for triangular arrangment of the
overhead line wires:

telephone circuit on crosspieces
c _3T10%ac8a,
=TI E Loy
telephone circuit on hooks
1,85.10~%, 8 (a* 4 4* — %)
Com="@+BFoP
1) For horizontal arrangment of the
overhead line wires
_ 3,0-10%an5 |
EECEN R
2) for vertical arrangment of the over-
head line wires
c 6510—%6(.:' 8 4-c3)
1A = @ FoFop

1) For horizontal arrangement of the
wires of the interfering circuits:

Cien

telephone circuit on crosspiecea

10,0. 10‘9bca¢6 (3a=_b= ) .,
Crar = (CEY R '
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Table 9.1 (continued)

Magnitude of capacitive coupling Formulas, farads/km

1 2

telephone circuit on hooks

Co — 10,0-10~%aba. §
2) for vertical arrangment of the wires
- of the interfering circuit:

telephone circuit on crosspieces
Con 5,0-10~%acba, (a3 + 3 — 38%) |
11T = (¥ 63493 '

telephone circuit on hooks

C 2,5. lo_gacéla‘+4b’c!_(bl_ca)nl
e A

Note. 1In the case of the presence on the communications line of suspended
grounded wires, the right-hand sides of the formulas must be multiplied by
the coefficient 2.7 (m + 2), where m is the number of grounded wires.

to the effect (for the underground cable ¢ < 0), meters; o = v uOY w3 0
equal to 47m-10" -7 is the magnetic constant, g/meters; Y is the specific con-

ductivity of the ground, Siemens/meter, w is the angular frequency; D is the
spacing between the conductor subjected to the interference and the mirror
reflection of the interfering conductor, meters; d is the shortest distance
between wires, meters; { = v -1. The Pollaczek formulas for determining
the values of the mutual inductance between the single-wire circuits suspen-
ded above the ground with uniform structure have the following form:

1) for small values of the parameter llea’+{b+f)’<05
P 1. S 12,66 +
‘A—[ Y fula (¢ —o)
3
-i(—g—+o,us7,/§;ﬁe : (b—I-C))’ 10—,
(9.59)

where fk is the frequency of the interfering current, kilohertz; |k| is the
modulus of the wave number, I/?|= 10,028 ¥/ 10y, =0,0887 ¥ il Yofa= 028V Dyl )

2) for average values of the parameter bT§'<;é,'y;'zT'(’,,:‘;7;<'3 ’
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Mo 4kei"(o.o‘eisa;/ﬁlz)—iiéer'(c»,'oezsn/‘vTi,Itr)_
A : 0,088 y'ysfna

! : (9.60)
where ker |ka| and kei(ka) are the real and imaginary parts of the first

order second type Kelvin function or the modified first order, second type
Bessel function of the complex argument ka;

3) for large values of the parameter || Val+(b+c)>3

MM=[,“ @+ (b4 ‘1or(b+’c) _
@+ (- " aly 0Ty

_if 10040 510
'a'y'o,ly",fk ap, f ]'9‘4- (9.61)

As is obvious from the presented Pollaczek formulas, for calculating the
values of the mutual inductance significant time is required. In order to
facil:ltate‘ and accelerate the use of these formulas in Figure 9.6, the curves

M= ¢(a longf) are presented which were calculated by the Pollaczek for-

mulas, where f is the frequency of the interfering current, hertz. The
curves presented in Figure 9.6 offer the possibility of determining the mag-~
nitude of the mutual inductance between the single-wire circuits on variation
of the the parameter a v’lOYgf.w:lthin broad limits (from 0.01 to 100,000).

Three scales are presented on the y-axis for the value of M (for the curves
I and II, one scale), and on the x-axis, three scales for the parameter
a /1078f (for the curves III and IV — one scale). These curves offer the

possibility of determining the conductivity of the ground Yg by the known

values of the mutual inductance M and the frequency of the interfering cur-
rent £f. For this purpose, plotting the known value of M on the y-axis, on
the x-axis we find the corresponding value of the parameter A: A = a JIOYgf .

Then, substituting the values of a and f for which the value of M was meas-
ured in this equality, we calculate the value of ‘Yg'

In practice, most frequently the effect is calculated for frequencies of 50
and 800 hertz. In Figures 9.7 and 9.8, nomograms are presented for determi-
nation of the mutual inductance between the single-wire circuits at these
frequencies [58]. The examples of the use of the nomograms are shown in the
figures.

For acceleration of the determination of the magnitudes of the mutual induc-
tance between the single-wire circuits for defined values of the specific

resistance of the ground it is possible to use the curves M = ¢$(a) calculated
by the Pollaczek formula and the curves E = ¢(a) under the effect of the
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Figure 9.6. Mutual inductance between the single-wire circuits
as a function of the parameters a lngf

Key: a; M, ug/km

current of frequency 50 hertz and magnitude 1 kiloamp (Figure 9.9). In
addition, for determination of the magnitude of the mutual inductance between
the single-wire circuits it is possible to recommend the approximate formula
for the modulus M obtained by M. V. Kostenko by simplifying the Carson-
Pollaczek formulas [59]: '

, 1 T -
. M p=2-10"%In V S+l+et%0vail) . :
Va+e—o (9.62)

where a is the spacing between the single-wire circuits (along the horizon-

tal) meters; b —- the height of suspension of the interfering circuit, meters;
c -- the height of suspension of the wire subjected to the effect, meters; °
p8 is the specific resistance of the ground, ohm-meters; f is the frequency

of the interfering current, hertz.
The error in the calculation by the approximate formula is permitted in the

- direction of the margin and in the majority of cases does not exceed 10%; in
comparatively rare cases the error can reach up to 20%.

Mutual Induction for Oblique Convergence Sections of Single-Wire Lines. For
determination of the modulus of the mutual inductance between the single~

wire lines on oblique convergence sections frequently the same formulas and
nomograms .are used which are indicated above for parallel convergence with
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Figure 9.7. Nomogram for determining the mutual inductance
between the single-wire circuits for £ = 50 hertz as a function

. of a and .
YB
Key: a. meters d. M, ug/km .-
b. example e. Yg’ Siemens/meter
¢. glven: £. we £ind: M = 350-1079 5.

some equivalent spacing hetween lines (ae). It is possible to replace the

oblique conversions by parallel with equivalent spacing beﬁween the lines
(ae) defined by the following formulas with an error not exceeding 5-10%:
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Figure 9.8. Nomogram for determining the mutual inductance be-

tween the single-wire circuits for f = 800 herts as a function

Key:
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b. example
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of a and Yg'
c. given
d. M, ug/km f. we find:
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Figure 9.9. Curves for the mutual inductance between single- -

wire circuits calculated by the Pollaczek formula and curves ’
- for the induced emf on a length of 1 km with an interfering l

current of 1 kiloamp at a frequency of £ = 50 hertz for regions

with specific resistance of the ground of pg(ohm—m).

Key: a. B, km/kiloamp c. p
b. M, ug/km &

The presented conditions make it necessary to divide the oblique convergence -
section of long length into the corresponding individual sections. With this

method of determining the value of M the calculation of the intasrference is

naturally complicated. -

The method is demonstrated below for a more exact determination of the mutual
resistance between single-wire lines on oblique convergences of them. Here
it is proposed that the conductivity of the ground and the height of suspen-

sion of the wires do not vary over the entire section of the oblique conver-
gence.

In the oblique convergence section with limiting spacings between the lines
with respect to the ends of the section a; and a,, the total magnetic coup-
ling resistance per unit length (1 km) will vary from uM,; = ¢\',(a1) to uM, =
= ¢(a2). The mean value of the total magnetic coupling resistance per unit
length of the oblique convergence section can be expressed by the formula

a,

j. P (x)dx =

O Mep =@ (xcp) =

: 1
% —a, (@—a)ciga

da,
5q;(x)ctga a (9.63)
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where x is the variable spacing between lines vhere al_i x < ay3 $(x) is

the total magnetic coupling resistance at the investigated point expressed
by the Carson or Pollaczek formula; o is the angle between the directions
of the investigated lines.

Formula (9.63) can be used on variation of the spacing between the lines.
Here it is necessary to note that meean can be equal to zero, that is, by

(9.63) it is possible to determine the mean value of the total magnetic coup~
ling resistance also for the case of intersection of the lines.

The analytical expression of this formula in expanded form after substitution
of the Carson or Pollaczek expressions in it in place of ¢(x) is extremely
complicated, and the analytical integration of this functions presents sig-
nificant difficulties, but with sufficient accuracy for technical purposes

as

the value of the integral fwcndx can be found by numerical integration.

gy

Let us imagine the investigated section of oblique convergence as separated
into elementary convergence sections with insignificant difference in the
spacings between the lines at the ends of the sections dx = Xip1 ~ %ye For

each such elementary section let us determine the numerical value of the
expression under the integral sign entering into the above-presented formula,
setting ¢(x) equal to half the sum of the upper bound ¢(xi+l) and lower

bound ¢(xi) of the total magnetic coupling resistance in the investigated

element. The sum of the numerical values of the expression under the inte-
gral sign obtained for all the elements of the given section of the oblique
convergence is an approximate value of the integral entering into (9.63):

a, i=n

y @ () dx = ), @ () (xn—x),
a, i=l )

where n is the number of elements into which the section of oblique conver-
gence bounded by the y-axes a; and a, is divided; x is the spacing between

the lines for the element (x1+l - xi) corresponding to the mean value of the
function ¢(x) in this interval.

Varying the upper integration limit (a,) in (9.63) with constant value of
the lower limit (al), it is possible to obtain the relation in the numerical

expression of the mean value of the total magnetic coupling resistance for

the oblique convergence sections as a function of the maximum spacing between
1lines.

For example, in Figure 9.10 we have the value of uM (ohm/km) as a function of

the spacing between the parallel lines for the case Y = 0.0265 Siemens/m
with a height of the interfering line of b = 10 neter and with a height of
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Figure 9.10. Total magnetic coupling resistance as a function
of spacing between parallel single-wire circuits for y = 0.0265
Siemens/m and £ = 50 hertz.

