
j MEASUREMENT OF EARTH RESISTANCES* 

A.B. OSLON 

Zlatoust 

(Received 28 August 1955) 

A three-electrode circuit is used to measure the resistances of an earthing 
system, these being: the earth electrode (earthing circuit), the current 
electrode and the potential electrode. All quantities referring to the 
earth electrode are denoted by the K, those referring to the current 
electrode by subscript J and those referring to the potential electrode 
by P: 

Current is passed through the earth and current electrodes. The potential 
of the circuit is measured via the potential electrode. The earth resis- 
tance equals the measured potential divided by the current. passing. 

In Fig.1 the voltmeter and ammeter are instruments specially designed 
for measuring the resistances of earthing systems. 

; 8 

It is usually assumed that the 

current and earth electrodes must be 

sufficiently far apart not to distort the 

field and that a sufficiently large zero 

potential zone remains between them. 

The potential electrode must be placed 

in the zero potential zone [1,2]. 

Let us assume that we already know 

Fig. 1. the earth resistance of the circuit Ry. 

Is it then possible, having placed the 
current electrode at an arbitrary point, to so locate the potential elec- 
trode that the measured resistance is equal to Ry? If this is possible, 
how can we determine the ‘locus of precise measurements’ ? 

To answer this question we will use the analogy between an electrostatic 
field and the field due to a current in a conducting medium. 

* Elektrichestvo No.2, 56-58 (1957). [Reprint Order No. EL. 10] 

111 



112 Measurement of earth resistances \ 

Maxwell’s equations with potential coefficients for the three electrodes 

are 

aoe Only + Orly + Axplp 

Pr = Anh + opply + Opplp 

Pp = Apgly + Apply + Opplp 

Current flow from the electrodes into the ground is taken as positive: 

Neglecting the current drawn by the voltmeters we get: 

R oad Px i Pp 
meas T 

| T 

Assuming Aig = oq» We have 

Rneas = “xx + rp ~ xp ~ “Kp (1) 

The actual earth resistance 

If Poans = Ry, the following condition must be satisfied: 

Sap Pry +, gp | (2) 

Equation (2) is the answer to our question. From this we can draw the 

following conclusions: 

(a) It is theoretically possible to measure earth resistances accurately 

when the measuring and earth electrodes are placed arbitrarily close 

together 

(b) When the measuring electrodes have been placed in a certain way, the 

result of the measurement is independent of which is the current electrode 

and which the potential electrode. 
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(a) it follows that the measurement may be accurate even when the 
om 

Pent electrode distorts the field of the earth electrode, and from (b) 

t the second electrode need not necessarily be placed in a zone of zero 
ur op 
potent jal. 

we will demonstrate the usefulness of (b) for any measurement performed 

yy the ‘three-point’ method used for obtaining potential distributions 

in the field, measuring the footing-resistances of steel towers connected 

through earth wires, when the earthing 

circuit is disconnécted from the base of 

the tower, etc. For this purpose we | 

will represent the measuring circuit as 

a pasSive four-terminal network, all 

elements being linear over the entire 

current range. In Fig.2, 1’ and 2? 

represent the earth electrode, 1 the 

| current electrode and 2 the potential 

Fig. 2 electrode. 

The following relationships apply to such a four-terminal network: 

UAW Big Tah eR Dr, 

\ssuming I, - 0, we get 

Let us reverse the current and potential electrodes, (Fig.3). We then 

ret | 

Uh DU eBlog E+ = CU, + Al, 

then ™ = 0 and 

U I 

R'neas me Sig Le o 

The identity Rieas = fi" peas is the 

most general demonstration of (b). 

We give below examples of electrode 

sitings satisfying equation (2). In the 

examples the soil is assumed to be 

Fig.3 homogeneous and of resistivity op. 
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A concentrated earth electrode 

_ An earth electrode will be termed concentrated if its field is radial 
and spherical, at a short distance away (~ a few metres). At this 
distance (2) 

fe) 

27 Tyy 
RS 

where rey is the distance (subscript M denoting any measuring electrode). 

Since the measuring electrodes are concentrated electrodes, we always . 
have 

a ek es 
KP . 

27 Typ 

These expressions and equation (2) show that fie: the earth resistance 

measurement to be accurate we must have 

1 1 1 
—$> = — + — (3.) 

"Tp rere ep 

or 

r r : Pop so RT RP 

"eT © Up 

In practice it is desirable that the total lead length to the measuring 
instrument ("rT + xp) should be a minimum, this being the case when 

"ep = "Kp: 

It ler must not be less than a certain value for some reason, ‘the same 
condition must be imposed on reps Since the conditions apply ing to both 
electrodes are similar. In this case 

rcp = — (4) 

The relative positions of the electrodes are indicated in Fig. 4. 
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A radial earth electrode 

The equipotential lines of a radial earth electrode on the surface of 

the ground are ellipses, so 

T}¢— "re P 
7 3 Ip a+c 

oe 477 C a-c 

where a is the semi-major axis, and “c" the focal 

Se & | distance, equal to the length of the earth 

electrode 1; instead of 87 we took 47, because 

the ground represents a half-space. 

Hence, 

K 

2 l 
Fig.4. Recommended a = preg ln wat 
positions for the KM 271 Fas if 
measuring of elec- 
trodes when testing 

a small earth where 2a is the sum of the distances from the 
electrode : : 

ME Os eae measuring electrode to the ends of the radial 

TP KP KT’. earth electrode. 

We will measure rey from the mid-point of the earth electrode. 

When KT = Kp (Fig. 5) 

OTP ‘a fe 
BO ie tea Sh. Ishretaay a bites: TP ‘i 

where x and y are the co-ordinates of the 

measuring electrode in the first quadrant. 

Hence, 

U 

a2a +l 
4 In aR, 

Figs5. Resistance measurement for a radial 
earth electrode. 1. Lines along which 
equation (4) is satisfied for symmetricall 
disposed electrodes. For these, x!’ = y VB; 
2. Lines of accurate measurement (columns 3 
and 4 of table). 
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We will find the relation between x and y which assures accurate 

measurements. From the equation of an ellipse 

we have 

b* fa? 2-47) 

Pop a ae 
a 

We have, therefore, obtained a single-valued solution applicable to 

measuring electrodes disposed symmetrically about the y-axis. 

The measured data are given in the first six columns of the following 

table. As fundamental datum we took the semi-minor axis b of the ellipse. 

All distances are in metres. 

a/o emphasises that the result is independent of the character of the 

soil (9 is measured in ohm-metres). 

TABLE 1 

Let us assume that l = 20m, the earth electrode diameter to be d = 1 cn, 

sunk to a depth t = 50 cm. 

For a radial earth electrode (1) 
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In our case Rp = 0.099. 

| 
The table shows that when x has the values given in column 3, we get, | 

with the values of y in column 4, apg7 = 2oyy andARy = 0. | 

The last three columns show the error of measurements when the electrodes 

are placed to correspond with equation (4), i.e. on the lines 1 (Fig.5), 

y’ is assumed equal to y, in which case we get practically Ol ey = Oey. 

The table shows that when the electrodes are arranged to correspond 

with equation (4), distances of 1/2 from the mid-point of the radial earth 

electrode to the measuring electrodes are sufficient to assure an accuracy 

of 5 per cent. 

Circuit consisting of linear horizontal segments | | 

(polygon, star, etc.) | 

Each linear segment 1 sets up a potential 

U 
* Ip in 2a- + by 

21; 2a, - l; Pi 

the measuring electrode where 2a; is the sum of the distances from the 

measuring electrode to the ends of segment 1; 

Ls being the length of segment 1; I 

i= the current flowing from it into the ground. 

~The potential set up at the measuring electrode by the whole circuit 

becomes 

| p Pet Bde 4s dey = S¢; = fe Set 

Let us assume I;/l; = I,/L, where L = 21;. Then, 

OE Oo ia tet 
Fi egies Alaa Se aaeaee” NERY | K 2 te 

Where II is the product sign. 
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We use a rectangular circuit to show | ial 7 

that a correct choice of distance from hy 

the circuit will give a satisfactory 

accuracy when the electrodes are Th P 

placed in accordance with equation (4). . 

Distances are measured from the centre 

_ ef-the circuit, fo) 

Fig.6 shows a rectangular earthing : 

system and also two possible locations 

for the measuring electrodes. We 

know [3] that for such a system 
u | 

Pp 
31 at 

Sm—, Riariant 8 * 

0 3 
Ry = et ee Fig.6. Earth resistance 

24Pis. Tot measurement on a rectan- 
gular earthing system. 

where L is the perimeter of the circuit; 

6 the width of the earthing strip; t the depth to which it is sunk in the 

earth. 

In our. case L = 800 m, 6 = 50 mm, t = 50 cm. With these parameters, — 

Ry = 3.58 x 10-%p. 

