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FOREWORD

The problem of electromagneticand electrostatic induction between high voltage power
lines and telecommunication lines has lately been engaging the attention of engineers in India.
The increased developmental activity in the postwar years of both power and telephone
services led frequently to situations of conflict ; and it was soon realised that special efforts
should be made to understand the nature of this interference problem and to devise satisfac-
tory means of overcoming the trouble.

Arising from the recommendation of the All-India Power Engineers’ Conference in Feb-
ruary 1949, at which this problem was discussed, the Government of India set up the Central
Standing Committec for Coordination of Power and Telecommunication Systems. This
Committee consisting of representatives of both power and telecommunication interests in
India, is required to make a detailed study of all aspects of the problem of interference between
power and communication systems, carry out scientific investigations and exporiments
wherever necessary, make a comparative study of the practices adopted in foreign countries to
deal with this problem and to recommend suitable co-ordination methods to be udopted by
engineers in India.

In regard to scientific investigations on the problem of intorference between power and
telecommunication lines, the Comnmittee’s work can be broadly divided into the following
three categories :

(1) Low Frequency Induction : Studies under this would include the development of
means for predetermining low frequency voltages and currents in  indrctive exposures
and consideration of measures for reducing the low frequency inductive influence of power
systems and the low frequency inductive suseeptiveness of communication systems.

(2) Noise Frequency Induction : Studies under this category would include the deter-
mination of the optimum noise levels for ensuring satisfactory telephone scrvice, investigation
of the scurces of wave-shape distortion, and unbalance in powe - systems, study of coupling
factors involved in noise frequency induction and the development of remedial measures.

(8) Structural Ce-crdination and Protection against pkysical contacts : Examination
of design and construction festures i the case of yewer and telecewmunicaticn lkes
carried on the seme supports or power teleccrmmunication lire crossings ete. would come
under this study.

The Committee has so far made a start with the study of low frequency induction only.
1t is hoped that mn due course it will be uble to undertake further studies on the other subjects

also.

The three reports included in this volume are first of a series of reports which the Com-
mittee hopes to issue from time to time.

V. R. RAGHAVAN
and

B.8.RAU,
Joint Secretaries, Central Standing Committee for
Coordsnation of Power & Telecommunication Systems.
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ENGINEERING REPORT NO. 1

Low FREQUENCY INDUCTIVE INTERFERENCE BETWEEN POWER AND TELECOMMUNICATION
LiNEs—FI1ELD TESTS CONDUCTED AT AMRITSAR AND BOMBAY. :

1. Introduction.—This report describes the experiments carried out inthe year 1949, in
connection with inductive interference from earth currents arising from H.T. Power trans-
mission lines on neighbouring telephoné lines. The object of the tests was to gauge and
understand by direct experimentation, the actual extent of low frequency electromagnetic
induction between power lines and proximate and parallel telephone lines and to deterimine
by comparison with theoretical computation the degree of agreement between calculated
values and observed results under different conditions. In the context of the rapid develop-
ment of large electrical power net-works in India, which is likely to result in increasingly
frequent interference situations in future, this subject assumes wide significance. It is hoped
that the experience gained by such investigations would be of value in the practical solution
of the conflicting situations likely to be encountered by Power and Communication engineers.

2. Scope of investigation.—The report describes the results of experiments carried out at
Amritsar on the 132 kV lines of the Jogindernagar hydroelectric system in August 1949 and
at Kalyan and Mulund on the 22 kV lines of the Tata Power Co. Ltd. in November 1949.

3.1. Amritsar Tests.—

3.1.1. In the Amritsar tests, the interference situation was between the 132 kV power
transmission lines in the Amritsar-Jullundur section of the Punjab hydroelectric network
-and the neighbouring Delhi-Amritsar carrier telephone lines. The parallelism was in the
section between Amritsar and Jullundur, a distance of about 50 miles. The average spacing
between the disturbing (power) and the disturbed (telecommunication) circuits was about
1270 feet. The sketches shown in Figs. 1, 2 & 8 indicate the geographical as well as the
electrical layouts of the relevant portions of the Punjab power system and also full technical
particulars of the power lines under test.

3.1.2. Tests were conducted to determine the mutual coupling between the power and
communication lines, when these are operated as carth return circuits. Besides, experiments
were also carried out to determine the extent of shielding against electromagnetic induction
between the circuits, which would result by the use of earthed conductors on (z) the power lines
and (12) the telephone lines. A known current was circulated between the conductors on the
power line and the earth return and the induced voltage on the communication wires to earth
was measured by a suitable voltmeter. The tests were repeated using one or more conductors
of the power lines and of the telephone lines as shielding conductors by earthing them at the
terminals. Full details of the tests are described later in this report and in Appendix I.

3.1.3. In the parallelism situation between Amritsar and Jullundur there is, as far as
one can see, no extraneous source which may be expected to affect the electromagnetic in-
duction between the power and communication circuits. There is no irrigation canal,
pipe line or other electrically conducting earthed circuits in the neighbourhood to te
taken account of. The railway track running parallel to the lines, not being bonded, is not
expected to contribute to the shielding between the circuits. The effect of the earthed tele-
graph wires along the railway line will be purely local and can therefore be ignored in the case
under consideration. In other words, this section should be considered ideal for the purpose
of carrying out the electromagnetic induction tests.