Key: a. ohm/km

the line subjected to the effect ¢ = 6 meters. For the same conditions the
above-described method can be used to calculate the mean values of the total
magnetic coupling resistance for the sections of oblique convergence with
different invariant minimum spacings and variable maximum spacings between
lines. By the results of these calculations the curves presented in Figure
9.11 are constructed. Curve 1 expresses WM as a function of a = a, for

parallel convergence sections. The remaining curves express the mean value
of wM (ohm/km) for oblique convergence sections as a function of the maxi-
mum spacing between lines (a2) for the given oblique convergence section

with constant values of the minimum spacing (al) between the lines equal to
0, 10, 100 and so on meters. *

When calculating the electromagnetic effect in the regions where the conduc-
tivity of the ground Yg = 0.0265 Siemens/m, the use of the curves (9.11) re-
duces to the following:

1) the point corresponding to the maximum spacing between lines for the given
oblique convergence section is noted on the x-axis of these curves;

. 2) from the noted point, the perpendicular is drawn to the x-axis, and it is
continued to the intersection with this curve on which on the right the
minimum spacing between lines which the given oblique convergence section

- has 13 noted;

3) the value of the y-axis of the point of intersection of this curve and the

indicated perpendicular is the mean value of the total magnetic coupling re-
sistance per unit length (ohm/km) of the given oblique convergence section.
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Figure 9.11. Curves for the total magnetic coupling resistance
as a function of the spacing batween lines on the oblique con-

vergence sections for f = 50 hertz (Yg = 0.0265 Siemens/meter,

b=10mand ¢ = 6 m). Curve 1 corresponds to a; = a,.
Key: a. ohm/km b. Yg = 0,0265 siemens/m

In accordance with what has been discussed, the longitudinal emf on the com—
plex convergence path will be defined by the formula

- ]
E</FoMu, (9.64)

For each terrain having a defined value of the spe.cific conductivity of the
ground when calculating uM for the oblique convergence sections it is neces-
sary to have special curves uM = ¢(a) constructed for the given values of the
ground conductivity at a frequency f. The curves for the specific conduc~
tivity of the ground Yg = 0.01 Siemens/meter are presented in Figure 9.12.

In this figure, the maximum value of the spacing a, between the lines on the

oblique convergence section is plotted on the x-axis, and the value of the
active component of the total magnetic coupling resistance R or the active
component (X) is plotted on the y-axis. The indicated function is presented
in the form of curves for a number of values of the maximum spacing a; be-~

tween lines in the oblique convergence section. The magnitude of the total
registance wM = R + iX, :

The modulus of the value of wM which must be substituted in the formula for
determining the longitudinal emf will be equal to the square root of the sum

of the squares of the active and reactive components, that is, |ut| = YRZ4XZ,

where R is determined from the curve R = ¢1(a), X is determined from the
curves X = ¢2(a).
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From the presented curves it follows that the active components of the total
- magnetic coupling resistance have little significance when determining the
modulus uM for small spacings between the lines and for low conductivity of
the ground. If we do not consider the active component of the total magne-
tic coupling resistance, then for all spacings between the lines the error
when determining the value of M does not exceed the following: 5% for Yg =

= 0.1-].0"3 Siemens/meter, 10Z for Yg = 2'10_3 Siemens/meter, 20% for Yg =
= 10'10-3 Siemens/meter, 25Z for all other larger values of Yg'

In addition to the indicated method of determining the mutual inductance in
the oblique convergence connections there are several other procedures pro-
posed, for example, by Lacey [60], and so on. The simplest formula for de-
termining the value of M in the oblique convergence sections proposed by
Kolle and recommended for practical calculations by the MRKIT [Intermational
Telegraph and Telephone Consultative Committee] has the following form:

M=
a—a, 1{G(a,) ~G (ap)]. (9.65)
O [R 'yl 1T T T 1T 1 @ = -
= (8) b D=1
407 V)= 0,0/ Cnjm : a2 N""EQE
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Figure 9.12. Curves for function uM = ¢(al, az) for Yg =

= 0.01 Siemens/m, £ = 50 hertz: u) active components; b)
reactive components.

Key: a. ohm/km b. Siemens/m
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In this formula the functions G(az) and G(al) are determined from the equa-
tion

G(ﬂ)=0|ﬂ(l+—§:)-l:-2k arclgi—-,
i

- where f is the length of the oblique convergence section, km; k = 774//Ygf 2
' ~ 800 /pslf; f is the frequency, hertz; Yg is the specific conductivity of
the ground, Siemens/m; a, and a) are the spﬁcings between the lines on the

ends of the oblique convergence section, meters.

Mutual Inductance between Short Single-Wire Lines. 1In practice it is neces-
sary to consider the magnetic effect between short lines in two cases:

for calculations of the dangerous effect of the overhead line on the communi-
cations line sections which are located near the place where the high voltage
line phase is short circuited;

for determining the specific resistance of the ground by ac current using
two "conductor-ground” loops.

For determination of the longitudinal emf (E) in this case it is impossible
to use the Pollaczek formulas for M, for in the first case the value of E
will be somewhat high, and in the second case the defined magnitude of the
specific resistance of the ground will be somewhat low. The approximate
substantiation of the reduction in magnitude of the mutual inductance between
the overhead line and the communications line in the convergence section
adjacent to the short circuit point is presented in [59].

By the case of short-circuit on a high-voltage line fed from two sides, it is
recommended that the values of the mutual inductance in the convergence sec-
tion adjacent to the short-circuit point be determined approximately by the
following formula:

M,.=M,[l—'£‘_d)—(!l‘:!‘")—']’ (9.66)

. D
2hin -
where M is the magnitude of the mutual inductance for infinitely long lines;
D=V a¥+{b—c+2ho)%; d=V @+{b—0)?; il is the short circuit current in the over-

head line flowing from left to right, amps; I2 is the same flowing from right

to left, amps; a 1s the spacing between the convergence line and the communi-
cations line, meters; b is the mean height of suspension of the wires of the
overhead line, meters; c is the average height of suspension of the communi-
cations line, meters; h,) = 400 pg/f is the depth of the "equivalent plane"

of the zero potential, meters; p is the specific resistance of the ground;
f = 50 hertz. g '
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If the phase short circuit occurred om the overhead line fed from cne direc-
tion, then I2 = ) and then Mk will be defined by the formula

D—d
My=M_ |1 —
[ 2u 2| (9.67)

The closeness of the presented formulas (9.66) and (9.67) is explained pri-
marily by the fact that these formulas do not take into account the galvanic
effect of the overhead line on the cormunications circuit through the grounded
ends of the overhead line and the communications line. More exact formulas
for determining the mutual inductance M between the single-wire circuits of

_ limited length fully taking into account the finite effect were derived by
L. G. Pozdnyakov [61].

9.9, Determination of the Mutual Inductance Between Single-Wire and Double-
Wire Circuits

The magnitude of the mutual inductance between the circuits suspended on one
column line will depend primarily on the mutual arrangement of these circuits.
The effect of the ground on the magnitude of the mutual inductance coefficient
in this case will be felt very little. The active component R12 of the mag-

netic coupling resistance Z,, in this case can be neglected. The magnitude

12
of the mutual inductance between the single-wire and the double-wire circuits
without considering the effect of the ground is defined as follows.

In Figure 9.13, the relative arrangement of the single-wire and double-wire
circuits is shown. Let an ac sinusoidal current flow in the wire 1, the in-
stantaneous value of which is equal to 11. The magnitude of the magnetic

- flux penetrating the loop of the two-wire circuit is determined from the

equation
a T a
jﬂxlpdx j °2"1 dx=0,2i, lpIn—
: 3 “M (9.68)
1A X 1A

where lp is the parallel convergence length, cm.

! 5
Q EM ? ﬂg Q

. Figure 9.13. Determination of the mutual inductance between
single-wire and double-wire circuits.

The emf induced in the loop formed by a two-wire circuit will be defined by
the formula e = (-d¢/dt)10'8. Substituting the value of ¢l’ we obtain
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. d ey
= ——dr[o.zizpln -‘5—] 1078,
Ya

Since 1 = IvZ e, then

. . a
E= —i0,20l,] In—2B 1o~7
B 7 (9.69)

Let us rewrite this equation, expressing the length % in kilometers. Then
- we obtain 4

E= —{02l,j,In 5 104,
%A (9.70)

Since for an overhead line, the induced emf in the double-wire circuit is
defined by the formula E = -iw IlM » comparing the last two expressions,
we find pll-T

a
M. =2In—28- 10—,

I-r a,, (9.71)
In the case of suspension of the interfering circuit and the circuit subjec-
ted to interference on two different lines, the return current of the inter-
fering single-wire circuit propagated through the ground can have a notice-
able effect on the magnitude of the induced emf in the two-wire circuit,
that i{s, the magnitude of the mutual induction coefficient between the in-
dicated circuits will depend on the magnitude of the specific conductivity

_ of the ground through which the interfering current flows.

The magnitude of the mutual induction between the single-wire and the two-
wire circuits in this case can be defined by the formula

OMy .y .

Mo =—5—a 9.72)
for suspension of the double-wire circuit on the crosspieces and by the
formula .

oM,
Mo =—5—ac (9.73)

for suspension of the double-wire circuit on hooks. Here Ac = acsin o, where

o is the angle of inclination of the plane in which the wires of the two-
- wire circuit are located.

- The indicated expressions include the value of M,_, defined by the Pollaczek

or Carson formulas (see above).
Thus, for suspension of the two-wire circuit on crosspieces:

a) for the parameters Jklrtﬁ+f6%éﬁgéd5' considering that
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12,66
= '—_—T—"— | =
Ml A 2 T T Valki@+ ¢ =07 + (9.74)

3
_:(% +0.119y 7Tae (b+c)}w‘4 :

~ OM,.a/da=2.10~'a/[a*+ (b—c)%] and, consequently, Mi.r=2aa0-10-la?+(b—c)?]  For a > 20

m it is possible with accuracy to 5% to take the formula for Hl ir the form
M) r = 2a_°1074/a;
b) for the parameter 0.5 < |ka| < 3
i - 1-6— n
: [kei']ka|—lker’|kal 507e. ¢ -
Mia= lka] Y T 10

Here Ko(lkal ¥ {=ker(lkal)+ikei(ikal), Ko(|kalV/Tker (|ta]) +1kei'(Ikal), where ker|ka| and

kei|ka| are the real and imaginary parts of the modified first order second
type Bessel function of a complex argument. Taking the derivative with re—
spect to a, we obtain

oM.y ( .8 8i
™ —{ 5 +1e K.(Ikalfl )+ — K,(lkal;/i)] [&]10—4
. -

and, consequently,

M, 8
My, = a:’A Gc = 6 + - lk‘” Ko(lkal )+ Ko(lkalyl) }M[ ac 1074
e'-‘_n!ka]'

c) for the parameter |ka| > 3, M,_, is defined by the formula

@bt 10+
Moa = ['“a=+(b—c)= tayein.