The above formulae give 

By using additional internal strips, vertical earth electrodes, etc. 

the earth resistances may be reduced, but it cannot be less than the 

resistance of a hemisphere of diameter equal to the circuit diagonal 

D = 316 m, for which : 

Pe ee ag 
K 7D p 

In this extreme case the error reaches 8.8 per cent for B. In general 

an error of 10 per cent is regarded as acceptable [1,3,4]. 
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In the literature [2-4] recommended for use, when measuring the istance of the earthing of large objects 

rep 2 5D; rrp = 40 m; Rr > (5D + 40) m 

[hese cause exceptionally large errors. Indeed, we would get in our 

= 1580 m* = if SOU 58160 “6%: : p = 40m, a 
) — Mm, Arp — es — e x P; Tp —_ ’ Tp ones 

KP 

; 
: ; 

= i = 4x 10780 

me Ee —3,. a x 
(= 1620 n, Onn = oa ~ 0.1 x 10730; ARr = Opp - Iyp - 3yn = f 

KT 

? 
f = 370) X% 10.90 

; mn AR, —3 —3 Ks 
ARys = ate 100. = 3.8 x 10 £/3.58 x 10 Px 100 = 106% K 

n the extreme case for Ry = 1 x 107% 

A3, = 380 per cent 

ice not less than half this. 
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AUTOMATION OF. ELECTRIC DRIVES 
FOR BUCKET-CHAIN DREDGERS* 

L.F. SHKLIARSKIT 

Bauman Higher Technical College, Moscow. 

Automatic load drive and manoeuvring winch control is a current pro 

in ensuring maximum dredger productivity. 

Attempts! had earlier been made to render the drive control aut 

matic, e.g. in 1937 in the “Primorzoloto” trust [1]. They were ba 
on the use of fluid flywheels with servomotors actuated by current 

relays in the stator circuit of the bucket chain drive motor. Suc 

Stepwise control could not be widely used in practicett, 

Therefore the output control required by the soil variations is 

performed manually in most induction—motor dredgers, viz. by altering 

the lateral feed rate. Rheostats are used in the manoeuvring winch 

rotor circuit, the bucket drive motor speed being constant. 

The automatic control system described below is based on the manual 

one, viz. that the lateral feed rate must change with the soil 

properties, the bucket drive speed being kept practically constant to 

ensure maximum productivity. 

* Elektrichestvo No.1, pp.22—25, (1957). 

t Only a.c. driven dredgers are considered. 

tt 4 design for 0.23 m® bucket (1949: “Sibelektromontazh” trust) for both d.c. 

(generator + motor) and a.c. systems. Provided for automatic rheostat control 

of the maneouvring winches. But the IZTM works adopted the d.c. drive 

system for industrial production. | 

[Reprint Order No. EL. 11] 
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WIND PRESSURE ON OVERHEAD TRANSMISSION LINE 

CONDUCTORS * 

V.V. BURGSDORF 

(Received 9 January 1957) 

The correct assessment of wind pressure on conductors is of great importance 

in the design of transmission lines. This applies particularly to double-circuit 
lines and lines equipped with release clamps and safety (swivelling or collap- 
sible) cross-arms, since in these cases there is an upper limit imposed for the 
maximum permissible wind loading. In designing large installations, it is neces- 
sary to know accurately the aerodynamic characteristics of conductors and the 
distribution of wind pressure. 7 

As is well known, strong winds are always of turbulent nature and consist 
of fast-and slow-moving air masses. In other words, the wind velocity is never 
uniform along the front of a gust. The total load on a long object is therefore 
determined not by the maximum, but by some mean value, of the wind velocity. 
For spans longer than 200 m this lack of uniformity may be of considerable 
importance. 

The first experimental investigations to ascertain the extent of the non- 

uniformity in the distribution of the wind velocities affecting the total load on 
conductors date back over 25 years [1] and [2]. These tests showed that for 

wind speeds up to 20 m/sec. this non-uniformity can be neglected for spans 
up to 100 m. long, but that it becomes sufficiently noticeable on spans about 
200 m. long. | : 

Later investigations carried out in Sweden in 1939 revealed a possibility 

of reducing the design value of wind load because of the finding that the wind 

pressure becomes less uniform with velocity [3]. Similar experiments were also 

carried out in other countries: France in 195] [4] and [5], Australia in 1949 

[6]; Belgium in 1952 [7]. Recently investigations were made in West Germany 
[8] and in the U.S.S.R. where eight experimental stations were erected with 
span lengths from 220 to 350 m. | 

The reduction co-efficient considering the non-uniform distribution of the 

pressure along the span was introduced in the Soviet Regulations for Trans- 

* Elektrichestvo No.5, 47-52, 1957 [Reprint Order No. EL 923}. 
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Wind pressure on overhead transmission line conductors So. 

mission Lines in 1947 [9]. These regulations recommend the following formula 

2 

P aCe _ (1) 
where P is wind pressure in kg/m? of projected area; 

a is the reduction co-efficient; 

Cis the head resistance of conductor; 
vis the wind speed in m/sec. 

In the above formula the wind speed is taken usually as the maximum 

velocity registered by a meteorological station, for a period of 5 to 10 years. 

The head resistance of the conductor which can be referred to conductor diameter 
and wind speed, is normally taken as 1.2 [10]. The coefficient a is 0.85. 

The coefficient a depends not only on the conditions existing in a given 
locality, but also on the method of measurement of the wind velocity. 

It should be pointed out that the anemometers used in the U.S.S.R. were 

of the pressure-plate type whereas those used abroad were generally of the 
pressure — tube type (i.e. working on the Pitot-tube principle). The latter ane- 
mometers can register the velocity of a wind gust lasting 10 to 15 sec. whereas 
the pressure-plate instrument, according to the instruction book, should register 
a mean position of the plate for 2 min. It is obvious that the maximum velocities 

as recorded by low-inertia anemometers should be higher than those recorded 
with the pressure-plate anemometers. This, in fact, explains the various state- 
ments on low wind speed prevailing in the U.S.S.R. 

The wind load on conductors is usually computed from the measurement of 
the angle of swing of the insulator string or the coupling link from which the 

conductor is suspended. This gives directly the horizontal force on the tower 
and the reduction of the clearance to the tower. To determine the maximum wind 

loading for a given period of time, continously recording instruments were used 
in Sweden, Germany, and U.S.S.R. and maximum-swing indicators were used in 

France and Belgium. The deflection angles thus obtained were checked against 
records of the maximum wind velocities measured in the immediate vicinity of 

the experimental span or at a near-by meteorological station. 

A visual method of measuring the angle of deflection of the conductor at 
midspan was used in Australia. Readings were taken “only when the conductor 
was fairly steady” obviously because such a method is not particularly suitable 
for measuring maximum deflections. Moreover, the readings were checked against 
wind velocities measured by a cup-type anemometer and consequently, in this 

investigation, one can speak only of some average conductor deviation and wind 
speed. A simultaneous underestimation of conductor deflection and wind speed 
leads to the cancellation of the error. Thus, such results cannot be accepted as 
being characteristic of maximum wind loadings and will not be utilized in the 

following considerations. | 

In the U.S.S.R. the wind velocity was invariably recorded by means of 
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FIG. 1. Relationship between the coefficient a and wind velocity | 

a — measurements in Sweden (inland regions): d = 25 to 27.7 mm, / = 155 to 
300 m; measurements in Belgium: d = 9.5 mm, / = 120 and 190 m; 

b — measurements in Sweden: d = 15.8 mm, / = 200 m; measurements in 

U.S.S.R. (coastal area): d = 19.1] mm, !/ = 250 m. 

pressure plate anemoters, except in one case in which a pressure-tube instru- 

ment was-used. 

The results of various investigations are presented in different ways. For 

example, Swedish publications give the measured wind pressure on conductors 

as a fraction of the wind pressure on a large plane (C, = 2), i.e. the measured 

pressure is characterized by a quantity which is less than the coefficient a; in 

French investigations the results are expressed in terms of the ratio of the mea- 

sured to calculated angle of conductor deflection (the calculations being per- 

formed in accordance with the method accepted in France). In order to compare 

the results from various countries the data were recalculated on a common 

basis. The quantities calculated were the coefficient a from (1) and the effective 

load per square metre of the projected area normal to the direction of wind*. 

For each particular case the head resistance was taken as depending on the 

type of conductor and wind speed in accordance with the results of tests in 

wind tunnels carried out in the U.S.S.R. [10]. In this way it was possible to 

arrive at more accurate values of the coefficient a. 

The results of this re-calculation are shown in dotted lines on the accom- 

panying figures. Figs. 1,2 and 3 show the values of the coefficient a for the 

various countries, and Fig. 4 the envelopes drawn through the points of maxi- 

mum value. Two points differing from the others are shown in Fig. 4 separately. 

* It is regretted that the results of German investigations could not be recalculated 
because of the insufficiency of published data. 
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a-—s 
o—S 

A'S 
*~— s 
x — S = 288 and 293 mm? ° 
o — 5 = 301 mm? 