3.2. Bombay Tests.—

3.2.1. Inthe Bombay tests, the interference situation was between the Kalyan-Vikhroli
22 kV lines of the Tata Power Co., and the trunk telephone circuits running along the electri-
fied railway tracks between Kalyan and Bombay. Figures 4, 5 and 6 indicate the geogra-
phical and the electrical layouts of the lines under test, as well as the full technical particulars
of the power circuit.

3.2.2. The situation in Bombay was complicated by the presence of the -clectrified
railway tracks which run parallel to and between the power and communication lines under
tests. On the one hand, the D.C. harmonics of the track-currents induce extraneous
voltages on the communication lines and on the other, the tracks, being a well-bonded earthed
circuit, exert a substantial screening effect to the matual coupling hetween the power and
communication lines. In fact, one of the reasons for choosing Bombay for conducting
these experiments was to make an attempt at the indirect determination of the actual
shielding effect exerted by the railway tracks.

3.2.3. The close parallelism was in the scction between Mulund and Vikhroli, a distance
of about 5 miles, the average spacing being 950 feet.  The 22 kV Jine was solidly earthed at
Vikiiroli (all the three conductors werc bunched together) and a low tension supply connected
between the conductors and earth at the Mulund City substation. The induced voltage
between the telcphone wires and the earth was measured successively in the following sections
of the Bombay-Kalyan trunk telephone wires :—-

(v) Mulund—Vikhroli.
(2¢) Mulund- Bombay.

{(¢17) Kalyan—Bombay.

3.2.4. Besides the above experiments where carrents at low voltage were used, a full
gcale short circuit test was also conducted. The 22 kV line from Kalyan to Vikhroli was
closed at Kalyan on a dead carth fault at Vikhroli and oscillographic records taken of the
earth fault current as well as the induced voltage on the Kalyan-Bombay trunk telephone
lines. 'The result of this test is shown in figures 9 and 10.

3.2.5. Opportunity was also taken to observe the extrancous induction on the telephone
lines arising from the currents flowing inthe electric traction system. Obscrvationson s
cathode ray oscillograph showed that the wave form of this extraneous voltage was complex
with a pronounced eighth harmonic. i

4.1. General. During the normal operating conditions of a power transmission line, the
amount of electromagnetic induction in a neighbouring and parallel telecommunication line
at the supply frequency of 50 cycles per second is negligible, owing to the almost complete
absence of earth return currents. However, during abnormal conditions such as when an
earth fault occurs on any one phase of the power line, large fault currents flow in the power
conductors and return through the earth. Under such conditions, the power line and the
neighbouring telephone line form two paralle] earth return circuits with a high degree of mutual
coupling. The mutual coupling between two earth return circuits can be ca%culuted with
the aid of the formulac developed by Carson and Pollaczck or from coupling curves derived
from these formulae, provided the resistivity of the carth in the area and other relevant parti-
culars such as separation between the circuits, height of the conductors above the ground ete.
are known. With this knowledge of the mutual coupling between two circuits, the voltage
induced in one circuit as a result of given current in the other, ¢an be calculated.

4.2.1. Two uncertain factors, however enter inte the theorctical computation of the
induced voltage. These are (¢) the earth resistivity of the area, and (i7) the screenin
effect of carthed conductors ete. in the neighbourhood.
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4.2.2. The earth resistivity in an area can be measured in several ways, but the results
of measurements by different methods do not tally closely. The resistivity of the soil often
varies quite considerably in two adjacent locations or even in the same location at different
times. The earth resistivity in a particular area is an extremely complex function of the
geological formation of the earth’s crust and a discussion on the methods for accurate deter-
mination of the earth resistivity is beyond the scope of this paper. Fortunately, as far as
the question of electromagnetic induction between two earth return circuits is concerned,
even an approximate value of earth resistivity is good enou%h to compute to a reasonable
degree of accuracy, the induced voltage by the Carson-Pollaczek curves. The measure-
ments of earth resistivity taken under the tests described in this paper may therefore be
assumed as reliable for the purpose envisaged. Actually, it is noticed that the earth resisti-
vity obtained by the four electrode method using the Evershed and Vignoles Megger Earth
Tester (vide para 6.1.) yielded results which agree closely with theoretical calculations.

4.2.8.1. The screcning effect of earthed conductors such as the ground wires on power
lines can be calculated theoretically, althoughitis a tedious process. In the situations
under test, calculations were made of the shielding factors due to the steel ground wires
used on the power lines. Inthecase of the Amritsar-Jullundur line, calculations were also
made of the shielding due to earthing of one or two of the power wires. ~As shown later in the
report, there is remarkable degree of agreement between the observed and calculated values
of the shield factors. .

4.2.3.2. The screening effect due to such earth current paths such as irrigation canals,
water pipes and bonded railway tracks does not, however lend itself to simple mathematical
analysis. The only means th erefore, by which the screening factor due to such circuits can be
agcertained is to calculate the mutual coupling between the power and telecommunication cir-
cuits assuming no screening and to compare this with the mutual coupling as obtained by an
actual induction test.

4.3. This report has been divided into three parts :—

Part I deals with the determination of Earth Resistivity.

Part 1T deals with the determination of the mutual coupling between two carth return
circuits.

Part III deals with the determination of the screening factor.

Appendix I gives full details of the observations etc. recorded during the tests at
Amritsar. '

Appendix IT gives full details of the observations etc. recorded during the tests at
Bombay.