10@+g - 510 )] e
. —i< a’l/onl'}'sfn + a*ys fx
M., 4abe Jo(bt+e)

| @ TG T T o= T @ Vo.tnly
-i( 10(0+¢) + 510 )110_4;

a® Y0, Ty fn asys fx
for a > 100 m
oMy, _ilow .M a

~ . _ 1-A .
0a = aly,fy 0= My, = a9 =i0,1 uh
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9.10. Determination of the Mutual Inductance Between Two-Wire Cilrcuits

When determining the mutual inductance between two-wire circuits suspended
on one column line, the effect of the ground in which the eddy currents
occur, in view of the small distance between the conductors of the circuits
by comparison with their distance to the ground, can be neglected just as in
the derivation of (9.73) for M;_p- Therefore the active component of the

mutual resistance is taken equal to zero. In this case the magnitude of the
mutual inductance between the two-wire circuits will be determined only by
their mutual arrangement. If we denote the instantaneous currents in the

- conductors of the interfering circuit (Figpre 9.14) by i1 and 12, then the

total magnetic flux created by these currents in the A-B loop will be
expressed by the equality

- aQ a
0=01+®2=0,2i11p(ln—&--—ln ’5). (9.75)

%A %

1. 2. A 5

Ql & an Q Q

I
214
Q5

Figure 9.14. Determination of the mutual induction between the
two-wire circuits.

The value of the emf in the loop of this two-wire circuit will be determined
from the equation

a a
e=0,21, (ln 15 _jp26 ) 4 o
a4, 8, | d :

For a sinusoidal current this value will be determined from the equation

a a,
e= —0,2Ip(ln 1B _|n L“) 1078 ol yT ot
%A 9/

The effective value of the indicated electromotive force

. . a.a,
E= ~i20ly/;in—1B34_ 10-9
% %s

Expressing the length in kilometers, we obtain

a,.a
1B 3A lo—‘ .

E= —~120lp/yIn
%A %5,
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Hence the magnitude of the mutual inductance reduced to one kilometer of
convergence will be defined by the expression

) -
(M, |=2-1074 lnﬁ-- (9.76)

The magnitude of the mutual induction between two two-wire circuits suspended

on separate overhead lines will be calculated considering the effect of the
ground. In this case

My My,
Mygg = —F% 3¢
1y ( 3 )ﬂc-

a 9.77)

The calculated formulas for M12'1‘ for suspension of the wires of the circuit

_ subjected to the effect on crosspieces, hve the form:

a) for small distances between the circuits where |xa| < 0.5,

b) for average distances between the circuits where 0.5 < |ka| < 3,

a \3 4bc ’
M"_,=[l —(a—-l-—a) ”——,,T"“t+'(‘h+“=) % 104,
c) for large distances between the circuits where |ka| > 3,

24a. 8

Mn-r = ka]t o* fo~ .

9.11. Determination of the Mutual Inductance Between the Three-Phase Symme-
tric Line and the Communication Circuits

The formula for the mutual induction between the three-phase and the single-
wire circuits has the form

oM
M a=V¥V3 \Mo.
-4 %a (9.78)

Using this formula, in special cases we obtain:

for small values of the parameter where lkal <0.5,a>20m
2610~
M a=V3=——;
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for average values of the parameter 0.5 < |ka| < 3

Mgy , =V k]

s
)

+ I;l Ko(lka|VT)+ ‘%K;qka]m} 10~
e ¥ jkap Ikl

for large values of the parameter |ka| > 3, a > 100 m

e My g
M,  =V3is=2_y3 ~t _
h1s.a=V3654 =V¥3s @k 107! =0.17651

By fx

The fifth investigated commission of the MRKIT [International Telephone and
Telegraph Consultative Committee] for approximate calculations of the inter-
fering effect of the triple-phase transformation line on the low frequency
channel of a telephone circuit recommends determination of the magnitude of
the mutual inductance between the triple-phase line and the conductor of the
telephone circuit by the curve Mis3a ™ ¢(a) constructed as a function of

the spacing between them for f = 800 hertz for an average conductivity of
the ground equal to ‘Yg = 10°10~3 Siemens/m (Figure 9.15).

. (‘;‘f;"" M4 : i

s

LA
LA

/4
¥z 100 1000 ]

Figure 9.15. Curve for the mutual inductance between the triple-
phase transmission line and the single-wire communications line
as a function of the spacing between them Mig3 s ™ ¢(a) for

f = 800 hertz.
Key: a. pg/km

The formula for the mutual induction between the triple-phase and the two-
wire circuits has the form
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aM,,
Mgy = V3 5t~ dac.
Using this formula, in special cases we obtain:
for small values of the parameter |ka| < 0.5

M, a—p—gp
5 =210 =gy
a .,
My ., =2V3.10~ 05

for the mean values of the parameter 0.5 < |ak| < 3

Moy = VT80 D 3K, (k1Y) +

K101 VT (1o~ Yo

for large values of the parameter |ka| > 3

BM, T
B = ‘0.305177—?. —

X3
Misay = —0.881 g

In these formulas § is the geometric mean spacing between the conductors of
the triple-phase line, meters; & = ¢ 12623613 3 a, is the spacing between

conductors of the two-conductor circuit, meters; a is the spacing between the
triple-phase line and the communications line, meters;- 1k] =028 ¥ 0,1yf«=0,089

¥ Vefu=0,028 V Toyafu; f, 1s the frequency, kilohertz; Y_is the specific conduc-
tivity of the ground, Siemens/m; Kl(lkal) is the modified first order second
type Bessel function; K0(|ka|) is the same, zero order, second type.

9.12, Determination of the Active Component of the Parameter of the Magnetic
Effect Between Single-Wire and DC Circuits

For close mutual arrangement of the grounds of two single~wire circuits it
is necessary to consider the effect between them through the ground. The

active component taking into account this effect, RlA will be defined as
- follows. :

Let us take two single-wire circuits with ground a* the points 1, 2, A and B
(Figure 2.19b). The potentials at the point A and 3 of the circuits subjec-
ted to the effect will be defined by the formulas:

wembrw) vnlEGw) o
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The potential difference between the points A and B

UA5=UA—U'5=Lp—3'(——_—"‘—+—)-

Key: a. g

Where pg is the specific resistance of the ground, ohm-m; Ty1® Tao® Tpy1s Tp2

are the distances between grounds, meters.

Hence, we find that for 1 km of length of circuit subjected to the effect

1 Usg oy [ 1 11,
Ru=l T o 2mi\r. 7 +r ’
1 Al A3 B1 B2

(9.80)
where £ is the length of the circuit subjected to the effect, km.
9.13. Specific Conductivity of the Ground

As is obvious from the above-presented formulas, the mutual inductance, in
particular between the single-wire circuits, depends to a significant de-
gree on the specific conductivity of the ground. For the last 30 or 40 years
in the USSR and other countries a great deal of work has been done on deter-
mining the specific conductivity of the ground at different places. The
greater part of the data were obtained by measuring the mutual induction
between two "conductor-ground” loops and subsequent calculations by the
Pollaczek and Carson formulas. The information about the specific conduc-
tivity of the ground (for a frequency of 50 hertz) for the country is pre-
sented in the map for the specific conductivity of the ground compiled in
the first approximation by the TsNIIS Ingtitute on the basis of numerous
measurements and the study of the geological map of the USSR. This map with
information about the specific conductivity of the ground within the boun-
daries of the European part of the USSR is presented in the Protection Rules
[62].

The experiments have established that the apparent specific conductivity of
the ground with its uniform structure at any depth remains constant, does
not depend on the frequency. However, as a result of the surface effect,
the depth of penetration of the. current into the ground h depends on the
current frequency. This dependence of the depth of penetration of the cur-
rent on frequ:ncy with known conductivity of the ground is obvious from the
following formula:

b -0,5. 1.0'
- _ r Vi (9.81)
Key: a. g
where £ is the frequency, hertz; Yg is the conductivity of the ground, Sie-

mens/m.
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For layered structure of the ground with different specific conductivity of
the layers, the total apparent specific conductivity varies as a function of
frequency. It is known that the higher the current frequency, the less the
depth of penetration into the ground as a result of the surface effect. The
currents of various frequencies penetrating into the ground to different
depths pass through the layers with different specific conductivity. Accord-
ingly, the total apparent specific conductivity will be determined by the
magnitudesof the conductivity of the layers of the ground through which the
current of given frequency passes.

The laws of variation of the specific conductivity of the ground (siemens
per meter) as a function of the current frequency are different for differ-
ent geological structures of the ground. Thus, the following relations were
established experimentally [63]:

1) for the vicinity of Zaporozh'ye Yg = 0.3 /5710-3;

2) for the vicinity of Nikopolye Yg = 0.8/?-10—3;

3) for the vicinity of the Donets basin Yg = (270/J§)10_3;

4) for the vicinities of Tbilisi and Batumi Yg = (257/¢?)10—3;

5) for the vicinity of Magnitogorsk Yg = 0.37/?-10-3;

6) for the vicinity of Kemi Y8 = 0.098 /?'10-3;

7) for the vicinity of Apatita Yg = (47//’?}10-3;

8) for the vicinities of Ol'denburg and Dobernyay = (150//?)10-3. In the
general case it is possible to write: g

1
%=Q&ﬂ or T=G(), (9.82)
(a)
Key: a. g

where Cl and 02 are certain constants; n is a positive number which can be

greater than and less than one.

The first formula of system (9.82) pertains to cases where the specific con-
ductivity in the upper layers of the ground is less than in the lower layers.
The second formula pertains to cases where the specific conductivity in the
upper layers is greater than in the lower layers.