0 ~ s = 355 and 370 mm? 

© _ s = 397 and 400 mm’ 
2 

#—S = 411 mm 

10 th 8 le 26 30 W 38 42 46 m/sec 

FIG. 2. Relation between the coefficient a and wind speed according to the 
results obtained in France. 

When analysing results of measurements, apart from the non-uniform distri- 

bution of the wind speed along the span, one should also consider the case when 

the wind speed at the span is higher than that at the point of location of the ane- 
mometer. In this case the coefficient a becomes greater than unity. It is charac- 

teristic that for high wind speeds (20 m/sec and more) no such case has been 

observed in practice. 

The manner in which the experimental points are distributed allows us to 

establish beyond any doubt the fact that the wind pressure becomes less uniform 
along the span as the wind becomes stronger. Also, the influence of the differ- 

ent physical and geographical factors pertaining to different geographical areas 

is clearly brought out. Moreover, this is true not only for coastal and inland 
regions within one country such as, for example, Sweden. The first measure- 

ments carried out in the Leningrad area with low-inertia instruments yielded | 
values * for the coefficient a greater than those obtained for a coastal region 
in Sweden. Even greater values of the coefficient were obtained in Belgium 

and yet greater values in France. 

In France values between 0.5 and 0.55 were obtained for the coefficient a 

for wind velocities up to 38 m/sec. It is regrettable that no information is avail- 
able on the experimental span lengths but it can be taken that in France the span 

length for conductors of 300 mm? or moret cross-sectional area, is, as a rule, 

more than 400 m and only rarely 350 m. 

* Here and later on the values of the coefficient @ are taken for the same, and not for 

the maximum wind speeds, recorded in the given localities. 
t It can be shown that for a wind speed of 34.5 m/sec, a= 0.52 (Fig. 2) was recorded 

on a span 462 m long. 
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The coefficients a obtained from measure- 

ments in the U.S.S.R. by using pressure- 

plate anemometers with loaded plate (Fig.3) 
correspond mainly to wind speeds of up to 

20 — 25 m/sec. However, there is enough 

experimental data to establish the fact that 

the coefficients obtained in this way are 

greater than those resulting from measure- 

ments with low-inertia instruments. One fact 

d 
l 
d 
l 
d 
l 
d 
l 
d 
l |e ee es ee ee 

stands out, viz. the large number of points 
whose values are considerably greater than 
unity for wind speeds up to 18 m/sec and 

also the number of points having values of 

the order of 0.8 for wind speeds of about 25 
m/sec for long spans. 

A comparison of the curves shown in Fig. 

4 indicates that the coefficient a depends 

on the degree to which a given district is 
exposed to high winds. In this respect the 
comparison of the Swedish data for coastal 

and inland regions and of the Belgian and 
French data are characteristic. From Fig. 4 6 10 4 18 22 m/sec 

it is seen that the curves of the reduction FIG. 3. Relation between coefficient a 
coefficient obtained for different regions are and wind speed according to results 

shifted with respect to each other, andthe Se Solera yeaa ae 

coefficients a for districts subjected to stronger winds are higher than those for 
districts with less intense winds for a given wind speed. Therefore, if a coeffi- 
cient a is obtained for a region with strong winds, it cannot be extended to maxi- 

mum wind speeds of regions with moderate winds. For example, the value of a at 
_ 25 m/sec for the region with the design wind speed of 30 or 35 m/sec cannot be 

applied to a line erected in 

a region where the design 

o— Measurements in USSR wind speeds is 25 m/sec, 
since in this latter case — Measurements in France 

cS aa 
CNSR ed 

Sean canoes. 
ees ere eae 3 34 % “42 4.m/see one span recorded at vari- 

the value of a is smaller. 

To facilitate further ana- 

lysis, mean values of wind 

pressure on a conductor for 

ous wind speeds are plot- 
ted in Figs. 5 — 7.The dis- 

FIG. 4. Relation between greatest values of coefficient a 
and wind speed as measured in different countries: 

1 — in Sweden (inland regions); tribution of these points is 

2 — in Sweden (coastal regions); typical. The curves shown 

3 — in Belgium; in these figures are drawn 
4 —in U.S.S.R; 5 — in France. | from (1) for Cae 1:2: and 
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o — Measurements in Sweden (inland regions) 

°— Measurements in Sweden (coastal regions) 

JO m/sec 

FIG. 5. Relation between wind pressure on conductor 

projection area normal to wind direction and 
wind speed according to measurements in Sweden 

and Belgium. 

e—S = 238 mm 

x- S = 288 and 293 mm? 
6-S = 355 and 370 mm? 

FIG. 6. Relation between wind pressure on conductor 
projection area normal to wind direction and 

wind speed according to measurements in France. 

a = 0.85 in accordance with the recommendations given in the Regulations for 

the Erection of Electrical Installations [9]. 

The practical conductor loading in Sweden (especially in inland regions) is 
noticeably lower than it is in Belgium and this, in turn, is lower than in France. 

For wind speeds up to 15 m/sec the experimental points lie not infrequently 
above the design curve and for velocities of 15 to 20 m/sec they are, in general, 
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the same as the higher values observed in Belgium and France. At still higher 

wind velocities the measured wind load is smaller than the calculated one e which 
is obviously due to the lowering of the coefficient a. 

Of a similar character is the distribution of experimental points obtained 

from short-period tests in the U.S.S.R., though the quantitative relations are here 
different *: wind pressures greater than those given by (1) occur often at speeds 
of up to 18 or 19 m/sec, and at 25 m/sec they are almost as high as the highest 
values recorded. 

The material presented demonstrates convincingly the importance of the cor- 
rection factor for wind pressure at high wind speeds. This coefficient should be 

different for speeds measured with the low-inertia and the pressure-plate ane- 
mometers. } 

The West European investigators working with low-inertia anemometers sug- 

gest a value of 0.5 for the reduction coefficient; they are also referring to a con- 
siderable local wind speed of 35 m/sec. The investigators in Sweden, where the 

wind speed has also been measured with low-inertia anemometers, recommend 

the coefficient a = 0.4 on the basis of a wind speed of 28 m/sec. Such a lowering 

of the coefficient appears to be justifiable on the ground that undoubtedly the 
winds in Sweden are not so strong as those in Belgium and France. 

The value of the coefficient a should be greater if this is worked out from 
the data on wind velocities obtained with the method which is accepted in the 
U.S.S.R. The relation between the coefficient obtained with the two types of 
anemometer is given by 

_where v7; is the speed measured with the low-inertia, and Upp With the pressure- 

plate anemometers. At the present time work is being done to determine this 
ratio, but it can be said even now that no great reduction can be expected in the 

present value (0.85) of the coefficient a. Indeed, taking the West European coe- 

fficient a = 0.5, the ratio 

which may be regarded as a sufficiently realistic figure for the ratio of short 

duration (10 to 20 sec) to one minute maximum wind velocity. 

The above statement is verified by the damages to transmission lines occur- 

* This is obviously connected with the different method of measurements (pressure- 
plate anemometers) used in the U.S.S.R. 
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ring at strong winds when the effective wind pressure on conductors is nearly 
60 kg/m? and the wind speed (measured by pressure-plate anemometer) 32 to 
35 m/sec. 

A more substantial reduction of the coefficient @ can be expected for regions 
where the design wind speed is 35 m/sec or more, and also where the repetition 
rate of the assumed design speed comes near the highest observed. 

To give a fuller picture of practices in various countries the tables 1 and 2 
of design wind loadings on conductors and metal supports were compiled.* 

It is seen from Table 1 that the conductor loading used in the U.S.S.R. is 
about the same, or even sometimes lower, than in other countries.t The lowest 

wind loading is applied in Finland where, as in the Leningrad district and 
Karelian A.S.S.R., the wind speeds are not very high due to favourable geogra- 
phical conditions. ; 

Recent research on the effects of non-uniform wind pressures is now being 
accepted as a basis for the reduction of the design wind loadings in Belgium 
and France, where until recently these loadings have been excessively high. 

The design wind loadings on supports are invariably higher abroad than in 
the U.S.S.R., sometimes by as much as 50 or even 100 per cent. 

It appears from the foregoing that the design values used in the U.S.S.R. 

for wind loading are in every respect more modern than in most other countries 
where only recently the regulations were slightly eased-up, which brings the 
foreign design values nearer to the Soviet values. It should be made clear, how- 
ever, that this does not preclude the possibility of a future reduction in the 
design wind loading for transmission lines. 

This further reduction should be well substantiated by more extensive in- 

vestigations to determine realistic loadings for various regions and to obtain 
more accurate aerodynamic characteristics of conductors and supports and the 
possible values of the coefficient a. 