Appendix ITI gives the gencral methods adopted for calculating the shield factors.
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PART 1

DETERMINATION OF BARTII RESISTIVITY

6.1. Use of *‘ Evershed Vignoles Megger Earth Tester - -Four electrode method.—Four
spikes arc driven into the ground at equal intervals ‘““a” c¢ms. (Fig. 7). The depth.
insertion of the spikes in the ground should not excced one twentieth of “a”. The
two outer spikes are connected to the instrument terminals C, and C, and the two
inner spikes to the terminals P, and P,. The megger handleis rotated steadily and the
final steady reading “ R’ ohms shown on the dial is recorded. If the homogeneity of the
soil is assumed, it can be shown that the earth resistivity in ohms/em 3 is connected with R
by the relationship.

p-=2maR

6.1.1. Most observations were taken with spikes intervals of 50 feet. When the interval
was increased to 75 feet and 100 feet, it was found that the values of the carth resistivity as
calculated by the above formula increased. (Vide Table I.)

6.1.2. Errors from polarisation effects ete. are avoided in this method of measuring
resistivity, as the Megger Earth Tester operates on intermittent current.

TABLE T

Separa- | Megger Calcula-

Locality and date of test tion [ reading | ted earth
“a” | Rin ohms resistivity

i in feet. | in ohms/

! cm?
| :

Amritsar, 6th August 1949 .. o .. oo 50 ! 0-3 2871
Jullundur, 6th Augast 1949 3 . N o 501 0-4 3828
Sion, 25th November 1949 .. .. .. .. .. 50 | 0-11 1033
Do. . . .. . 50 ! 0-02 | 191

Mulund, 26th November 1949 .. . . . . 50 | 0-15 | 1436
Do. Ny . . . 50 018 | 1722

Do. .. . 5 0-14 | 2010

Do. ‘ 75 ! 0-13 | 1866

Bhandup, 26th November 1949 | 50 0-22 2100
Do. ! 50 | 0-24 2297

Do. ! 100 ! 0-24 4594

Do. . [ 00’  0-20 3828

Vikhroli (Uneven Jund), 26th November 1949 .. .. .. 50 ! 0-19 1818
Do. . oo .. 50 ! 0-19 1818

Do. .. .. . . 100 027 5168

Do. 100 | 0-27 5168
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6.1.3. The increase in the resistivity due te increased spacing of spikes appearsto be
due to different strata in the carth’s depth having different resistivities. Radley and White-
head have stated (JIEE Vol. 74, March 1934, page 218) that it is possible from a series of
tests at different electrode spacings to deduce resistivities of an upper and a lower layer,
but that greater complexity of the earth’s crust, makes accurate deduction almost impossible.
They have further stated that the four clectrode test gives greater geophysical detail than
is necessary for interference calculations and that great care should be taken in deducing the
appropriate mean carth resistivity. > This matter is dcalt with in greater detail in Engineering
Report 2.

6.1.4. From an inspection of Table I above, it would appear that the mean earth
resistivity of a top layer of the ground in the Bombay area is of the order of 1,500 ohms/cm3,
There is probably also a deeper laycr below this having a much higher resistivity of the order of
about 5,000 ohms/cm3. For the Amritsar-Jullundur area, 3,000 ohms/cm 3 may be taken as
a representative resistivity for the purpose of calculating mutual coupling between carth re-
turn circuits.

6.2. Useof *“ Evershed-Vignoles Megger Earth Tester °—Three electrode mathod.—This
method is based on a formula connecting the earth resistivity with the electrode resistance
of an earthing terminalsuch as a rod or pipe driven vertically into the ground :

4]
R=+s log, (a.) /271

Where R is the electrode resistance in ohms
1is the depth in cms to which the pipe or rod 1s driven underground.

d is the diameter in cms of the pipe or rod.

p i ‘the earth resistivity in ohms/cm3,

6.2.1. The measurcments made with the Megger Earth Tester were utilised for evalua-
ting the carth resistivity by this method also. The cross section of th.e spikes uscd in the
tests in the Bombay ares was not circular, but in the form of asix pomt.,cd gtar. Moreover
these spikes had a long pointed end. However, for the purposes of calculation with the above

formula, an average diameter of 2 cms. was adopted.

6.2.2. Tn making measurements under this method, the terminals P; and C; of the
instrument were connected together and connected to the spike (electrode).under tes.t. (See
Fig. 7). Terminals P, and C, are connected to two auxiliary spikes driven 'a,t distances
sufficiently lurge as not to causc mutual interference bet.wccn the fields of the different elec-
trodes. The megger reads the electrode resistance directly.

6.2.3. Table 11 gives the results obtained by the three electrode method Whif)h may be
compared with those obtained by the four electrode method (vide Table I). It is observed
that there is considerable variation between the results obtained by the two methods. The
probable reasons for this discrepancy between the three electrode and four electrode methods of
measurement are dealt with in the Engineering Report 2.

M117CW&PC
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TABLE II
—— 1 , —
Mean Dia-| Depth of | Earth re- | Calculated
Locality and date of test neter of rod in |sistance R| earth
rod in inches | in ohms | resistivity
cms “d’ in ohms/
cm?
Amritsar, 6th August 1949 .. .. .. .. 48 24 7 683
48 12 ) 297
Jullundur, 6th August 1949 2:56 17 60 3880
2-56 27, | 130 11850
Sion, 25th November 1949 .. 2 13 15-8 783
2 14 18-0 941
Mulund, 26th November 1949 2 10°5 b6<0 2320
) 2 95 126-0 4900
Do. 2 10-0 225-0 10350
Bhandup. 26th November 1949 2 70 212-0 6700
: 2 9-0 210-0 7910
Deo. . X & 2 70 288-0 9010
Do. | 2 80 98:0 3390
Vikhroli, 26th November 1949 .. .. ) 2 90| 900! 3390
e 12+0 74-0 3450
Do. .. kT 2 2 9-0 98-0 3690
Do. . n .. 2 130 | 138-0 6840