The map of the specific conductivity of the ground was compiled only for a

frequency of 50 hertz. For a frequency of 800 hertz or any other frequency
the conductivies of the ground must be determined by (9.82) considering the
vzlues of c1 and 02 determined experimentally for different regions. Since

21

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200070053-4

the calculation of the electromagnetic effect is made by the mean apparent
conductivity of the ground with a frequency of the interferiung currenc, for
terrains with layered structure of the ground where no measurements ware
taken, this mean value of the specific conductivity of the ground can be
determined [57] by the curves for the function constructed by the formula

-;%f"_";(hx Vi0vsf) (9.83)
(a)
Key: a. g

for the two-layered structure of the ground with different specific. conduc-
tivities of each layer. These curves establish the relation between the
specific conductivity of the upper horizontal layer Ygl’ the specific con-

ductivity of the lower horizontal layer YgZ’ the apparent mean specific
conductivity Yo (which also must be taken in the calculations of the electro-
magnetic effect), the depth of occurrence of the upper layer h1 and the fre-
quency £ of the interfering current for different values of the ratio YgZ/Ygl'

In Figure 9.16, curves are presented for the following values of the ratio
between the conductivities of the lower and upper layers: YgZ/Ygl = 1/3;

1/10; 1/30; 1/100; 1/300; 1/1000, and also y ./y .= 3; 10; 30; 100; 300;
1000, g2 ‘gl

Let us consider an example of the application of the indicated curves. Let
us propose that it is necessary to determine the apparent specific conduc-
tivity of the ground for layered structure of it. The ground at the inves-
tigated point is made up of the surface layer of clay 50 meters thick lo-
cated above the precambrian rock. The specific conductivity of the clay
found in the given retion is 30°107° siemens/m, and the precambrian rock
{for example, granite, diabase, §neiss, and so on) has on the average a
specific conductivity of 0.3-107~ giemens/m. Let us determine the apparent
specific conductivity of the yround for the given region when f = 50 hertz
and when f = 800 hertz. Since in the given case YgZ/Ygl = 0.3'10'3/30'l0'3=

= 1/100, for determination of y o We use the third curve from the bottom in
Figure 9.16a. The parameter p = hl VlOfygl for £ = 50 hertz will be deter-
mined from the equality pso=50) T0-30-10-3-50=1%4, after substitution of numeri-
cal values in it, and for f = 800 hertz, pgm=5o}f103040—y86b=77e

The parameter p = 194 according to the third curve from the bottom in Figure
9.16a corresponds to th2 relation Yg0 = 0.074; hence Ygo = 0.07éyg1. The
parameter p = 776 by the same curve corresponding to the ratio YgO/Ygl = 0.7;

henc . Ygo = 0.7ygl. Therefore for a frequency of the interfering current
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f = 50 hertz, YgO = 0.074-30'10_3 = 2.2'10-3 Siemens/m, and for a frequency

of £ = 800 hertz, Yy, = 0.7-30°1073 = 211072 siemens/m.

Consequently, for using the curves presented in Figure 9.16a and b it is
necessary first to know the geological structure of the given terrain, the
.thickness of the upper layer and determine the specific conductivities of

the rock entering into the upper and lower layers of the ground. The experi-
ments of the TsNIIS Institute [65] confirm the possibility of practical
application of curves presented in [57].

9.14. Measurement of the Specific Conductivity of the Ground

There are several methods of measuring the specific conductivity of the

ground, but basically two are used -- induction with the application of ac

current and the method of four electrodes, with the application of direct

current. For the induction method, the measurements are taken either on two

single-wire (the interfering circuit and the one subjected to interference)
- circuits or on one single-wire (the interfering circuit) circuit and the

loop subjected to the effect of the circuit, The existence of the induction
. method of measurement using two single-wire circuits consists in the follow-
_ ing. An insulated wire of length 21 kilometers is laid in the measured
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section, both ends of which are grounded. The source (generator) of the
current with a frequency of fl is connected to a section of the wire, and

the magnitude of the steady-state current il is measured in the "conductor-
ground” loop.

™1, Jpm
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Figure 9.17. System for measuring the specific conductivity
of the ground by the induction method when using single-wire
circuits (1) and the loop (2).

In the parallel laid lines of length 22 at distances of A1s By cens a of

the interfering wire, the induced emf's él’ é2’ cees én are measured (see

Figure 9.17). Knowing the values of the emf, the corresponding values of
- the coefficient of mutual inductance between the interfering wire and the
other measuring wires are determined:

& e
h=—— My=——

2nflyl 2aflly (9.84)
By the curves M = ¢(a, fl’ Yg) (see Figure 9.6) or by the corresponding nomo-

grams (Figure 9.7) by the measured values of M, the values of the apparent
specific conductivity of the ground YgO are frund for the frequency of the

interfering current.

If the values °legOi calculated for all of the measured M for different

distances between the single-wire circuits differ little from each other,
this means that the geological structure of the ground is uniform at the
depth 1 7 penetration of the current in the ground and that the ground is

_ made up approximately of one rock. The experiments have establiished that

_ the depth of penetration of the current in the uniform ground depends on

- the current frequency, the length of the interfering single-wire circuit and
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the conductivity of the ground. The direct and alternating low-frequency
current to 50 hertz penetrated into the ground to a depth approximately equal
to 1/3 of the length of the single-wire interfering circuit. The alterna-
ting current of higher frequency penetrates deep into the ground in a smaller
thickness of the layer the higher the frequency and the greater the specific
conductivity of the ground.

When measuring the apparent specific conductivicy of the ground by the induc-
tion method using two single-wire circuits, the depth of penetration of the
current into the ground is determined by (9.81) for the frequency of the
interfering current. The interfering circuit must have a length equal to

3 h, and the circuit subjected to the effect, h. The values of h for dif-
ferent frequencies of the interfering current are different, and they fluc-
tuate within broad limits depending on the apparent specific conductivity.
When determining the conductivity of the ground in the investigated section
the length of the measured lines is selected, presupposing low conductivity
of the ground in the section (usually 2°10~3 to 5.-103 Siemens/meter). The
given method is comparatively simple, not requiring complex measurement
equipment. However, it is quite difficult to use this method when perform-
ing the measurements in mountainous terrain, in populated areas and so on.
In these cases, in order to facilitate the measurements, it is better . to
use the induction coils in the form of loops instead of the measuring lines.

The application of the measuring loop is substantiated by the following
arguments. The mutual inductance m between the single-wire line and the
turns of the loop is defined by the formula

M
m=ns7re (9.85)

where n is the number of turns; s is the area of the loop, mz; M is the
coefficient of mutual inductance between the single-line circuits, mg/m;
a is the spacing between the interfering conductor and the frame.

The emf induced in the frame will be

& |=l2nfni]. (9.86)

Comparing (9.85) and (9.86), we obtain

(9.87)

Inasmuch as the value of dM/da is a function of the specific conductivity of
the ground, after determining it from the measurement data for M, it is
possible to find the magnitude of the specific conductivity of the ground at
the point of location of the loop. For the given method of measurement the
problem reduced to finding the first derivative of the expressions for M
between the single-wire circuits with respect to the distance a between them.
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Curves for a dM/da as a function of the parameter
a. g

In the presence of the indicated graph in practice in or-
der to find the magnitude.adM/da, we proceeded as follows.

dM/da is found. Multiplying this value b

find by the y-axis of the graph A = ¢(|ka

|kal.

|adM/da| as a function of the parameter |ak| = av4my
adM/da =¢(ajk]|).
measurement data for &', I, f and the loop parameters n, s, the value of

Taking the Pollaczek formulas for M and determining the derivative of these
expressions by a, it is possible graphically to conmstruct the relation of

gw (Figure 9.18) [64]:

Y

point A to the . intersection with the curve and dropping the perpendicular
to the intersection with the x-axis,

According to the
we obtain adM/da = A which we
Drawing a horizontal line from
Dividing the magnitude B by a, we obtain the value of B/a = k..
value also permits determination of the desired value of
| T e
<3

we obtain a value of B of the parameter
4now

?a=_l'
It is possible tc use the graph (Figure 9.18

1 This

) under the condition 0.5 £

For values of |ka| > 3 it is possible to obtain the desired value of

Yg directly from the measurement data in the induced emf loop. ThHis follows

from the formula for mutual inductance with large values of |ka:
Then

(9.88)
|ka <
M= i::P , (9.89) ]
M _ 18
a =‘la_:‘
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for this case the induced emf in the loop will be & = Zmei, where m = ng(dM/
/da). Substituting the value of dM/da from (9.90) in this expression, we

obtain
8
m=ins o (9_9]_)
and . 8
e=il-2nfns '
(9.92)
Substituting the value of k2 = hﬂwyg in this formula, we obtain
i mfnsi 8
e=i2afns ——4n~2nfy,a' .
From this expression it is possible to determine Yg:
_ 2Ins
Laneraty (9.93)

Thus, knowing the current in the single-wire circuit I, the structural pa-
rameters of the loop and the induced emf measured by the voltmeter for the
given horizontal arrangement of the loop, it is possible to obtain the value
of Yg by (9.93).

For measurements by the method of four electrodes, two single-wire circuits
are created: exciting, which includes the dc source (or the low-frequency
alternating current — 16-14 hertz), and the measuring circuit which includes
the measuring instrument. The length of the exciting circuit is taken

- three time the length of the measuring circuit. The current source in the
form of a rotary generator and measuring device are mounted in the same
apparatus (MS-08) called the "resistance meter." The ends of the exciting
and measuring circuits are grounded through the electrodes 1, 2, 3, 4 located
on a straight line (Figure 9.19). The instrument has two feed (I, and I )
and two measuring (E1 and EZ) terminals through which it 1is comnected to“the

Z exciting and measuring circuits. The voltage from the measuring instrument
is fed to the feed circuit on turning its switch; the instrument pointer in-
dicates a value of the resistance R on the scale, knowing which, by the

- formula

p=2nRa (9.94)

the specific resistance or specific conductivity of the ground at the depth
h is determined:

1
Py (9.95)

where a is the distance between two adjacent electrodes. By varying the
spacings between the electrodes, that is, increasing the length of the feed
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and measuring circuits, it is possible to obtain certain values of Yg' If

these values are approximately equal to c2ach other, this means that the
ground is uniform at different depth; if the values obtained differ from
each other, then the apparent (mean) magnitude of the conductivity of the

ground for the required current frequency must be determined by the master
curves [65].