From experiments which have been carried out up to now it is possible to 
reduce the design head resistance to 1.1 for the values of the product vd > 

400 m/sec. mm. It is also possible to take the coefficient a = 0.75 if the 

supports are checked for the highest wind loads tt. This relaxation of the design 

conditions can be extended also to localities with the design wind velocity of 

* In the U.S.S.R. the loads are taken for the average wind speed of 25 m/sec. 
t The accepted thickness of ice for Sweden varies between 1.3 and 3.2 cm. Therefore the 

resulting wind load on tower becomes considerably greater than in the U.S.S.R. 
tt The speeds considered are the maximum values for a given region, occurring once in 

5 years, and not the design speeds. 
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O~d = 12.4 mm, | =-300 m 
@-d = 11.5 mm, 1=300m 

30 ta-d= 18.5 mm, / = 280 m 
#-d2=17 mm,]/=220m 
A-d = 18.3mm,/=350m 
n-d= 9.2 mm,1=250m 

0 
4 8 12 1§ 20 a4 m/sec 

FIG. 7. Relation between wind pressure on conductor pro- 

jection area normal to wind direction and wind speed ac- 
cording to measurements in the U.S.S.R. 

35 to 40 m/sec, except for the regions adjacent to large water areas. The ques- 

tion of specifying more precise value for the coefficient a will be decided from 

the results of experiments now being carried out in the U.S.S.R. 

It is also necessary to consider more closely the actual conditions under 
which a line is expected to operate. In particular the present practice of ex- 
tending the design wind speed of 25 m/sec. to regions with light wind should be 

| abandoned. In all cases the design wind speeds should be chosen in accordance 

| with observations. For lines passing through woodlands the design speed should 
be taken at least 5 m/sec. less than the speed for the main region. 
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CORONA LOSSES ON LIVE TRANSMISSION LINES * 

V.D. KRAVCHENKO, V.I. LEVITOV and V.I. POPKOV 

(Received 7 February 1957) 

The corona loss on an energized transmission line constitutes only a small fraction 

of the transmitted energy and is commensurable with or sometimes even smaller than 

the heat loss. Therefore, it is practically impossible to determine this loss by 
separating the current component which corresponds to the corona loss from the total 

line current as measured by conventional methods. 

The corona loss is due to the cross currents, that is, the currents that flow be- 

tween the conductors and between the conductors and earth. If it were possible to 

measure quantities which are proportional to these currents, or to their corresponding 

charges this would be the best solution of the problem of measuring the corona 
losses on energized lines. 

Fig. 1 shows an arrangement consisting of a single phase-conductor, 1, and an 
aerial, 2, which is earthed through a measuring element 4 connected to the middle of 

the aerial. 

The e.m.f. induced electromagnetically in an aerial isolated from earth is so dis- 

tributed that it is zero at the middle of the aerial [1]. Therefore, if this point is 
earthed through a measuring element Z, no current can flow in the element owing to 

the magnetic field of the line. The current which flows in the element is determined 

only by the electrostatic coupling between the line and the aerial. 

The minimum height at which conductors are suspended on conventional lines 

is 7—8 m. At this height the space charge in the region G (Fig. 1) is distributed 
practically symmetrically with respect to the conductor axis, i.e. the space charge 

density depends only on the distance from the axis of the conductor of the element 
of charge considered. Consequently, the integrated electrostatic effect of the space 

charge on the aerial is the same as that of a linear charge of equal magnitude placed 

at the axis of the conductor. 

For sufficiently small values of the impedance Z the relation between the charge 

on the aerial and the total charge of the conductor is given by: 

% 1041 + %0Jg==0 } (1) 

* Elektrichestvo No. 7, 31 — 34, 1957 | Reprint Order No. EL 35 |. 
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or 2 ? Gyan 2 (2) 

ra 

or A129 > In —-mutual potential coefficient of the aerial and conductor; 
0 

99 ao =o - self potential coefficient of the aerial (a is the radius of the 
Teg Qo 

aerial wire); 71 = =a 9, -total charge of conductor per unit length (q, is the 
charge on conductor mentee and qs is the inte grated space charge); q, -charge per 
unit length of aerial. 

Thus, the charge on the aerial which is earthed at its middle point is proportion- 
al to the total charge enclosed in the region G, i.e. is determined by both the charge 
on the conductor surface and the space charge due to corona. 

7 

FIG. 1. FIG. 2. 

Also, the coefficient of proportionality a,,/a,, is a constant quality depending only 
on geometrical dimensions of the conductor-aerial arrangement. These circumstances 
make it possible to use aerials for corona loss measurements. 

Three aerials are necessary for measurement on three-phase lines. Fig. 2 shows 
a possible arrangement of aerials placed directly under the three phase conductors. 
In this case the relation between the total charges on phase conductors qa, 7p and 
7c and the charges on earthed aerials 1, q2 and q; is given by the following system 
of equations: 

(2191 F242 + % 343) = 0 9, + 2 Ig + On Ges ) 
| 

~~ (Gedy Oi Go - Calg) 1 Jat Ig + Oy 963 , (3) 

ee (439)'+ %59 9 = 0193) —— 7 4 =e On Tp = a, Tos 
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where @, = Q; = Gag = G35 @,= 013 = Gyi'= G23 = Asn} Gy’ = O13 = ay; = Q14 =Gap = 93¢> 

Q11 = Up = A = Asp = O43 Ay, = Gip = Asy4 are self and mutual potential coefficients 

determined from the geometrical dimensions. 

By solving the system of equations (3) with respect to conductor charges 44, 7p 

and q-, we get 

geal ot A; qo + A, q3; 

9p = By +B q2+B, G5; } (4) 
r] ! , | 

Ic=C, Gy C;, Go Cg qo: J 

The coefficients A’, B’, and C’, are composed of potential coefficients a; which 
appear in (3). For example, 

A ! A 
A a — A — 12. (aS iy 

] A ? > A ) 3 Gap a. ) 

where A==a, (a" —— 0.) — 2a" (a,—¢,,) -the determinant of the system of equations 
(3); 

ee A, == — a (4, — 9) + a2 (2,2), — aye 
I] I] nm) wy 

2 
—* Og (0, — Oya) 
2 2 

Ag = — ty (0) — 8) @y (44%) — Ay %y)) — 
2 

= Og (Oy = 95% )5 

6 
ie 

Aga — 23 (07 — oy) Fag (yay — %) Hy) — ] 

2 
—— Oy (Gy) — 1) Oy) 

It follows from (4) that the sum of the products of charges on the three aerials, 

%:, 2 and q;, into their corresponding coefficients A’,, B’; and C’; give the total 

charges on the phase conductors, q,, 7p and qc. 

Either capacitors or resistors can be used as the measuring elements. In the 

first case, the voltages across the elements are proportional to the total charges of 

phase conductors and in the second case, to their time derivatives, that is to the 

cross-currents of the line. However, it is preferable to choose capacitors since in 

this case the measurement will be practically unaffected by the possible h.f. pick- 

ups of the aerial. 

The voltages on the measuring capacitors are given by: 

iL 

seg . 
where U, - voltages on the aerials; q; - charges per unit length of the aerials; 

l -lengths of aerials; C -measuring capacitances. 

If follows from (5) that the input voltage to the measuring circuit depends not 
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only on the coefficients a; (which are determined by the geometry of the conductor- 
aerial arrangement) but also on the lengths of aerials and on the values of the me 
measuring capacitors. The choice of the ratio //c is governed by the magnitude of 
the voltage required at the input to the measuring circuit, i.e. it depends on the 
sensitivity of the measuring device. | 

The length of the aerial should be such that the part of the conductor catenary 
which is above the aerial can be taken as being parallel to the ground.* For example, 
for 220 and 400 kV lines with spans of 450 m this condition is satisfied by an aerial 
90 m long placed at mid-span. With this aerial suspended at a height of 0.5 m and 
with measuring capacitances of the order of 0.] pF the voltage on the aerial is about 
8 to 15 volts. 

From the above, a block circuit diagram may be drawn for a device for measuring 
the corona loss on energized lines. Such a diagram is shown in Fig. 3; A, B and C 
are line conductors; 1, 2 and 3 aerials; C,, measuring capacitances; 1A, 1B and1C 
voltage transformers or voltage dividers; 

~~ 

FIG, 4. 

2A, 2B and 2C are elements multiplying 2 

| E the voltages corresponding to aerial 6 & eee Z charges 4, q% and q; by their corresponding 
ne coefficients A, Bj and C’;; 34 is an ele- 

ment carrying out the summation of the 
0,04 above products. As a result of this summa- 

| / | N\wt? tion we get a voltage (or current) out put 
‘ / } | a proportional to the total charge of phase 

0,04 \ conductor A; 4A is a wattmeter of some 
sort. 

ek To increase the accuracy of corona loss 
—0,12 measurements, particularly at small values 

Fe of loss, it may be necessary to compensate 
FIG. 5. for the reactive component of the charge qy. 