PART II

DeETERMINATION OF THE MUTUAL COUPLING BETWEEN PowrR AND TELECOMMUNICATION
LINES

7.1, Amritsar Tests—

7.1.1. The mutual impedance between the 132 kV line from Amritsar to Jullundur and
the carrier telephone pair CDP 8 in the same section was calculated theoretically.  This was
done by plotting the routes of the disturbing and the disturbed circuits on a large scale map.
Ordinates were drawn on the map at right angles to the power line route at reasonably close
intervals to take into account the variations along the route in the separating distances between
the two circuits. The mutual coupling between the circuits was determined for each small in-
terval, where the mean spacing could be assumed to be uniform for all practical purposes,
with the help of the Carson-Pollaczek curves. The total coupling for the whole section was
determined by sununating the eouplings of the individual segments. The results of the
calculations on the Amritsar-Jullundur Section yielded a mutual impedance of 3-72 ohms,
in other words, for every ampere of current, circulating in the earth return circuit of the power
lines, the longitudinal voltage to carth on the telephone wires would be 3+72 volts, assuming
complete absence of all shielding influences.
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7.1.2. The mutual impedance calculated above was verified cxperimentally. The three
conductors of the power line as well as the two limbs A and B of the telephone line CDP 3
under test were solidly earthed at Jullundur end. Predetermined currents (obtained from the
station transformer at Amritsar) were circulated between the power conductors and the earth
and the voltage* to earth on the telephone wires measured at Amritsar. (Please see schem-
atic arrangement of the connections shown in Figures 11 to 15 and the tables in Appendix I).

7.1.3. No noticeable difference was observed in the induced voltage, whether one con-
ductor or all three conductors in parallel were used for circulating the disturbing current.
‘There was, however, an incxplicable discrepancy in the values of the induced voltage observed
on the two limbs A and B of the carrier telcphone line. CDP 3, although the wires were tested
before and after the experiments, for conduction, insulation and extraneousearths. As it
was observed that the readings on the limb A were not as consistent as those on limb B, only -
the latter readings were accepted for drawing conclusions from these tests.

7.1.4. The experimental value of the mutual impedance was 35 volts/amp. The slight’
differénce between this figure and the value of 372 derived by calculation (para 7:1:1) is
due to the small screcning influence exerted by the permanent steel ground wire installed on
the power line. This shiedling has been caleulated to be about 5%, (Vide part III, Table IV)
and when this is allowed for, the calculated and ohserved values of the coupling agree
werv closely.

7-2. Paths of the ground-return currents in the earth.

7.2.1. During the course of these tests, a very interesting point about the distribution
of ground currents in the earth was verified. A reference to the geographical layout of the
132 kV transmission lines of the Jogindernagar power system (Fig. 1) would show that the
lines beyond Amritsar towards Jullundur * loop back ”, so to say, towards the generating
station. It might be expected that in the event of a line to earth fault on the Amritsar-Jul-
hindur section of the 132 kV lines, fault currents would pass through the overhead conductors
from Jogindernagar to the point of fault in the forward direction and return by the direct path
in the earth hetween the point of fault and the step-up transformer neutral at Jogindernagar.
Thus although there is a high degree of mutual coupling between the earth return circuits of
the 132 kV lines and the telephone lines in the Amritsar-Jullundur section (3-72 volts per
ampere), it might be imagined that since the path of the ground currents in the event of an
earth fault on the power line would not be paralle]l to the route of the lines, there would be
little electromagnetic induction on the telephone lines.

7.2.2. A test was conducted to verify the above assumption. In the section between
Jogindernagar and Amritsar supply was changed over to No. 1,—132 kV line and the No. 2
fine was isolated. The No. 2 line (deadened) was made through at the intermediate substations
Kangra, Pathankot and Dhariwgl, and connections made as shown in I'ig. 15. 230V single
phasc supply was injected between the conductors and the earth at Jogindernagar end, caus-
ing a current to flow from Jogindernagar to Jullundur by the overhead conductors and return
vea earth from Jullundur to Jogindernagar and measurement was made of the longitudinal
induced voltage on telephone lines: Contrary to the expectations, it was found that the mutual
impedance between the circuits had not been reduced and was of the same order as in the ear-

lier experiment.

7.2.3. The conclusion that arises from this test is that the mutual coupling between
two carth-return circuits is independent of the position or location of the generating station or

* Sinoe eleotromagnetic type measuring instruments were used, the observations do not indicate sirictly the open oircuit induced
e.m f. on the telephone lines. In Engineering Report No, 3, a method for allowing for drop in voltage in the self imped-
ance of the line and the resistance in tho instruments has been worked out,
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the substation to which the ground currents of the disturbing circuit ultimately return. I
other words, the ground currents do ot take the shortest path betweenthe source of supply and the
Jault, but Jollow the route of the overhead line from the fault point to the source. '

7.2.4.  This result appears at first sight to be surprising ; but a little consideration
would show that this is just what is to be expected. The distribution of the ground currents 1s
controlled by two factors, viz. the resistance and the veactunce drops. The former occurs
mainly in the vicinity of the earth eleetrodes or the faulted points ; but beyond a short distance
from the clectrodes on the faulted points, the density of the current is so small that no sub-
stantial additions to the voltage drop arise from resistanice to curzent flow. On the other hand,
the configuration of the earth return circuit determines its reactance. The currents will take
that path in which the reactance or in other words the magnetic energy associated with the
circmt is minimum.  To satisfy this condition the loop formed by the torward and the return
paths of the current should be as small as possible, 7.e. the ground currents should follow the
overhead wires throughout the route.