MC-08

£ Ep
I1q 9091z ‘
J;I;![
1 J 4 2

Figure 9.19. System for measuring the specific conductivity
of the ground by the four-electrode method.

Recently the M-416 instrument has been used to measure the specific resist-
- ance of the ground by the four-electrode method.
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CHAPTER 10. ELECTRICAL CIRCUIT PARAMETERS
10.1. Primary Parameters of Single Circuits of Overhead Lines

When determining the parameters of single-wire circuits, the losses in the
ground are taken into account, but the resistances of the terminal grounds
are assumed to be equal to zero.

The formulas for determining the primary parameters of the circuits of the
overhead lines and the rail and contact circuits of electric railways are
presented in [66, 75, 76].

The calculation formulas for determining the primary parameters of the cir-
cuits of a single wire and the "two wire-ground"overhead lines are presented
in Table 10.1. The derivation of these formulas is prescnted in the communi-
cations theory and line structure courses {15, 16, 18 and so on]; therefore
only brief explanations for these formulas are presented below.

In Table 10.1 the following notation is adopted: dc is the outside diameter
of the communications line, meters; Py 18 the specific electrical resistance
of the wire material, ohm-meters; R1 is the resistance to direct current of
the inside part of the bimetallic conductor, ohm/km; R, is the reistance to

- direct current of the outer part of the bimetal wire, ohm/km; k., k2 are the

coefficients which take into account the surface effect in the uniform wire
and are determined from Table 10.2 as a function of the parameter x = 5-
'fr;ﬁ;_715§; for the uniform wire and x = 5/?;ﬁ1:7i6i1_ for the bimetal wire,
where fk 1s the current frequency, kilohertz; u, is the relative magnetic
permeability of the uniform wire; Hie is the same for the inside part of the

bimetal wire; k', k" are the coefficients which take into account the surface
effect in the bimetal wire; they are determined from Table 10.3 as a function
of y = 2:107%d_ lOkaZr/p2M » where p, 1s the specific electrical reeist-

ance of the outer part of the bimetal wire, ohm-m; P is the relative mag-
neiic permeability of the outer part of the bimetal wire; A is the thickness
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Calculated formulas for the primary parameters of the circuits
of overhead communication lines

Parameter

Calculation formulas for determining the circuit
__parameters

"Wire-j,roun "

"Iwo wires-ground"

Resistance to direct
current, ohm/km

Active resistance to
alternating current,
ohm/km

External inductance
according to Pollac~
zek, g/km

External inductance
according to Carson,
g/km

Internal inductance,
g/km

'A=(2ln %-}-

1) For uniform wires
4000

Ro=py dz P

2) for bimetal wires

Ry Ry

Ry+R,

1) For uniform wires
Ry=Roky+2,61fyP; |

Rooy =

2) for bimetal wires; for
for.'fki 10
R Ry ki Ry
A% Rk Ry

for fk > 10

Ryge=Rs (l —'%)k"-}-?.& P
1) For q“/?Tf;<ll.V .
L 21—4———41)
A“( PR N T

2) for oV yda>14

5 0’:‘-
ey 0,1y, [y _)'

L;=(2|n %-Ho)xo-‘

1) for uniform wires

i

L;=7 k1074
2) for bimetal wires:
“ “"for fk <5

A A )

L = ]
Atu =g [H—

U7 R, X
x (4 ln.yd—:-f.-&:i“_ ')J“’_‘ ;
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+2,51 [ P;

10~4;

' 1
Rou=?Ro

1
Ryo= "2—Rok1+2-51 P

1) For cy7/x<2.8

' 320
L (ln———.— 1)10""
"= - Yludeac + '

2) for eVwRh>N.

= 8 | 26

fo= (gt
5

+"‘ dnl?l’ll)lo_‘

) Lal

LW“?,LA




Table 10.1 (continued)
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Calculation formulas for determining the circuit

Capacitance of a single
circuit (in absence of
icing and frost),
farads/km

Insulation conductivity,
siemens/km

parameters
"Wire-ground" "Two wire-ground"
for £, > 5
O TR
Abs 2 d.
. .10~ s 72,2.10~%
¢ - 72.2:2 Cogem :
S "
G=2[Cy+n' fx10°] ‘Ore=120,

Table 10.2.

in a uniform wire

Coefficients taking into account the surface effect

x I A &y x [ Ry
0,0 1,000 . 1,000 4,5 1,863 0,616
0,5 1,000 1,000 5,0 2,043 0,556
1,0 1,005 0,997 5,5 2,219 0,507
1,5 1,026 0,987 6,0 2,394 0,465
2,0 1,078 0,961 7,0 2,734 0,400
2,5 1,175 0,913 8.0 3,094 0,351
3,0 1,318 0,845 9,0 3,446 0,313
3,5 1,492 0,766 10,0 3,799 0,282
4.0 1,676 0.688 >10 VZxt+ %3
4 x

Table 10.3.

Coefficients taking into
effect in a bimetal wire

account the surface

] 4 Lo ¥ & L v
0,l 0,94 160 1,3 1,43 2,7
0,2 0,97 100 1.4 1,52 2,5
0,3 1,00 62 15 1,61 2,4
0,4 1,02 38 1.6 1,70 2.3
0,6 1,04 24 1.7 1,78 2,2

- 0,6 1,06 14 1,8 1,88 2,1
0,7 1,09 8 1,9 1,97 2,0
0,8 1,13 6 2,0 2,06 1,9
0,9 1,17 5 2,5 2,52 1,6
1,0 1,23 4 3,0 3,01 1,3
1,1 1,28 3,2 3,5 3,50 L1
1,2 1,34 2,9 4,0 4,00 1,0

>4,0 b=y K =iy
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of the outer part of the bimetal wire, meters; P, Q are the coefficients

taking into account the active and reactive components of the losses in the

ground and determined by the curves in Figure 10.la and b as a function of
- p= 0.558c¢0.1Y8fk; ¢ is the mean height of suspension of the wires of the

communication line, meters; Yg is the specific conductivity of the ground,
siemens/meter; d1 is the diameter of the inside part of the bimetal wire,
meters; de " VZadc is the equivalent diameter of the circuit made up of

two wires, metrs; a, is the spacing between the wires of the two-wire cir-
cuit, meters; G0 is the conductivity of the insulation of the overhead two-

wire circuit with direct current equal to 0.01'10—6 siemens/km in dry weather
and 0.5-107° siemens/km in the summer in wet weather; n' is the coefficient
taking into account the increase in conductivity of the insulation for alter-
nating current and equal to 0.05 in the summer and winter in dry weather and
0.25 in the winter in wet weather.

p; q
q% He!
guk !/ %
pAN iy
4% 87

N a \

4 a5 AN

" &
2;1.“ \\ z‘;
qm[ >~ %

- a ¢ 2 g) 4 5§ 6 ) 1 2 Jﬂ" J ' 4

Figure 10.1. Curves for determining .a) the values of the
coefficient P as a function of the parameter p; b) the values
of the coefficient Q as a function of the parameter p.

As is obvious from Table 10.1, the active resistance of the single-wire
circuits is made up of two components: the resistances of the circuit wires
and the resistances of the losses in the ground. Here it is necessary to
distinguish the loss resistance in the ground from the resistance of the
circuit grounds which in the formulas of the given chapter is not taken into
account. The loss resistanie in the ground, as follows from Table 10.1, is
equal to Rg.z - 2.51ka ~ 7°f, that is, it does not depend on the height of

suspension of the wire above the ground and the specific resistance of the
ground. More exact studies performed by M. G. Shalimov and L. V. Shagarova
demonstrated [66, 67] that the loss resistance in the ground depends on the
specific conductivity of the ground and height of suspension of the wire.
Here the higher the conductivity, the more perceptible these relations are.
In Figure 10.2 the relations calculated by the more exact formulas are pre-
sented for Rg-z as a function of the height of suspension h and the specific

conductivity of the ground for'a frequency of 50 hertz.
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(a) f
WU > = 2
o~ T+

\\
g ~—
q030
025 A

J 0 15 20 M

F -7 10.2., Loss resistance in the ground as a function of

B h. it of suspension of the wire (h) for a specific conduc-
tivity of the ground: 1 —- yg = 107° giemens/m; 2 — yg =

-6
= 10

-

siemens/m; 3 Yg = 0.1 siemens/m; 4 -- Yg =31 siemep/m.

Key: a. ohm/km b. g

The inductance of any circuit consists of two components: the external in-
ductivity L' defined as the ratio of the external (outside the wires) mag-
netic flux to the currents flowing in the conductor and creating this flux,
and the inside inductance L" defined as the ratio of the internal (inside
the wires) magnetic flux to the current flowing in the conductor. With an
increase in frequency, as a result of the surface effect, the magnetic flux
is forced out of the wire and the internal inductance diminishes. At suffi-
ciently high frequencies the value of the internal inductance can be neg-
lected by comparison with the external inductance which does not depend on
the frequency. The internal inductance of the circuit made up of bimetal
wires at frequencies above the voice spectrum in practice is equal to the
internal inductance of the outer part of the conductor. The formulas for
the external inductance are presented in Table 10.1 in two forms: according
to Pollaczek [19] and according to Carson [20]. As the calculations show,
both formulas give approximately coinciding results. The calculation by the
Pollaczek formulas in a defined frequency band is less tedious and somewhat
. more exact, for it does not require the use of tables, the use of which
naturally always introduce some error. For defined values of the variables,
for example, for 14 > ¢ J}fk_i 11, for the "connductor-ground" circuit the

Pollaczek formulas cannot be expressed in simple form and contain the Bessel
functions. In such cases, it is recommended that the Carson formulas be
used. Since the maximum effect of the high voltage lines and the communica-
tions lines occur in the absence of frost and ice, the formulas for the ca-

pacitance of the overhead circuits are presented in Table 10.1 only under
these conditions [68].

10.2. Total Resistance of the Communications Wire in Bunched Conductors

In cases where large currents are induced in the communications lines as a
result of the effect of high voltage lines, for example, when calculating
the placement of dischargers, it is necessary to consider the interaction of
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the electromagnetic fields of all of the wires among each other. As a re-
sult of this interaction of the total resistance of the communications line
in the bunch of parallel conductors will differ from the total resistance of
the same single wire.