* In general this condition is not essential, since the effect of the caternary can be taken into 
account, when calculating potential coefficients. However, it simplifies calculation, if this 
condition is fulfilled. 
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Such a compensating voltage may be applied to the integrating element 34 by a suit- 

able device indicated by 3 “A. 

For simplicity the measuring circuit is drawn for one phase only, the circuits 

for the remaining two phases are identical. 

The assumption made above about the symmetrical! distribution of the space 

charge due to corona with respect to the conductor axis was varified experimentally 

in the laboratory. A three-phase transmission line model having the following 

dimensions was set-up: viz. line length - 14.5m; height of conductor suspension 

2m; interphase clearances - 1.3m; diameter of polished steel conductors - |mm. 

As aerials copper conductors of 0,83mm dia, having the same length as the model 

line were used. One aerial was placed under each phase conductor at a height of 

0.27m above the ground and was earthed through a capacitor. The voltages on the 

capacitors which are proportional to the charges on the respective aerials were app- 

lied in turn (using a special synchronizing device) to the deflecting plates of the 

CRO and photographed on the same plate. Each oscillogram contains therefore three 

voltage records. A sample oscillogram obtained with a phase-to-earth voltage of 

U =64kV,.x is shown in Fig. 4. 

It is seen from this oscillogram that the curves of the charges on the aerials 

are irregular and differ from each other. The amplitudes of the charges on the ex- 

ternal aerials are approximately the same, but the amplitude of the charge on the 

middle aerial is about one-half of that of each of the outer aerials. By multiplying 

the ordinates of the curves by their respective coefficients Aj, B%; and C4, and 

adding, we get curves corresponding to equations (4) which are shown on Fig. 9. 

It follows from the above that the curves of Fig. 5 should be identical with the 

curves of the total charges of the experimental conductors in corona conditions, To 

compare these two sets of curves, an oscillographic record of the volt-coulomb 

characteristic was obtained for each of the three line conductors. The recording cir- 

cuit for one phase only is shown in Fig. 6. In this figure the voltage across the 

capacitor Cg, which is proportional to the total conductor charge, was applied to one 

pair of deflecting plates of the CRO and the voltage across one arm (C,) of the 

capacitance potential divider which is proportional to the voltage of the h.v. trans- 

former T, was applied to the other pair of deflecting plates of the CRO. 

With such a circuit the trace on the CRO screen has the form of a closed loop 

which is known as the volt-coulomb characteristic. The area enclosed by the loop 

is proportional to the energy loss due to corona for one cycle of the alternating vol- 

tage (AR 

The volt-coulomb characteristics obtained for the conductors of the experimen- 

tal line by direct measurement at a phase-to-earth voltage of Up, =kVmax are shown 

in Fig. 7 (curves drawn in continuous lines). The curves drawn in broken lines re- 

present volt-coulomb characteristics constructed from the data obtained from the 

aerial measurements (the curves of Fig. 5 and oscillograms of phase-to-earth volt- 

ages on the conductors recorded simultaneously with the records of the charges on 

the aerials), using the same voltage applied to the line. 
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i EE 

A good measure of agreement is shown between the volt-coulomb characteristics 

obtained by the two methods considering the amount of error introduced by the inter- 

mediate calculations and constructions in deriving the final curve from the experimen- 
tal data. The two sets of characteristics agree well as regards the amplitude of the 

g. to line 

FIG. 6. 

charge, the shape of the curve, and the area 

enclosed by the curve (the last factor being m 7 

of importance from the point of view of corona Phase C : 

loss measurement by means of aerials). | 

The construction of total charge and volt- 

coulomb curves was performed for different 
phase voltages upto a value exceeding three 

times the critical corona inception voltage. 

In this way values of corona loss were ob- 

tained for the experimental line for a wide 

range of voltages. These losses are indicated 
by crosses on Fig.8 on which are also 

plotted corona losses derived from the volt- 

coulomb characteristics obtained by direct 

measurement. It is seen from this figure that 
the losses obtained by both methods are 

practically identical. 

Thus, experimental investigations confirm 

the possibility of measurement of corona loss 

on live lines by means of aerials and also of 

verifying the correctness ofthe assumptions 

made. 

In conclusion it should be mentioned that 

apart from its application to corona loss 

measurement the method presented can also 

be used for investigating other problems; for 
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example, the distribution of losses along the conductor span, the measurement of | 
charges, etc. 3 
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VOLTAGE GRADIENTS IN A LONG-SPARK LEADER CHANNEL * 

--Y.P. LARIONOV 

The Lenin All-Union Electrotechnical Institute 

(Received 11 June 1956) 

Komelkov [1] was the first to show that the leader structure is rather 
complex in a long-gap spark in air. An extensive ionized region occurs 
at the tip of the narrow leader channel. This region is composed of 
separate streamers, i.e. thin, long channels so numerous in the case of 
a positive discharge that the whole ionized region resembles a cascade 
of luminous filaments issuing from the tip of the leader. The electrons 
released at the fronts of the streamers rush along the streamer ducts 
into the leader channel, leaving positive ions in the ionized region. 
As the leader penetrates more deeply into the interelectrode Space, new 
streamers appear as the old ones are extinguished, giving an immobile 
Space charge envelope around the narrow leader channel. 

The narrow leader channel (the “‘core”) in direct contact with the 
electrode provides a path along which electrons flow to the electrode 
in a positive discharge. The voltage gradient along the leader channel 
determines the ionization conditions at its tip and is therefore the 
most important parameter. However, this parameter has not yet been 
fully investigated. 

The mean longitudinal gradients were studied at the All-Union Institute 
of Electrical Engineering by producing an artificial step in the leader 
channel [2]. The current in the step was first assumed to produce a 
state of arc-conduction in the channel, the second assumption being that 
the leader tip potential is unaffected by this, i.e. that the abrupt 
drop in spark-gap voltage at the instant of producing the step determines 
the voltage across the channel. Thus, the mean gradients were determined as 
follows: 

lm 1 a (1) 

where U’ is the abrupt drop in spark-gap voltage. 
ly is the leader length at the moment of producing the step 
E, is the voltage gradient in the arc channel. 

* Elektrichestvo No.4, 80-81 (1957). [Reprint Order No. EL.9] 

106 



Voltage gradients in a long-spark leader channel 107 
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Fig.1 Leader current and leader tip velocity. Spark gap “rod-plane”, 

100 em long. Discharge circuit resistance 2.5 kin. 

While the first assumption is certainly correct, the second is 

obviously without foundation. Experience shows that where the step has 

been formed the current and tip velocity increase considerably; this 

can only be attributed to an increase in field strength at the tip and 

therefore to an increased potential on the tip itself. The sudden 

voltage drop at the instant of step formation does not by any means give 

the full voltage across the leader channel, so the mean longitudinal 

voltage gradients calculated from this voltage drop are too low. Using 

a 200 cm rod-plane gap, the lower values obtained by this method for 

the mean voltage gradient along the positive leader channel when this 

was 120 — 140 cm long were found to be between 1200 and 1600 V/cm with 

discharge circuit resistances of between 140 and 400 k{) respectively [2]. 

These figures show that the picture if the developing leader as a highly 

conducting almost equipotential channel (longitudinal gradients ~ 10 V/cm 

is not consistent with physical facts. | 

The longitudinal gradients may be expected to decrease in time owing 

to the increased current heating the leader channel. It is here of 

interest to consider the final stages of leader development. 

The abrupt drop in spark-gap voltage when the main discharge strikes 

can be regarded as the sum of the voltage across the leader channel and 

the potential of its tip immediately before reaching the plane. Thus, 

assuming that the tip potential is zero near earth, it is possible to 

obtain a value, which we know to be exaggerated, for the mean longitudinal 

channel gradient at the instant immediately preceding the main discharge. 

The gradients obtained under the above test conditions were between 1000 

and 1600 V/cm, regardless of the discharge resistance (in 42 tests the 

drop was between 230 and 370 kV). 
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k4/coulomb 
cm 

Fig.2 Distribution of the excess positive charge along the leader 

(for the discharge of Fig. 1). 

Thus, the lower limit for the mean channel gradient determined when 
the leader bridges 60 — 70 per cent of the spark gap is between 1200 
and 1600 V/cm, and the upper limit, determined immediately before the 
leader reaches the plane, is between 1000 and 1600 V/cm. This shows 
that the mean longitudinal gradient decreases considerably during 
development. 