8.1. Bombay Tests—

8.1.1. As stated earlier, the exposure section in the Bombay experiments was between
Mulund and Vikhroli. The three conductors.of the 22 kV line were solidly earthed at Vikhroli.
Availing of the 230 V supply at the Mulund City Substation, curtent was circulated in the
earth return circuit and the induced voltage on the parallel telecommunication wires (Bombay-
Kalyan trunk lines) measured. (Vide detailed connections shown in Fig. 8 und Appendix II).
The values of the induced voltage per unit éurrent were the same on either limb of the tele-
phone pair, unlike the discrepancy noticed in the tests at Amritsar. 1t was also noticed that
the mutual coupling was the same whether the disturbing curvent was circulated through one
conductor or all the three conductors in parallch

8.1.2. Fig. 14 shows the observed values of the induced voltage plotted against the in-.
ducing current. The points lie on a straight line, which, however, cuts the Y’ axis at a value
of 0-2 volts, indicating an extraneous induced e.m.i. of the order of §-2 volts. This extrane-
ous induction, however, was actually observed to be of the order of 4 to 8 volts, when the earth
return current was switched off. The cxplanation for this appears to be that the voltage
arising from induction from power line happencd to be in approximate phasc quadrature with
the extraneous voltage so that when the two voltages were superposed, the resultant value was.
not appreciably different from that of the major component. It was also observed that the
induced voltage on the telephone wires was about 72° behind the inducing current on the power
line which indicates that the mutual coupling included resistance component and was in the
nature of a mutual impedance rather than & pure reactance.

8.1.3. The measured value of the mutual impedance cannot be directly compared with
the theoretically calculated value owing to the substantial sereening effect of the bonded rail-
way track and of the ground wire on the power line. An attempt has been made later in this
report to evaluate approximately the shield factor due to the tracks.

8.1.4. The induction tests were repeated and measurements were made of induced vol-
tages on the telephone wires in the Bombay-Mulund, and Bombay-Kalyan sections-—i.e.
in sections of the telephone line extending beyond the cxposure.  Unfortunately, however,
the observations are not consistent and do not therefore appear reliable. This is perhaps due
to the uncertain effects of extraneous induction from different sections of the clectrified rail
track and it is considered uusafe to draw any conclusions from these observations.

8.2. In continuation of the induction tests described above ih which currentsat low
voltage were circulated, a full voltage short-circuit test was also carried out on the Kulyan-
Thana-Mulund-Vikhreli 22 kV line with an artificial earth fault at Vikhroli end. Oscillogra-

hic records of the earth fault current as well as the voltage to earth induced on the Kalyan-~
%ombay trunk telephone wires were obtained.  Theshort circuit tests were carried out
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(1) with high speed relay in operation, when the switch tripped in 12-5 cycles, and (2) with the
high speed relay cut out of operation, when the switch tripped in 30-5 cycles. The oscil-
lographic records are reproduced in Figs. 9 and 10 and the valies of current and induced vol-
tage as shown in the oscillograms agree closely with the experiments carried out at low voltage.

8.3. The stray voltages induced on the telephone lines due to the currents on the rail-
way track etc., could be observed on the oscillograph. This voltage had a complex wave-
form with a pronounced harmonic at 400 cycles persecond. The mean magnitude of the vol-
tage was about 7 volts. Due to non-availability of photogréphic films, it was unfortunately not
possible to obtain a record of these stray voltages.

8.4. Asa matter of interest, the extraneous voltagesinduced on the telephone line due
to traction currents were observed over a period of time and recorded (Vide Table III). The
observations were made at the Mulund City Substation.

Tasie IIL
Longitudinal voltage to
Section exposed to induction earth on the trunk tele- Remarks
phone line i
Vikhroli-Mulund Section .. | 2 volts fluctuating .. | Train stationary at Mulund R. 8.
6 volts fluctuating .. | Train accelerating towards Bombay.
1 volt fluctuating .+ | Train stationary at Mulund R. 8.
2 volts fluctuating .. | Train accelerating towards Kalyar,
1 volt fluctuating ... | Trains moving in opposite directiors.
1 to 1+5 volts fluctuating | Train accelerating towards Kalyan.
1—b5 volts fluctuating Goods train accelerating towards Kalyan.
3 volts fluctuating ... | Train accelerating towards Bombay.
Bombay-Mulund Section .. | 1 volt fluctuating .. | No train visible,
4 volts fluctuating = .. | No train visible,
9 volts fluctuating .. | Train accelerating towards Kalyan.
Bombay-Kalyan Section 1 volt fluctuating .. | No train visible.
PART 1III

DETERMINATION OF THE SCREENING EFFECT DUE TO EARTHED CONDUCTORS

9.1.1. The induction tests described in para 7.1.2. was repeated using one or more of
the power conductors or telephone wires (other than these under test) as grounded screcn wires.
The terminals of the screen wires were solidly earthed for the purpose of introducing an earthed
screen circuit, 'The results of these experiments are graphically indicated in Figs. 12 to 14,
the relevant observations are included in the Appendix I. This test enables experimental
evaluation of the screening factor of an earth return circuit because,

Induced voltage with the earthed screen wires. L
Induced voltage without the carthed screen wires.