Let a completely asymmetric circuit of an electric power transmission line
. m
exist with interfering current I0 and in the convergence length §2ni let

there be several.(N) communication wires suspended on one column line. Let
us denote: El’ Ez, ey EN -- the induced emf's in the communications lines;

MlZ’ M13’ ceesy M1N are the mutual inductances between the communications
lines; Zis = wMis is the total magnetic coupling resistance between the

wires with order numbers i and s, where i pertains to the interfering line,
and s pertains to the lines subjected to the effect; il, 12’ vees iN are the

induced currents in the communication wires; Ll, L2’ ceas LN are the induc-

tances of the communication wires. The equation for the emf in each of the
communication wires closed at the ends through discharges can be written in
the following general form:

. i
Ev=1¥Y Ziis.
gn ' (10.1)

Here in practice it is possible to make certain assumptions which permit
simplification of the system of equations:

1) all of the communication wires can be divided into groups &, b, c, ...
with a number of conductors in each group n M, A, having identical cross

section and made of identical material;

2) the values of the mutual inductanc between the wires of each group can
be taken identical for all groups and equal to the mean value of these co-
efficients M__ = Mb =M =.,,, =M

aa b cc

3) it 1s possible to assume that the magnitude of the mutual inductance be-
tween any wire of group a and any wire of any other group, for example, b
or c, is the mean constant value of Mab = Mac = Mcb = ,,, =M,

Then the equations of system (10.1) for any group of wires can be rewritten
in the following form:

Eo=I1{{Ra+i0Llg+i(ng—1) oM is+ioMipno+ ...},

Ep=r I{{Rs-+ioLot+i(p—1) @M ip+ioMigng+ ...° . .
Eo=1{{Re-+i0Le+i(te— ) oM ic+ioMigng+ ..., | (10.2)

............................

where 1 , ib’ ic, «+. are the current in each conductor of the corresponding
group.
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Let us divide the left and right-hand sides of each equation by :la, :Lb, :Lc
respectively and let us denote iblia = kb; ic/ia = kc' Then equations (10.2)
are obtained in the following form:

Ealia+ Zod =1 [Re+loLy+i (e~ Do M+lwnbyM4...], )

B =2yt Rt i0Lotim— oM+ tam—tmt ]
]
_ , | : (10.3)
Eclic==Z1=1 [R=+“°1-=+i(ﬂe—l)mM-!-iwﬂaT]'M-i-...].
- C

For determination of the coefficients kb’ kc which enter into these equations,

let us divide one equation (for example, the first) by another other (for
example, the second). We obtain -

Ey Ealy Z.

Ry = ——-
Epig zb

Ratiolstita—DoM+ioMnyky+10Mnk,+

Rﬁ+]mlb+l'(ﬂb—l)mM+ian,Tl"-+innc%+..

After transformation we obtain :

ko R;+}m(L_—M>_ b= Ratiola—m
Rotiw(ly—M) Retio(l,—M) '

For simplification of the expression for the total resistance of the wire
it is possible to approximately define the coefficients k‘b’ k , ... ag moduld,
for example, ¢

wat R (L, — My
VRfaw—mp (20-4)

If the values of the coefficients kb, kc’ ... are known, then the magnitude

of the total resistance of 1 km of wire in bunched conductors will be deter-
mined from (10.3), for exanyle,

) 2.=VR’+m'|L,+M(n—l+nm+
)—M] (10.5) -

zb=|/ ? 4o Lb+M—-(”a+"bkb+

If a bunch of N conductors exists which is made up of several groups a, b,
_ ¢ where there are no» Oy n, conductors in each group with identical cross
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section and made of identical materilal, it is possible to prove that the
total resigstance of 1 km of the bunched conductors will be defined by the
expression

=Ra+i(‘-’[La+M("a+kb"h+"ckc+ =1

Z
N ng+konptkeng ...

(10.6)
As we shall see, when using the formulas (10.4)-(10.6), it is necessary to
determine the values of L, M, kb’ kc’ «+. in advance. For L and M it is

possible to recommend that the Pollaczek formulas which in simplified form
for copper wires when £ = 50 hertz are written as follows:

17,9 - 4
L=(2ln————-—— 1)10_‘,
’cVO-l'VS +
17,9
' = —_— l »
‘M (2ln aVO.lv, +l) ot
where r, is the radius of the communications wire, meters; a is the geometric

n
mean spacing between the communication conductors, that is, a = va,a,a ...an;

Yg is the gpecific conductivity of the ground, siemens/meter. 1273

10.3. Capacitance of the Communications Line Conductors

The communications line conductors have a capacitance with respect to ground
and with respect to the adjacent conductors of this line. The problem with
respect to determining the capacitance of the conductors reduces to confin-
ing the relation between the potentials and charges of the individual con-
ductors of the communication line, and it is solved using the Maxwell equa-
tions which relate the charges and potentials of the conductors (see Chapter
2).

Let n conductors be suspended on the line, and let them carry charges of
Qs Gps eees Q) from the corresponding energy sources. Then in order to

determine the potentials of the communication line conductors, the system
of equations of the type of (2.103) is valid:

Uy=18.10 (g, ajy ¢, &|;+ +4nd1u).
Uy =18-10°(q 031 + g3 090+ ... +9n aan),

.....................

(10.7)
Un=18-10%(q, any + gy @ny + ... + gn Qpn),

where Ul’ U2, ceey Un are the potentials of the corresponding conductors,
volts.

In order to simplify thg solution of this system let us take the coefficients
alZ’ alB’ vees aln, m23, a34, ey aik aqual to the arithmetic mean value

of their sum 012} the coefficients 0199 u22, erey O are taken equal to
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the arithmetic mean value of all. Let us also assume that the charges of
all of the communications conductors are identical, that is, 9 T 9y = c-. =
=q, = 4. Thu?: .

Oy = T(unx+¢n+---+aun)-

- 1 10.8
fa= (n—1) (Ontayt ... tontayt oyt a0, ¢ )

Substituting these average values from the Maxwell equation, we obtain a
number of identical equations:
Ur=18-10% g’y +4; (n — 1) Gyg] = g, 18. 108 B+ (0 — 1)),
Uy =18-10; [0y 4 (n — 1)Gy] and so on.
Hence,

— Ul
qi= = =
18-10¢ {ﬂn + (n - ]) ql'l °

Since q; = ClUl, the capacitance of the conductor

. .
Cy= = =,
~ BT 18100 oy + (n— D agy) (10.9)

The coefficients 511 and 612 fluctuate within the following limits: &ll =

- = 8,5 to 9.0; &12 = 2.5 to 3.0. Substituting these values in (10.9), we

find that the mean value of the capacitance of the conductor in a bunch of

identically charged conductors is: for Gyq = 8.5 and %y = 2.5
- : 1 22,2-10~°
=G =BT RsFe—NZ5~ 24Fn (10.10)
for»u11 = 9 and O1p = 3
. 18-16—°
. Cu=Cy~ S5 (10.11)

Thus, if all of the conductors of the communication line are charged from an
outside source with identical charge, the capacitance of each conductor with
regpect to ground will depend on the number of adjacent charged conductors.
The capacitance of the individual conductor in a bunch of charged conductors
will be less the larger the number of conductors.

The capacitance of a single conductor, as is known, will be expressed in
terms of the natural potential coefficient in the form C11 = 1/18-106011-

11 = 9» then Cyp ® 6.1-1077 farads/km. The capacitance
of a single conductor from (10.2) is

Since on the average a
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18.10~%  18.10~9

Cn = n42 =TTL3 .=6-10‘°farads/km.

10.4. Primary Parameters of the "Metal Coverings-Ground" Circuit

As was indicated above, in a cable with external metal sheathing in general
form in addition to the two-conductor circuits there are three types of asym-
metric circuits: "metal coverings (sheathing)-ground," "core-sheathing,"
"core-ground." Let us consider the "sheathing-ground" circuit. The parare-

ters of the metal sheathings of communication cables must be known primarily
to determine their shielding effect.

The '"metal coverings of the cable-ground" circuit is a single-wire circuit
from the electrical point of view with return of the current through the
ground. This type of line, just as any single-wire circuit, has four pri-
mary parameters: the aative resistance Rsh (ohm/m), the inductance Lsh (g/m),

the capacitance Csh (farads/m) and the conductivity Gsh (Stemens/meter) and
1Y
also two secondary parameters: the propagation coefficient Ysh (1/m) and
wave impedance Z. sh (ohms). The total resistance of the metal covering
= + . >>
Zsh Rsh isth Rs
The total conductivity Ysh =G

In the high frequency range st
+ iwcsh.

and Z 2 1wL
8 8

h h h h*

sh

For cables not having an outside metal covering of the plastic sheathing on
top, that is, for cables with jute covering, for bare cables laid in a cor-
ridor, the capacitance with respect to ground is close to zero and is entirely
shunted by the active conductivity of the circuit. For such cables in all

of the investigated frequency range Ysh = Gsh = l/Rtrans.sh’ where Rtrans.sh

is the transient resistance between the metal coverings and ground, ohm-m.
For cables with outside plastic sheathing having high resistance in the
radial direction and small dielectric losses, Gah << wcsh and Ysh e iwCsh.

The total resistance of the "metal conductors-ground" circuit consists of
two components: the internal resistance of the metal conductors or so-called
surface resistance (Zsh s) and the external resistance (2 ) causes by

sh.ex
the external magnetic flux and losses in the grouvnd. Thus, Zsh = ZBh s +
+ Zsh ex’ The total surface resistance is equal to the ratio of the elec-

tric field intensity along the external surface of the metal coverings to
the current flowing in the "metal coverings-ground" circuit.

In general form the surface resistanée of the single-layer metal sheathing
of solid construction will be determined by the formula [69]
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1. V_i op Lo (kra) Ky (kry) + Ko (kry) I (kry)
20(6) =Ty ¥ Y LG K ) — LG K G (10.12)
a

Key: a. sh.s

where ry and r, are the inner and outer radii of the sheathing, meters; p is
the magnetic permeability of the sheathing metal, g/meter; YM is the conduc-
tivity of the sheathing metal, siemens/meter; k = Miwuyﬁ : IO’ Ko

are the modified cylindrical firat and second type, O anu. first order Bessel
functions.