The channel current, 1, is given by i = nev, where v is the tip 
velocity, e the electronic charge and n the number of electrons leaving 
the channel per unit increase in length (ne is numerically equal to the 
linear excess positive space charge density in the leader envelope). 
On the other hand, i may be expressed as the number of electrons released 
during ionization per unit length of the leader, n', and by the electron 
drift velocity, v’ produced by the longitudinal gradients in the channel, 
viz. 

t = nev = niev', i.e. nv = n'y! (2) 

As the tip of the leader approaches the plane, the leader current 
and the tip velocity increase considerably. Of the two, the current 
grows more rapidly, which means that the linear density of excess charge 
increases in the lower part of the leader. The variation in leader 
current and tip velocity in the rod-plane gap is shown in Fig 
In 5 psec (from 3 usec to 8 usec) the current increases ten times, the 
tip velocity five times, and their ratio ne = i/vy two times. The 
distribution of linear excess charge density along the whole channel 
for the same discharge is shown in Fig. 2. 
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v' is less than v [3]. An increase in ne along the leader channel 

therefore means, in accordance with (2), an increase in n’ in the 

channel plasma. 

Let us consider the discharge records for the rod-plane gap shown in 

Fig.3. The records were obtained with a high-speed rotating camera with 

a ‘Jupiter-3’ lens, by the well-known method [1] of photographing 

Simultaneously through a number of slits at different distances from the 

plane. The records show that at any particular instant (the times are 

determined by reference to the instant when the main discharge strikes) 

the channel diameter (“‘core’”’) is almost constant throughout the length. 

Fig.3 Time-base records for the leader channel. Rod-plane gap, 

150 cm long. Discharge circuit resistances 28 k(l; h = distance, 

between the leader tip and the plane; 1 - leader stage of the 

discharge; 2 - main discharge. Side branches round the main 

channel are visible in the bottom record. 

The higher linear electron density in the lower part of the channel 

(of constant diameter), indicates a higher conductance and a lower 

longitudinal voltage gradient. The initial voltage gradients therefore 

vary along the leader channel, being higher at the top, and lower at 

the bottom. The gradients should fall with time, particularly in the 

older parts of the channel, owing to thermal ionization. 
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Since the linear excess positive ion density is constant 

(ne = i/v x» const.) Loeb [3] assumes the leader channel homogeneous 
throughout its length and the voltage gradients constant along the 

channel. 
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| A METHOD OF DERIVING EQUATIONS FOR THE 

KLECTROMECHANICAL TRANSIENT IN ELECTRIC CIRCUITS * 

S.V. STRAKHOV 

(Received 5 October 1956) 

There are basically two methods of investigating the transient electromechanical 
processes in electric circuits, viz: 

1. Physical modelling. 

2. Mathematical modelling, this comprising two sections, viz: 

(a) the section using physical analogs; 

(b) the section using digital computers (integrators) with continuous 
and discrete action. 

The method of physical modelling, comprehensively treated in papers of 
V.A. Venikov [1-3], M.P. Kostenko [4-6] and of other authors, consists in the 

replacement of large rotating electric machines and hydraulic turbines by simi- 
lar units of small ratings with due consideration to the laws of similitude. Trans- 
mission lines, tranformers, saturable reactors and static loads are replaced by 

assemblies of capacitances and inductances, networks with repeated members 
being used for transmission lines. In other words, in this case the physical 
character of the model and of the original are the same. 

Among the advantages of the method of physical modelling,-where rotating 

machines are concerned, we should mention the possibility of considering eddy 
currents, saturation, hysteresis, the actual distribution of stator and rotor wind- 

ings in space, and of other factors. A drawback of this method is the difficulty 
of varying the parameters of individual machines, usually necessitating the 
availability of a number of inter-changeable rotors for them. It is, therefore, more 

convenient to use the method of mathematical modelling in cases where the para- 

meters of the machines must be variable; because this method can deal in a much 

more simple way with such variations. However, physical modelling will still be 
preferable in all cases in which the system of differential equations describing 

the process is very complicated. 

* Elektrichestvo No. 7, 5-10, 1957 [ Reprint Order No. EL 32]. 
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Referring to the first section of the method of mathematical modelling [1, 7 
and 8], we note that rotating machines are replaced by equivalent devices (elec- 

tronic circuits, electrodynamical apparatus), i.e. physical analogs according to 
the similar structure of their differential equations. In this case the model has 

a different physical character from the original. If the system contains static 
elements, for example, transmission lines, they are represented in the same way 
as in the preceding method, i.e. to these physical modelling is applied. An ad- 
vantage of this method is the greater convenience of varying the individual para- 

meters of the rotating machines, because it amounts only to a variation of com- 

paratively easily adjustable parameters of the electronic circuits or the physical 

analogs. On the other hand, since the static elements of circuits consist of as- 
semblies of coils and capacitors, no differential equations have to be set up for 

them. This is a great advantage of the first section of the method of mathematical 
modelling over the second section. 

The second section of the method of mathematical modelling, consisting of 

the use of computing mechanisms (integrators) for the investigation of the tran- 

sient electromechanical processes in the electric circuits, is nowadays widely 
used. Its importance is still increasing with the growing production of relatively 
inexpensive computor types suitable for the integration of systems of non-linear 
differential equations of an over-all order up to 20— 30. 

This method makes it particularly easy to vary the system of parameters 
within a wide range by an easy regulation of the blocks collecting the coefficients 
of the individual equations. 

This method is suitable not only for the solution of electrical engineering 

problems, but also for the solution of systems of non-linear differential equations 

met in physics, mechanics, hydrodynamics, heat engineering, etc. In this sense 
it is a universal method. 

A disadvantage of this method is the necessity of using a whole number of 
blocks of the integrator for considering the differential equations of the static 4 

circuit elements and, in particular, of long lines, since often the greater half of | 

the overall order of the system of differential equations of the circuit is accounted 
for by the static circuit elements. 

However, the integrators may be designed in such a way as to enable the dif- 
ferential equations of only one part of the whole circuit to be represented, whereas 

the remaining part is actually present in life-size or represented by physical 
models. The latter condition considerably extends the range of possible users of 

integrators of this type for investigations of the transient processes in inter- 
connected systems. 

Method of setting-up system of differential equations 

In order to use the integrator, the system of differential equations of the 

circuit has to be set up, first of all, in the simplest and the most rational form. 
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We will then consider the differential equations of the synchronised gene- 

rator, referred to all coordinate systems rigidly connected with its rotor, the 
equations of an induction motor and of all the static circuit elements (loads, 

transformers, transverse capacitances, compensating coils and lines with lon- 
gitudinal compensating capacitances) referred to. coordinated system rotating at 

an arbitrary speed, as given. 

All the equations given below refer to the positive directions of the currents 

shown in figures. } 

When setting up the differential equations for any actual system it is, above 
all, important to choose the most rational system of rotating coordinates to which | 
then the equations of all static circuit elements have to be referred. For sym-. 

metrical circuits the equations of the static elements may be referred to axes 
rigidly connected to the rotor of any of the generators [9], which follows from 

the symmetry of the circuit. 

We will illustrate the method of setting up the system of equations on he 

example of the circuit of Fig. 1, being practically symmetrical. 

We will refer to equations of all elements of the circuit of Fig. 1 (except 

SG2) and the equations resulting from Kirchhoff’s first law, to coordinate axes 

rigidly connected to the rotor of the synchronous generator SG1. | 

The equations for SG1 are [10 and 11]: 
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d 3 ; 
rere (= My tra tL tag TMs tp) 3 

; d 3 ; te 
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Lag “i (Za, a Ly) big big a M py Lili, cats 

do, 
== M4 lg Lig + My! 1h i= J “diz * 

In an analogous way, by altering subscript 1 to subscript 2, we write the 
equations for SG2, since we refer to its equations to axes rigidly connected to 

its rotor. 

The equations for /M] [10 and 12] are: 
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The equations following from Kirchhoff’s first law [cf. (1)] are as follows: 

Gee es ies 2a PY s 
ld Old tld™ 

pe eae ae (3) 
lg. eles ti 

a er ae 2 ae 

The equations for static load [9 and 10] are: 

U On gk tee m(@.=—0).= 33 cos (g, » iS sin ( : > 

1 
| di og ri Sia 

Agape: reat Pe eee eee seteee: 
n2 n2d n2 dt n21n2q dt 

ea) aiesens te. Oy 
od ne aoe eT (4) 

| foe 40, 
L _ Se ee Nes L cee ea, Tees 

n2 n2q n21 dt n21 n2d dt 

di 
n20 

RS | <= 
20 n2 220 n20 dt 

-The occurrence of the factor cos (6, — 0,) and sin (0, — 6,) is due to the 

fact that the terminal voltage of SG2 is referred to axes rigidly connected to 

its rotor. 

The equations expressing Kirchhoff’s first law [9], considering the positive 

directions of the currents as assumed in Fig. 1 will be: 

tsi + a cos 6, = 4) a ps sin 6, ne @) ra 

i yin sin (6 0 \+t' cos (6:0 JS 
t2q 4: ey 1 2q 2 1 

(5) 
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It should be noted that if the equations of the static load N2 are referred to 
axes rigidly connected to the rotor of SG2, equations (5) will become compli- 

cated to the extent equations (4) will be simplified. 