Screening factor=

In this manner, the screening effect which results by using successively one power conductor,
two power conductors, one communication conductor and two communication conductors as
earthed screen wires was determined.
9.1.2. Theoretical methods have been developed for caleulating approximatety the
screening influence of ground wires in the case of simple configurations :—
(¢) Carson’s formula (Report of the Joint Sub-Committee of Development and Re-
gsearch, Edison Electric Institute and Bell Telephone Sysiem, Vol. IV P, 17), and
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(¢) Method adopted by Radlcy and Whitehead (JIEE Vol. 74, March 1934, p. 221).
"These formulae arc given for reference in Appendix III.

9.1.3. For the parallelism situation in the Amritsar-J ullun(!.ur Section, the screening
factors were calculated by both the above formulae for the various cases, and the results
indicated reasonable agrecment between the two methods. The ca.lculate’d results are also
comparable with the experimental figures to a remarkably close degree. The only unsatis-
factory feature about this test was the fact that the induced voltages on the two limbs of the

telephone pair CDP3 were unequal.

’_I‘ABLE Iv .

!
i
i
i
|

Particulars l Tost;

| figures )

CALCULATED FIGURES

|

| iven |

| As per method given i

| _in the Report of i As per method given
' Joint Sub committee | 10 JIEE V(;]- 74,

.. of Development & . ll ~_ March, 1934
i
|
|

Research

% Volts % Volts

~——

i
|
- ]
Unsereened Voltage !

Screening factor due to ground wires on power
line. '

Voltage after allowing for screening duc to 3
ground wires on power line.

(]

Screening factor due to one power conductor
used as screen.

Voltage after allowing for screening due to 2-2
one power conductor used as screen and
ground wires on power line. o

Screening factor due to two power conductors .
used as screen,

Voltage after allowing for screening due to 1-4
two power conductors used as screen and
ground wires on power line.

Screening factor due to one communication
wire used as screen.

Voltage after allowing for screening due to 3:346
one communication wire used as screen and
ground wires on power line.

Soreening factor due to two communication
wires used as screen.

Voltage after allowing for screening due to two 3-126
communication wires used as screen
and ground wires on power line,

—_—

3-72% .. |  3-72%

(
! 95 . 93.9
3-534 . 3-492
64-5 . 6075
2-28 . 2-12
47-8 . 42:6 .o
1-689 . 1487
95-15 . 95 .o
3-363 . 3-32
88-8 . 884

314 . 3-086

*Figures based on enrth registivity of 3000 ohmsa/cm?3.
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9.2. In the case of the Bombay tests, the chicf factors, responsible for the screening
influence are the steel ground wire on the power line and the railway tracks. Calculations were
made of the unscreened induced voltage and of the screening factor due to the ground wire.
The voltage arrived at after allowing for this screening was compared with the observed in-

duced voltage, from which the screening effect of the railway tracks was evaluated. (Vide
Fig. 8).

10. Conclusions.

10.1. Despite a few discrepancies here and there, the tests described above are consi-
dered satisfactory. Ithasbeen possible to obtain remarkably close agreement between the
values of mutual coupling for earth return circuits as theoretically calculated and as actually
measured. Similarly, satisfactory agreement between the calculated and measured values of
shielding factors shows that it is possible to predict witha reasonable degree of accuracy in
any given simple situation the extent of interference due to low frequencygelectromagnetic
induction between a power and a proximate telephone line.

10.2. Itisrealised, however, that one of the uncertain factors entering into this problem
1s the earth resistivity. While the four electrode method using the earth testing megger gives
a fair idea of the carth resistivity, and is found to be good enough for the evaluation of mutual
coupling between two earth return circuits; it is felt that further investigations should be made
to evolve methods of determining earth resistivity with increased accuracy.

It is proposed to pursue these investigations further, as opportunities arise.
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APPENDIX i

ELroTROMAGNETIO oW FREQUENCY I:DucTiON TESIS CARRIED OUT AT AMRITSAR
On August 7th, 1949
(a) Preliminary checks on telecommunication lines CDP 3 and CDP 4.

CDP 3 CDP ¢
Tasulation to earth . .. Beyond range . . .. Beyond range
Oross insulation . .. Beyond range . . .. Beyond range
Conduction on limb A . «» 205 ohms, 205 ombhs.
Conduotion on limb B .. .. 206 ohms. . . .. 205 ohms.
boop resistance . .. 410 ohms. o . «+ 410 ohrms.
Localisation o Nil Nd

Note.—Carrier lines CDP 8 and CDP ¢ were in good working condition.

(b) Experiment 1 (Fig. 11)—No screening conductors.
Inducing line—Amritsar-Jullundur 132 kV line.

Induced line—CDP 3,
Case (i}-—-230 Volts Single phase B0 cycles per recond supply between Red phase conductor an d the
earth.
Curreat in the induoing line letago measured on the induced line
in amperes
Limb A Limb B
1-0 2:6 2.8
2-0 | 4:28 5-88
8-0 i S8 8-54
I
4-0 : 14:22 14-22

QOase (i5)--230 Volts Single phase 50 cycles per second supply between the threc phases of powerline
bunched together and the earth.