» 10 Ky

Substituting the asymptotic approximations of the Bessel functions in the
formula for Zsh g Ve obtain:

for low frequencies (kr2 < 0.25)

B s
1—— In —=
2 krfn "

Z.n =Rz LA %Ry (10.13)
b) l ——————— In—
(a) (b) 2(A—r) "
- Key: a. sh.s b. dc
where Rdc -~ the resistance of the sheathing to direct curreat (formula
10.13) -- can be used in practice only for direct current);

for high frequencies (lu:1 > 5)

! )
Zogn= B thke gy DT
"“Tmn VW ¥ e, g (10.14)

where t = tz - is the thickness of the sheathing. Hence,

R 1 pf shu-}sinu ry+3ry
L P %V chu—cosu lGur;rg?. "
1 V p - shu—sinu
Lsn =337, {20y (chu—cosu ’
where u=tV Zopy, For u>5 shumchu; shu®sinu; chuycosy. Then

) L)/ B, ndds_ -V
Resn = 2ry FT + 165r 2y’ Los.n 20ry m-

(a)

_ Key: a. sh.s
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If in (10.14) kt < 0.5, then cth kt & 1/kt and then

; L .ot 34—rdténn
%68 " 2 nrytyy 165y 2y | 16nyyryr3t

that is, in this case the resistance is only one active component.

The total surface resistance of the bimetal sheathing consisting of two
solid cylindrical tubes can be determined from the formula [16]

Z. = ks k:l‘laf‘i'kll’qbe v
06N " 2y Yua  Bgiyad-f Ry pabc
: where bi=Viomva: k=Viopn:
a=lo(ky r3) Ky (81 r1) + Ko (; 75) Iy (ky 1),
= lt(kxfz)Kx(klfx)-Kl (k1) 1y (By ry),
c=1y (ky 15) Ko (k ra) + Ky (ks rg) Io (g 1),
d=1y (ky 79) Ky (ks ro) — Ky (Bq rg) Iy (Ry 1g),
e =1Io (ks r3) Ko (b r3) — Ky (kg 1q) I (kyry),
T=To (kg 75) Ky (g roF+ Ko (ky r3) 1y (kg ry).

ul and uz are the magnetic permeabilities of the first and second layers of
the bimetal sheathing, respectively; YMl and Yy are the conductivities of
1 is
_ the inside radius of the first (inner) layer; r, is the outer radius of the

the first and second layers of the bimetal sheathing, respectively; r

first layer; r, is the outer radius of the second circuit.

In the voice-frequency range the surface resistance of the metal coverings
can be determined by simpler formulas. The active resistance can be taken
equal to the ohmic resistance (for direct current). Here the resistance of
the losses to hygteresis in steel armored strips is not taken into account..
However, the calculation by the formulas presented in [71] indicates that it
1s possible to neglect these losses for practical calculations. The ohmic
resistance of a solid metal tube

' 1
Rognz=Ro= .
* AR R (10.19

Key: a. sh.dc

The ohmic resistance of a strip tube and the inside inductance of the steel
strip armor can be determined by the formulas [71]:

—3Dp -
= Ry 6p= ’ ,
Repnz = 0= s (10.16)
(a)
Key: a. armor dc
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Lo, =200k or

- (a)

(10.1?)

Key: a. sh.s

where the thickness of the equivalent strip is

IR .17y
. o

’

n is the number of strips; b is the thickness of one strip; A is the clear-
- ance between turns of the strip (in the case of overlap A is negative);
ae = a+ A, a is the strip width; Dmean is the mean parameter of the bronze,

meters; U is the relative magnetic pefmeability of the steel strip.

The internal inductance of the cylindrical sheathing made of nonmagnetic
material can in practice be nzglected.

The active resistance of metal covering containing several sheathings will

be defined as the resistance of a parallel connection, that is, for metal

coverings containing sheathing and armor, RSh.s = Ro.armorRo.sheathing/‘

/R + R ). Thus, Z =R + iwL . ., The external resistance
0.armor 0.sh sh.s [+] gh.s

of the metal coverings will be defined by the following approximate formula

1,85
Zu.fiﬂ—:;—ln . V?—:?— . (10-18)
(a) N I N.T 3

Key: a. sh.er

where ug is the magnetic permeability of the ground which in the first

approximation is equal to 1011'10_7 g/mgtgr; r'M is the equivalent radius of

the metal coverings., Ta =V'..Vr.’,+4h;“ =V 2ruhx» meters; T, is the geometric

outside radius of the metal coverings, meters; hk is the depth of burial of
the cable, meters; Y. w is the propagation coefficient of the currents in

the "metal coverings-ground" circuit, 1/m; Yom = “EM ﬂ/Rtrans - §§ is

the propagation coefficient of the currents in the ground equal to Y =
= /EZ;;;;} Yg is the specific conductivity of the ground, siemens/meter;
. 1 1,12
Raep.n™=Rsamn 4 Eln oo Viran
outer insulating coating on the metal coverings, ohm-meter. For cables

with ordinary jute covering over the armor or for bare cables in ordinary
corridors

ohm-m; Ruxz- is the coefficient of the
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The determination of the external resistance from the expression (10.18) is
connected with significant difficulties, for this expression is transcenden-
tal. As is obvious from (10.18), the values of YM T and Yg are under the

logarithms. This means that the large range of variation of these variables

corresponds to the small range of variation of ZSh ex’ Accordingly, for

cables with ordinary external jute covering without great error it is pos-
sible to assume that YM a = Yoo and then

g .

. f . 1,72 7
Z(m)n=[“'f+'mln Dyhx @iy vs ]IO ’ (10.19)
a

Key: a. sh.ex

The first, active component of this expression is caused by losses in the
ground, and it depends only on the frequency. The second component -- the
reactive resistance of the external inductance -- can be represented in the
form wLext’ where Lext is the external inductance of the cable sheathing.

On nigh frequencies the surface resistance Zsh s is small by comparison

- with 2 .
sh.ex

The transient resistance between the metal coverings of the cable and ground
is (for Yy, = YM);

S S —T S N (10.20)
nep.n Ty l?sl V2’u [ 47,

(a)
Key: a. trans.m
In the case where the metal coverings of the cable are multiply grounded

with respect to length of the transient resistance between them and the
ground must be determined by the formula

Rnep Rnep.n

Ruep = — ' (10.21)
(a) Rnep+Rﬂep.l’l
Key: a. tranms
where R'trans is the transient resistance caused by the presence of the
grounds, ohm-meter,
’ R LVnR,
Rnep = ——=2>——= 10.22
" VAR, 40,14/, ( )
(a)
Key: a. g
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lg is the mean spacing between adjacent grounds, meters; Rg 1s the mean

existence of one ground, ohm; n is the number of sections between grounds.
If lg and Rg along the section differ significantly from each other, then

in (10.22) it is necessary to substitute the arithmetic mean value of 2o
and the value of R determined by the Eﬂtgl conductivity of the groundst

i -
R.g = (n + 1)/Gg.total’ where Gg.totaij“uR“L Ruis the resistance of the
ith ground. Formula (10.22) is the empirical formula; therefore the values
entering into it can be substituted only in the units which are indicated
in the notation, that is, 28 in meters, R8 in ohms.

In Table 10.4 values are presented which were calculated by (10.20) for the
transient resistance between the metal coverings of a cable with outside
jute covering and the grouad. Figure 10.3 shows the curves calculated by

(10.22) for the transient resistance of R' as a function of R and £ .
trans g g

Table 10.4. Transient resistance between the metal coverings
of a cable with outside jute covering arnd ground

‘| Transient resistance, ohm-meters for

t
Frequency, E&t31d specific resistance of the ground, ohm-m

kilohertz ame—
ter, m 10 100 1009
odulusLAngle Modulu1 Angle Modului Angle
0,05 0,02 23,2 |—6°12 27 -2l 3030 |—4°43'
0,06 21,4 |—6°42 249 —5°44/ 2860 |—5°00"
- 0,8 0.02 18,8 [—7°38' 224 |—6°24' 2600 |—5°30’
0,06 17,1  |—8°25' 207 |—6°55' 2240 |—5°54’
10 0,02 14,8 |—9°42’ 185 |—7°47" 2210 |—6°30'
0,06 13,2 |—10°58' 167 |—8°38’ 7040 |—7°03'
100 0,02 | 1,3 |-1r40 | 149 |—ora | 1850 |—our
0,06 9,52 |—15°13 131 —10°59" 1670 |—8°38’

As is obvious from this table, the transient resistance depends almost di-
rectly proportionally on the specific resistance of the ground, and with an
increase in frequency, it decreases with respect to modulus and increases
with respect to phase angle.

- The total surface resistance of the metal coverings of the cable in a plas-
tic outer sheathing will be defined by the same expressions as for the
cable without plastic sheathing.

In formula (10.18) in the presence of a plastic outer sheathing 1t is
possible to neglect Y. by comparison with Yg' Then

Z;,a.=m%|n,i_
Y Opyy,
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ox

Us 1,85 [ - 3,42 ] _7
Zgp=l0 -~ ————— = ftjon ~——————— 107 . 10.23
o6 2n r," lvsl el 45 + Dyhyopsy, ( )

|
":"\”,”_"”/
4{7‘014
>

v ( 8)“"“ R;,,ﬂ 07
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Wi

— 1990w
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o
] EJL R]
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Figure 10.3. Transient resistance between the uniformiy, mul-
- tipally grounded sheathing and ground as function of the
resistance R of the grounds and the distance % between

g them. g

Key: a. ohm-meter b. R' ¢. ohm
trans

o Memannuvecran ofonouxa (a)

Figure 10.4. Determination of the total transient conduc-
tivity between a metal cable sheathing with outside plastic
coating and ground.

Key: a. metal sheathing b. D c. g

In the given case when determining the transient conductivity between the
metal cable coverings and ground it is impossible to neglect the insulation
resistance of the outer coating and the capacitance between the external
metal covers and the ground. The equivalent diagram for determining the
total conductivity between the metal coverings of the cable with plastic
insulation and ground is presented in Figure 10.4. The total conductivity
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1 .

-
a . 1 1,12 (10.24)
Go+ioC, |-t +——Ih————
By e e Y

Key: a. D b. ins

where GD is the active conductivity caused by losses in the dielectric of

the plastic insulation, siemens/m; G s is the active conductivity of a

in
plastic insulation, siemens/meter; CM T is the capacitance between the

metal’coverings and the grounds, farads/meter.