Indeed, if we refer the equations of the static load N2 to axes rigidly con- 

nected to the axes of the rotor SG2 we get [9 and 10] : 

‘ d0. 

i —=0O; 
n21 n2q dt 

di, o¢ 

CES he onourare= pages Oo 
2g n2n2q  n2l_ dt (4a) 

6, 
i — : 

n21 n2d dt | 

di,.90 
Caeaety ook 8 sie Ge 
20 n2 n20 n20 dt 

Under the same conditions the equations of Kirchhoff’s first law [ef. (2)] 
are written as follows: 

Po ah Dei a Ae ae ee SD Oa OY Me 
12d ad Delp Gate ae 

ety cos (9 —0)+i sin (0 —0)=O; 
od gee ee n 

bor Pi sive 6 ) +e eos... 8) 
ad 20° 6 og F254 t2q (5a) 

=t = gint(@.-O6)—i: cos (6 —¢ }=-0; 
n2d 2 ] n2q 2 l 

We will further consider in the equivalent circuit of the transformer 7] 
the branch of the no-load current (Fig. 2). For the branches 1 — 7 of the primary 

winding we get [9 and 10]: 
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Similarly, we get for the branches 7 — 3 of the secondary winding : 
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ae eager e  ed”  eeeeb 
3d —Ss7d 1 tld ls1 dt 

dQ, ”) 
4? «f/f 

ed sichang 
Us 1 flg.. dt 



Equations for the electromechanical transient in electric circuits 
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For the no-load branch we get : 
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Equations of Kirchhoff’s first law [cf(7)] are : 

i ee gk en Teter gS 
tid tld tld 

i Rote Ae aE i, = () 

tq bq tq 

i Ee ke nee cs =O; 

The equations for the compensating coil 2L,, : 
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(7) 

(8) 

(9) 

(10) 
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dir Dee oes iia See 
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We consider above the branches of the primary and the secondary windings 

of transformer 11, its no-load branch and the branch of the compensating coil 
as rL-circuits. If the mutual inductance between the phases of these branches 
may be neglected, the expressions of the parameters after simplying [10] for 
example, for the compensating coil 21,4; we get : 

es See) gees (11) 

The equations for the capacitance C,)/2 may be obtained from the identities 
(3, 5)... . (3, 7), given in [10] if we substitute in them 

C3 = Cil/2, ic¢3a = ic id 'C3q = 1C 19°C 30 = 4C10 

and 0; = 0, since at 3 (Fig. 1) the synchronous generator is not connected, and 
\the voltage uw, is directly referred to axes rigidly connected with the rotor of 
SGl, viz : 

2 dO, 
Gee mend Wad i Ra ae as 
eee \i 1@ ee 2) 

(13) 
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ees Ay erg an dS (13) 

We may get the equations for the line (7;, L;) with the compensating capa- 

citance C connected to it, for example, from the identities (7) and (12), viz: 
com 
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The equations for the capacitance Co)/2 of the line will be analogous to 

(12), viz: 

; dO, 

PS eee A igfae ape bet Ree | cae et) 
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(17) 

The equations for the compensating coil 2L9 oom will be analogous to (10) 

Viz: 

di LQd 
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The equations of Kirchhoff’s first law [cf (4)] are 
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wis es is -Q, 

Since the way of considering the no-load current in the equivalent circuit 

is shown for transformer T 1, we will write down the equations for transformer 

T 2 without considering this factor. These equations may be obtained from the 

identities (1, 17)... . (1, 19) adduced in [10], if we consider that the voltage 

[ef (4)] is referred directly to coordinate axes rigidly connected with the rotor. 

of SG1; we have therefore to assume 0, = 0,. Also having brought the symbols 

in Fig. 1, 1 of [10] and Fig. 1 of the present paper into agreement, we get 

te ae ae ee Cab cay: (20) q 
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We then get the branch of transformer T2 
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Since the equations of the individual circuit elements may be assumed to be 

known, the whole system of equations can be put together from the individual 
equations referring to its blocks, which we can immediately write down for each 
of the circuit elements. 

Should it be necessary to consider in any of the synchronous generators or 
compensating coils the dependence of the inductance on the state of saturation 
of the steel, this circuit element should be separated and its differential equa- 
tions be re-written in the proper form, based on the character of the magnetisa- 

tion curve. 

It should be noted that the equations for all the zero-sequence components 

form a separate system, to be solved independently of the other equations. Their 
number is 18 in the case of the circuit of Fig. 1. 

Determination of the total order of system of non-linear differential equations 

from structure of circuit 

On the above considerations it is possible to determine from the structure of. 

the scheme, without writing down the actual differential equations, the total 
order to the latter. In doing this we have to bear in mind the following circums- 

tances: 

1. For a synchronous machine (generator, synchronous condenser or motor) 
with in-phase or quadrature damper windings the total order of the equations is 
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7*, if the circuit contains apart from this at least one more synchronous machine, 
i.e. a machine of magnetic or electric asymmetry (equations of system (1), except 
the third). 

The order of the equation of motion of the rotor of each of the synchronous 
a machines is 2. 

If the circuit contains only one synchronous machine, the total order of the 
equations for it will be six, because in this case the differential equation of the 
motion of the rotor will be of the first order and the angle @ will not occur in one 
of them (by change of the variables d?6/d#? = dw/dt and d0/dt = w the order is 
reduced by one). 

2. Neglecting each of the damper windings of the synchronous machine re- 
duces the total order of its defferential equations by one. 

3. The total order of the differential equations of an induction machine is 5. 
This means that each induction machine connected to the system increases the 
total order of the system of differential equations by 5. | 

4. The equations of Kirchhoff’s first law for the branching points are not dif- 
ferential equations and therefore, do not increase the total order of the equations 
of the system. 

5. The stator circuits of the machines (stationary circuits) must be divided 
into the simplest independent circuits and their differential equations have to be 
set up for the in-phase as well as for the quadrature components. This doubles 
the order of the differential equations for each individual circuit. 

6. If a line, system or static load are represented by a coil with resistance 
and inductance, its series-connexion with the stator of any of the machines does 
not increase the total order of the differential equations of the system. 

7. If the circuit comprises a transformer whose no-load current is not con- 
sidered, it is represented by a coil. If, however, the no-load current is consider- 
ed, the equivalent circuit contains a no-load branch (additional circuit), which, 
together with the necessity of considering the equations of the in-phase and 
quadrature components, increases the total order of the differential equations of 
the circuit by 2. 

8. If there are no synchronous machines in the circuit (e.g. if one or several 
induction motors for static loads, etc., are supplied from busbars of infinite 
power), it is not necessary to set up the equations separately for in-phase and 
quadrature components. If the complex instantaneous values of currents and 
voltages are introduced, a static load or transmission line (each of them separa- 
tely) will be represented by first-order differential equations, and an induction 

* This does not take into account the differential equations for the zero-sequence com- 
ponents. 
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motor by a third-order differential equation. In this case, the connexion of any 

further induction machine to the circuit increases the total order of the system 

of differential equations by 3. 

Let us determine the total order of the system of differential equations for 

the circuit of Fig. 3. 

leas bagubag 
=—— 

fara» ‘argo | “aza» “aes azo 

FIG. 3. 

In Fig. 3. the stationary part of the circuit is resolved into three circuits, 

Viz: | 

(a) The stator SG1 — stator /M1; 

(b) Stator JM1 — line — stator [MQ; 

(c) Stator SG2 — stator /M2; for each of which, if the in-phase and quadrature 

components have to be considered, the differential equation is of the 
second order, this resulting in the total order of six. Hach of the syn- 

chronous machines makes a total order of the order of the remaining 
equations 5, and each of the induction machines involves a total order 
3. The total order of the differential equations for the whole circuit will 

therefore be 22. 

In Fig. 1, if the no-load currents of the transformers T] and 72 have to be 

“ considered, the stationary part of the circuit is resolved into 9 simpler circuits, 

for example, as follows. 

(a) Stator SG1 — stator [M1 (if it is necessary to consider in-phase and 

quadrature components, the order of the equations will be 2); 

(b) Stator /M1-no-load branch of the equivalent circuit of transformer 71 

(Fig. 2) (order of the equations-2); 

(c) No-load branch of equivalent circuit of transformer T'1-compensating 

coil 2L1 com (order of the equations-2); 

(d) Compensating coil 2D -capacitance of the line C,;/2; 1 com 

(e) Capacitance of the line C4)/2- line - capacitance of the line Co)/2 

(order of the equations-4). 
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(f) Capacitance of this line Co, /2- compensating coil 2L5 oom cordet of the: 

equations-4); 

(g) Compensating coil 2L5 ¢o, -no-load branch of equivalent circuit of 
transformer T2 (order of equations-2); 

(h) No-load branch of equivalent circuit of transformer T2-static load SL2 
(order of equations-2); 

(i) Stator SG2-static load SL2 (order of equations-2); this adding up to a | 

total order 24. From this figure the fraction concerning transformers 7'] 
and 72, lines and loads SL2, i.e. the static circuit elements amounts to 

a total order 18. For the two synchronous generators the total order of 
the determining equations is 10; for the induction motor, 3. 