Current in the induoing line ' Voltage measured on the induced line

in amperes
Limb A Limb B
10 2-6 254
08 57 57
30 981 9:81
40 1¢-18 418
59 17.88 17.22
8-0 10-88 10-88
79 18:0 £3:-09
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{¢) Experiment 2 (Fig. 12)—Power conductors used as screen wires,
Inducing line~—Amritsar-Jullundur 132 kV line.
Induced line—CDP 3,

Case (1) —230 Volts Single phase B0 cycles per second supply between Red phase conductor and earth ;
and the Blue phase conductor earthed at the terminals.

t

Cuarrent in the inducing line "

Voltage measured on the induced line
in amperes :

Limb A

1-117 1
2-236 3
4-11 5
5-69 7-
4-11 8
2:445 3
1-176 1

Case (n)——230Volts Smgle phase b0 cycles per secer é eny piy leme.n tte Red yhere rcm’u(tor and
earth; and the Blue and Yellow ph.u wondeeior ealined gt 11:( ternuruis.

Current in the inducing line Voltage measured on the induced line

lu amperes ) i — —
Limb A Limb B

10 1-052_5_. N ;_1.06

20 1-889 2:606

3-0 2:94 4-20

4:0 4-11 6-60

8.0 2-885 4-14

2-0 1-778 2:4456

1.0 0-976 1:117

{d) Experimert 3 (Fig. 13)—Ccmmunication wires uee € as suredr wizes,

Inducing line—Amritsar-Jullundur 132 kV line.
Induced line—CDP 3.

Caso (§)—230 Volts Single Phase 60 cycles per second supply Letween all the phase corduvctcrs erd esrth;
and hmb A of CDP 4 earthed at texmmals

Current in the inducing line Voltage messured on the induced line
in amperes L L
Limb A Limb B

- 10 1-66 277
8.6 877 544
3.0 6-38 8-74
0 8-54 13-67
B 12.58 16-44
ag 14:9 10-14
7.0 ' 20-02

iy e hrprabas s AP B, e (e 14 = v
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Onde Ti:)—230 Volts Bingle phase 50 cycles per second supply between all the phase conductors ard
~earth ; and both the limbs A' and B of CDP 4 earthed at the terminals.

Current in the induoing line Voltage measured on the induced line
1n amperes o R
Limb A LimbB *

10 1-66 1-44

g0 888 ? 5:83

3«0 8.56* ! 8:74

{0 8-74 ' 13-32

50 13:0 16-22

8-0 15:1 18-93

7-0 l 180 2.7

* These obscrvations are plotted under Fig. 14.

(¢) Experiment 4 (Fig. 14)—Cemmunication wires vecd asscreen.
Inducing line—Amritser-Jullurdur 192 kV lice.
Induced line—~CDP 3.

Case (§)—230 Volts Single phase 50 cycles per second eupply between all the phase corductors and
earth ; and both the limbs A and B of CDP 4 eaithed et the terminals as well as st
Bears, an intermediate location.

Current in the induoing line Voltage measured on the induced line
in amprees
Limb A Limb B

1-0 1:61 2-6
2-0 37 " 516
3-0 3.77 8-31
40 7.9 ' 1278
50 12-3 15-33
6.0 13-66 17-11
70 16-1 21-42
60 *13-66 170
80 12-17 15.2¢
449 9:11 i2-56
8.0 : 7-47 9:42
20 3-68 16
18 1-88 843

Av 2o epaghi L Hor
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Case (i8)=-230 Yolts Single phase 80 cyecles pez second supply botween sall the phané condwoters and
earth ; and both the limbs A & B of CDP 4 earthed at the terminals as well a8 at Beas
and Kartarpur, two intermediate locations.

Current in the induoing line Voltage measured on the induced line
in amperes o
Limb A Limb B
1-0 1-66 2.6
20 | 8-68 &1
8-0 _ ’ 588 81
40 - 779 | 19-67

(f) Experiment b (Fig, 15)—No screen wires.
Inducing line—Jogindernagar-Amritear-Jullundur 182 kV lines.
Induced lines— CDP 3—between Amritsay and Jullundur,

230 Volts Single phase 60 cycles per sccond supply frem Joginderragar hetween all the three phace
conductorsin parallel and the earth. '

494 0-85

Current in the inducing line { Voltage measured on the induced line
in amperes ;
‘ Limb A | Limb B
|
2.2 588 | 7.40
20 5-58 I‘ 7:81
/ |
)




APPENDIX 11
KLrcTROMAGNETIC Low FREQUENCY InDUcTION TESTS CARRIED CUT AT BOUMEBAY

On November 27, 1949

(a) Preliminary checks on telecommunication lines under test (BOMBAY-KALYAN trunks
833 & 834) taken at 7-00 a.m. on 27th Novermber 1949.

|
Limb A ! Limb B

Conduction test . .- 227 ohms | 227 obhms

|
Insulation to Earth o v 3'3 megohms 3:3 megobme
Cross insulation . .o .. §-5 megohms

(Insulation between A & B

Station earth at Bombay . . .. 1 ohm,

(b) Test No. I—
Inducing line—Mulund-Vikhroli 22 kV line,
Induced line—Bombay-Kalyan trunk telephonelines.

(7 Three power conductors parallcled and earthed at'Vikhroli end ; 230 V 8ingle phase £0 cydles per
second supplyinjected between wires and earth at Mulund.

(18) Bombay-Kalyan trunk earthed at Vikhroli Voltage to earth measured at Mulund.,

Induced Voltage on telephone wires
Current in 22 kV line in amperes | .~~~ —
Limb A Limb B

51-60 .. 18-0
51-60 .. ' 17-2
5200 : 17 -.8 .
51-20 17 6

47-40 165 .
39-00 13-6

42-80 .o 16:0
39-00 . 13-8

N.B.—Phase angle between inducing current and induced voltage was separately measured and found to ke 72°. The
angle was found to be independentof the megnitudeof the current and the voltage.