The active conductivity causes by losses in the dielectric is determined bv
the known formula GD = mCM at8 6, where tg § is the tangent of the dielec-

tric losscangle in plastic insulation. The values of tg 6 for different
materials are presented in Table 10.5. The capacitance between the outer
metal sheathing and ground can be defined by the formula
- . o
Cll.n=cot$= - , 10-°
18In 2~
4]

' farads/m, (10.25)

where € is the relative dielectric constant of the material of the plastic
sheathing, the values of which are presented in Table 10.6; N is the out~
slde radius of the plastic gheathing, meters; r, is the outside radius of
the metal covers, meters.

Since the active conductivity of the plastic insuiation is very low (insula-
tion resistance Rins M n-is about 1000 Mohms-m, that is, 107 ohm~m), in

formula (10.24) the value of Gins can be neglected. For practical calcula-

tions it is also possible to meglect the value of GD by comparison with

iwCM'". Then

1 )
o R S W T, (10. 26)
i9Cun T Vs ¥ Db

In the low frequency range (to 10-20 kilohertz) with mean specific resist-. .
ance of the ground (to 100-200 ohm-m) the second term in the denominator
of formula (10.26) can be neglected, and then YM _— imCM . The values of

the capacitances CM - calculated by (10.25) as a function of the cable sizes
and thickness of the insulation are presented in Table 10.7.

It is necessary to determine the transient conductivity'according to (10.26)
- graphically. For this purpose, the right-hand side of the equality (10.26)
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Table 10.5. tg § of cable insulating materials

Insulating tg § for current frequency, hertz
materials 103 104 105 106
E Polyvinyl chloride | 0.03-0.1 - - -
(flexible tubing)
Polyethylene 0.0004 0.0004 0.0004 | 0.0004
Styroflex 0.00035 |0.00014 | 0.00013 | 0.00011
Cable paper 0.009 0.011 0.030 0.045

Table 10.6. Dielectric constant of cable insulating material

Insulation | Polyvinyl chloride|Polyethy- |Styroflex | Cable
material | (flexible tubing) |lene - paper

€ 6-7 2.3 2.4 2.0

N Table 10.7. Capacitance between the metal coverings and ground

- ] ¢ ] }
Material of E Lo - Material 5 1 e o
plastic X 2 E E gﬁg of plastic k- - E | gf-:g

- sheathing 2 _5 aoaly ; ° sheathing g Eledys?

- 5 80 00 B g -ﬂ ang'o g
CERE odg < QY odgg =
E§).5|dz82 2§ nfg2ss
Slog gy @ Sl aR8EYT
FEIEREE CMEEEEEE
-;-a.-c.gm O.gdu " ..amu,:g‘w
oo o™ a0 o) J |8 ™Mo
- ER-EN My EIEE
CH L |[OWdng gsﬁuoﬁuq

- Polyvinyl- 5 é { 'gg Polyethy- 5 ; g:gg

chleride lene -
10 1 3,79 T 10 1 1,34
2 1,99 2 0,7
3 1,38 3 0,49
15| 1 | 5.4 5 1] 1,82
2 2,95 2 1,04
- 3 1,99 3 0,7
2 | 1 7.4 20| 1| 2,6
2 3,79 . 2 1,34
_ 3 2,59 3 0,92 .

is coustructed as a function of YM - and the desired value is found by the

point of intersection of the coustructed curve with the straight line drawn
from the origin of the coordinates at an angle of 45°. The values of ¥
for cables with a capacitance of 4x4x1,2 type MKSAShp and MKSABpShp m:eM'?T

presented in Table 10.8.
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Table 10.8.

Total transient conductivity between metal
coverings and ground

Transient conductivity, siemens/m, with a specific

Frequency,
' kilohertz ground resistance, ohm-m
10 100 s 1000
Modplus ,| Angle | Modulus | Angle | Modulus | Angle
0,05  {0.421-10-¢ 90° 0,421-10-¢ 9€0° 0,421-10-* | 90°
e8 |673.10-¢ | 9 67310 | 90 | 6.73.108] oo°
10,0 84,1-10-¢ 90° 84,1-10-¢ 90° 84,1-10-¢ 90°
100,0 0.84-10-3 89°4’  10,81-10-° 81°9"  [0.41-10-3 36°27

—

Table 10.9.

Primary parameters of the metal coverings of
MkSABpShp and MKSSShp cables

r
Current in _—MF,ABpSHp 4%4x1.2 MKSSShp 4x4x1.2
she::h:ng, %sh* |Vsn’ ;Csh’ Reh? Len Ren’
P ohm/km |mg/km | pfar./ ohm/km| mg/km |ufarads/
/km [lam
2 0,42 4,8 1,34 1,81 3,4 0,74
5 0,42 5,6 1,34 1,81 " 4,4 - 0,74
10 0,42 7,3 1,34 1,81 6,8 0,74
20 0,42 14,7 1,34 1,81 14,9 0,74
30 0.42 16.6 1,34 1,81 14,7 0,74
50 0,42 14,1 1,34 1,81 11,6 0,74
75 0,42 11,6 1.4 1,81 9.6 0,74
100 0,42 9.5 1,34 1,81 8,1 0,74

!

Primary Parameters of the "Core-Sheathing" Circuit

Ze-sh = Ze.int t Zghotna t

1wl

The total internal resistance of the cable core
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c-sh’

The "core-gheathing” circuit is analogous to the cable circuit, but with
high eccentricity, that is, with large bias of the internal conductor rela-
tive to the central axis of the sheathing. The total resistance of the "core~
sheathing" circuit can be represented in the form of the sum of the internal
resistance of the cable core, the internal resistance of the metal cover-
ings and the external resistance caused by the interconductor inductance:
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1 iop ly(kra)
2 gy =R tioL, o= 2nr, V—?-u— 11(’":)'
(a) .
Key: a. c. int
- c10~7.
where R = Rcokl c.int = (l/Z)uk2 10 °; kl and k2 are the coefficients

taking 1nto account the surface effect (see Table 10.2).

The total resistance of the single-layer metal sheathing in the "core-sheath-
ing" circuit is determined by the formula [69]

' 1 ]/ fop
Zo6.mevrp = RogamHi @log, wnyTpT 27 ry ™
(@) o (k) Ky (ory) 4 Ko (r) I (hry)
1 (krg) Ky (Bry) — Ky (kry) 1y (Rry) (10.27)

Key: a. sh.int

In order to determine the internal primary parameters of the metal coverings
in the voice frequency range it is possible to use the formulas (10.15)-
(10.17). The external (interconductor) inductance of the circuit with t:he
core located in the center of the sheathing is

=2in2-10-7.
s

Lyos (10.28)

(a)
Key: a. c-sh

In formulas (10.27) and (10.28), r‘a is the core radius; r, and r, are the
internal:and external radii of the metal sheathing. The capacitance of

_ the circuit with the core located in the center of the sheathing C c-sh ™
=€ <10 9/18 In (r /r ), and the conductivity of the insulation G sk ™
= W C.Bhtg S.

Since the cores of the symmetric cable are not located in the center, con-
sidering the bias, the external inductance and capacitance of the "core-
sheathing" eircuit can be defined by the formulas [72]:

M ¥ D’ . .
(a) Lx-oﬁ.uemn =2 ['n % - 1 _&'] 10—7 '

er: 10—’
®) Caos™ ls[m-—
rq —6’
Key: a. c.sh.ext b. c-sh
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where ,-A/, 1is the eccentricity of the core equal to the ratio of the dis-

tance of the cable core from the center (A) to the inside radius of the metal
sheathing: § = ra/rl. As is obvious from these formulas, the external in-

ductance as a result of eccentricity decreaser, and the capacitance of the
circuit increases. The total resistance of the "two cores-sheathing" cir-
cuit

(LT

z(c-c)-sh = z(c—c)int + Zsh.int
. - -7, =
(c-c)int Zc.intlz’ L(c—c)-sh Zln (rl/ra.equiv)lo ’ ra.equi'v

=vJar; a, is the mean spacing between cores. The capacitance of the "two

cc
core-gheathing”" circuit C = er-10-9/18 1n (rllr
wC

where Z

(c-c)-sh ), the conduc-

tivity of the insulation G(c—c)-sh =

a.equiv
tg 6.

(c-¢)-sh

As the measurements show, the capacitance of the "core-sheathing" circuit
is approximately 1.87 times larger than the capacitance of the basic two-—
wire circuit, and the capacitance of the "two core-sheathing" circuit, that
is, the capacitance of the Picard circuit is 3.46 times greater than the
capacitance of the basic circuit. The more exact formulas for calculating
the parameters of the asymmetric "core-sheathing" circuits of the single-
quad cables in the longitudinal frequency range are obtained in [74].

10.6. Parameters of the "Core-Ground" Circuit
The following relations were established between the primary parameters of
the "core-ground" circuit and the primary parameters of the "core-sheathing"

circuit:

active resistance

= - +
Rc-g Re-sh Rsh Rg’

where Rg = 1r2/f-10_7 is the loss resistance in the ground, ohm/m;
inductance

+
c-g Lc-sh Lsh.ext’

where Lsh ext is the external inductance of the sheathing [see (10.22) and

) (10.26)]:
capacitance
c - Cc—shcsh
- R 1]
cg cc—sh + Csh
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where Csh is the capacitance between the sheathing and the ground [see
(10.28)1]:

in the presence of an external jute cover CC__g % Cc-Sh and the conductivity:

e - Gc-sthh
c-g Gc—sh + Gsh

where Gsh = I/Rtrans.sh is the conductivity between the sheathing and the

ground [see (10.20)-(10.22) and (10.24)].

- The components of the total resistance of a bunch of n identical cores can
be defined by the approximate formula, replacing the bunch by the equivalent
conductor [73]. The active resistance of the bunch Rb = Rc/n; the induc-

tance of the bunch on return of the current through the ground

ram o (4]
(b)

Key: a. b a. armor

. where L2 is the outside radius of the bunch, meters; Ho is the magnetic

constant (uo = 4“'10~7 g/m); e is the relative magnetic permeability of

the material of the armored cover; r and r are the outside
1 armor 2 armor

and inside radii of the armored cover, meters; h is the equivalent depth of
occurrence of the concentrated current in the ground, meters; with respect
to Carson h = 1.85/¢wugyg.
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