M117CW&PC



(e) Test No. 2—
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(i) 230 Volts Single phase 50 cycles per second supply between the middle conductor and earth at
Mulund, the terminal at Vikhroli being carthed.

(i7) Bombay-Kalyan trunk earthed at Vikhroli; Voltage to earth measured at Mulund.

Current in 22 kV line in amperea

Induoed voltage on telephone wires

Limb A Limb B -

25-60 8-0
23-40 8-0
31-50 10-4
31-80 111
19-00 { 68
29-30 10-2 '{

1

(d) Test No. 3—

(7) 230 Volts Single phase 50 cycles per sccond supply between the middle conductor and earth
at Mulund, tho terminal at Vikhroli being earthed.

(i5) Bombay-Kalyan trunk earthed at Bombay; Voltage to earth measured at Mulund.

Current in 22 kV line in amperes

Induced voltage on telophone wires

Limb A

. Limb B _
31-80 12-0
. 31-20 12-0
31'46 .o 11-8
3120 | 118
23-10 2-6

(€) Test No. 4—

.

(i) 230 Volts Single phase 50 cycles per second supply between the middle conductor and earth at
Mulund, tho terminal at Vikhroli being earthed.

(#7) Bombay-Kalyan trunk earthed at Bombay and Kalyan, Voltmeter introduced in series at Mulund.

Current in 22 kV line in

Induced voltage on telephone wires

amperes
31-20 3.2
31-40 2.4
31-40 1-4 )
21-00 1-08
22+40 13
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APPENDIX III

FORMULAE FOR SELF AND MUTUAL IMPREDANCES AND FOR SareLp Facror ¥or MULTIPLE
Coxpuctor GrOUND-RETURN CIRCUITS

I. Method for calculating shieldﬁzctm due 1o grounded circuils as given in the Report of the J oint Sub-Com-
mittee on Development and Research (Edison Electric Institute and Bell telephone system)

The formulae given by Carson (Bell syestem Technical Journal, October 1925) for the self and mutual
mpedances of ground return circuits can be put in the following forms, (A) giving the self-impedance of an
arth return circuit composed of n similar conductors connected in parallel, and (B) the mutual
mpedance of two earth return circuits composed of groups of n conductors and m conductors respectively.

y 3, _3 2160
Ty = 4 0-28x10 " f+j0-882X10 flogy~
" A
g

\/f B (4)
¢

) 3., 3 2160
Z,,=0-28X 107 9f+50-882 X 10 floglo'“D———‘ (B)

N

r=LEffoctive resistance of a single shielding conductor—ohms per kilofoot.
f=Frequency—cycles per second.
p==Earth resistivity—meter-ohms.

A g==Gcometric mean radius of n paralleled shielding conductors—fect.

both in ohms per kilofoot, where

N 2 9 2.2 2 2 ] 1n?,
:[(pa) d12 d13 .. 'dln d23 ”’dZn i 'dn——l, " ()
Dy =Geometric mean distance between # (1,2...... n) shielding conductorsand m (a,b. .m)
disturbing (or disturbed) conductors— feet.

. 1
— d o D
»—(d lad2a"’dna lb"'dnb"'dnm nm (D)

a=Radius of single shielding conductor—feet.
p= Factor accounting for internal flux of single shielding conductor.
= +78 for solid non-magnetic conductor.
Formulae (A) and (B) give self and mutual impedances to a sufficient accuracy for the requirements of

actical shielding problems for all cases where Dg \/ {7 or Ag'\/ % is less than 500. The

rmula for the shield factor for a sh’ielding conductor of length L, grounded at its ends (the total terminal

sistances being R) located close to the -disturbing (or disturbed) conductor with the disturbed (or
sturbing ) conductor a considerable distance away is—

R 'R
n= f+ Zn-——Zm (01' Z23) / ‘E +Zﬁﬁ
where Z,,—solf impedance of shielding Conductors.

Z,,—Mutual impedance between shielding and disturbing conductors,

Zy—Mutual impedance between shielding and disturbed conductors.
n=Shield factor.

(E)
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11. Method for calculating shield factor due to grounded circuits as develeped vn the JIEE Volume
74, March 1934.

The mutual induction, where an auxiliary conductor is in parallel with the carth, is less than that
with a simple earth return, and can be obtained from the induction in the latter case by multiplying by a
screening factor v given by

n=(2,— M))/(Z,+Z) (4)

To a first approximation Zis theimpedance of the earth path andis given approximately by

2 ~ 4
Z = [ w4 jw ( 1+ _21089‘71‘5‘)] x 10 ohms per km

where K=2m4/fj5; y=1-7811; f=frequency ; h= height of fault conductor incm. w==2=f; and p =re-
sistivity of carthin CGS units.

(B)

Self impedance of

. h — 4
earth wire Z,= ( R1+10){ A1—|—2loge< —1_;1' )}] x 10 ohms perkm

where R,— resistance of earth wire in absotute ohms per em ; h;=height of earth wire in cm ; ry;=
radius of earth wire in cm ; and A, =internal inductance (in absolute units per cm).

©)

The value of A, depends on the stranding ana the presence of steel core but it is normally about 0-6.

. h — 4
Alsa mutusl impedance M, = [ 2jo log, ( '—SL ) x 10 ohmsper km D)

where §,=distance between the earth wire:and the fault conductor, or the centre of gravity of the phase
conductors for zero-phase currents.
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