We see, therefore, that the total order of the differential equations for the 
whole system will be 37. 

If the line is not represented by one member but by several T — or z-type 
members, the fraction of the line elements (series, connected inductances and 

shunt-capacitances) in the total order of the system of the differential equations 
of the circuit will increase still further. This fact is very important in the choice 

of the method for solving the resulting system of differential equations. 

If the in-phase and quadrature damper windings of both synchronous generators 

are not considered, the total order of the equations will be reduced by 4, i.e. to 

33. If, furthermore, we neglect the no-load branches in the equivalent circuits of 

_ the 2 transformers, the total order of the equations is again reduced by 4, i.e. to 

29. If the two compensating coils 2L, .5,, and 2L9 com are also neglected, the 
total order of the equation is again reduced by 4, i.e. to 25. 

It is worth noting that in the last case again both synchronous and one in- 

duction machine together result in a decrease of the total order of differential 
equations by 13; the remainder, 12, refers as before to the transmission line. 
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THE INDUCTION LAW FOR AN ELECTROSTATIC MACHINE* 

A.A. BAL’CHITIS 

(Received 19 December 1956) 

Introduction 

The fundamental equations of the classical theory of electrodynamics, the first 

and second equations of Maxwell point to two possible methods of conversion of 

mechanical into, electrical energy. For example, by the first equation of Maxwellt 

Bs, a aD 
curlH=yFE a (1) 

such a conversion is possible when an electric field changes with time, i.e. by 

mechanical action on the electric field it is possible to obtain the magnetic field 
connected with it in space. 

According to the second equation 

ae 0B 
= - 2 curl F a (2) 

it is possible to obtain an electric field by changing the magnetic field associated 
with it. 

The second equation of Maxwell was the generalized form of Faraday’s ex-_ 

perimental law of electromagnetic induction, viz. 

Ee Baw, ) (3) 

which was discovered in 1831 and forms the basis of the design of a large variety 
of electric machines, covered by the general term “electromagnetic machines”. 

Machines working on the principle of a mechanical change of an electric 

field (Maxwell’s first equation) are not nearly so widely used; they are known as 

electrostatic machines. These machines are used for obtaining high and very high 
voltages for research purposes. 

For a long time electrostatic machines did not find practical uses. The suc- 

* Elektrichestvo No.7, 11 — 14, 1957 [Reprint Order No.EL 33]. 

' All equations are given in terms of the absolute practical rationalized system of units. 
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THE NOMOGRAM FOR DETERMINING PROTECTIVE 

ZONES OF LIGHTNING CONDUCTORS * 

L.M. LOPSHITS 

(Received 24 April 1956) 

This nomogram supersedes an earlier one (Elektrichestvo, No. 10, 1947) and is deemed 
necessary because of the distinction made in the latest instruction book on overvoltage 
protection of electrical installations for 3 - 220 kV (Gosenergoizdat, 1954) between the 

formulae for lightning conductors up to and above 30 m. 

The nomogram is constructed for single and double lightning conductors up to 150 m 
using an emphirical formula based on laboratory test results and on the assumption that 
orientation of the lightning stroke onto the lightning conductor takes place at the height of 
H = 600 m (for an open country). 

The use of the nomogram is explained with three examples. 

That part of the latest Code of Practice on protection against overvoltages | 1] 
which deals with protection against direct lightning strokes is based on laboratory 

_ investigations carried out at the V.I. Lenin All Union Electro-technical Institute, 
and differs from the earlier edition of the Code [3] in that in it a distinction has 
been introduced between the formulae for rod lightning conductors up to 30 m high 
and above 30 m high. Thus, the earlier nomogram for determining protective zones, 

constructed for lightning conductors up to 60 m has become obsolete and now may 

be uséd only for lightning conductors up to 30 m. 

Figs. 1 and 2 give curves constructed from the data included in [2] which des- 

cribe protective zones of single and double lightning conductors respectively. The 

geometrical sense of the parameters of the protective zone a, h, ha, hy, bx, and rx 

is clear from Fig. 4; by H is denoted the height at which orientation of the light- 
ning channel onto the lightning conductor takes place for open country. 

_ For taller lightning conductors, h > 30m, H was taken as 600 m, and for 

shorter lightning conductors, h < 30 m, the constant ratio of H/h = 600/30 = 20 was 
taken. It should be mentioned here that the Code of Practice does not set definite 

limits within which its recommendations are valid but merely states that the value 

of H= 600 m can be used for “very tall lightning conductors”. 

The curves given in Figs. 1 and 2 can be applied in these cases when the 

height of the lightning conductor does not exceed 150 m (H/h = 4), which corres- 

* Elektrichestvo No. 7, 76 — 78, 1957[ Reprint Order No. EL 39], 
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ponds to the greatest height of chimneys built in power stations. 

With the above value assumed for the height at which orientation of the light- 

ning channel takes place, the following empirical expressions can be written for the 

relations represented on Figs. 1 and 2. 

r 1.6 
- py (A); a he | a 

1.3 b, \i4 
ia V '-(#) *po(h), (2) 

where p,(h) and p,(h) are coefficients depending on the height of the lightning con- 

ductor ( Fig. 3). 

It should be noted that in order to simplify calculations the following assump- 

tion is made in the Code of Practice *; pi(h) = p,(h) = ph), 

where p (h) = ae (for h => 30 m). 

The relation p(A) is shown in Fig. 3 by the curve drawn in a broken line. 

Eliminating r, from (1) and (2) one gets the following formula for the double 

lightning conductor: 

( b,. 1.4 , h, \1-4 ( a 7: 1=0 

im) x( + =) - Tha-pr(h)/ 

which if a = 0, becomes also valid for the single lightning conductor. 

The calculation of the lightning conductor height using this formula is lengthy | 

and tedious; the present nomogram (Fig. 4) removes this disadvantage. The follow- 

ing examples explain the use of the nomogram and illustrate its scope. 

Example 1. The given object has the shape of a parallelepiped with the base 48x 48 

m? (by = 24 m) and the height 15 m. It is located between two lightning rods 49 m 

high in such a way that a line drawn through the centres of the lightning rods co- 

incides with the axis of symmetry of the object. It is required to verify that the ob- 
ject is protected if the distance between the lightning rods is 60 m. 

Place one point of a pair of dividers at the point a = 60 m on the abscissa (the 
scale of centres). Bring the other point to by = 24m on the ordinate. Keeping the 

first point unmoved and without altering the distance between the two points place 

the second point on the curve h, = 15 m. 

Through this point of the nomogram the curve hq = 32 m also passes. Thus, the 

necessary height of the lightning conductor is h = hy + ha = 15+ 32= 47m. There- 
fore, with h = 49 m the object lies within the protective zone of the lightning con- 

ductor. 

* There are errors in Figs. 4 and 5 of the Code. Instead of hyx= 0.7h and hx = 0.9h it should 

be hy = 0.6h and h, ~ 0.7h respectively. 
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The nomogram can also be used in a 
different way. Set the dividers to the dis- 
tance between the point a = 69 m and the 
point of intersection of the curves 

hy =15 m and hg = 49 - 15 = 34m. With 

this distance as radius and with point 
a= 60m as the centre determine the point 
at which the ordinate is intersected; this 

is seen to be at by = 25 m. It follows then 
that the given lightning conductor would 
protect an object for which by = 25 m. 

K'xample 2. Determine the necessary active 
height of a single lightning conductor 

placed in the centre of a structure having 
a cylindrical form with the diameter 40 m 
and the height 6 m. 

With radius equal to the distance from 

the origin (a = 0) to the point ry, = by = 20m, 

determine the point of intersection with 

the curve hy =6 m. The curve hg= 16m 

which also passes through this point gives 
the desired value for the active height of 
the conductor. 

Example 3. Find the radius of the protec- 

tive zone at the level of h, = 26 m fora 
single lightning conductor 120 m high 
placed on the chimney of a power station. 

With origin as centre and radius equal 

to the distance from the origin to the point 
hx = 26 m on the curve for h = 120 m, de- 

termine the point of intersection with the 

ordinate; this is found to be by = ry =59.5m, 

which is the required value for the radius 
of protection. 

The nomogram has been constructed on 

the assumption that the distance a between 

two lightning rods is given, which is norm- 
ally the case in practice. In these excep- 

tional cases when the distance is to be 
determined, it may be quickly found using 
a simple geometrical construction. 

From the middle of the line joining the 

given points by (on the ordinate) and hg 
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FIG. 4, The nomogram for determining protective zones of rod lightning conductors. 
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and hy (the intersection of the corresponding curves) drop the perpendicular on the 
scale of centres. The point of intersection with this scale gives the required dis- 

tance between the two lightning rods. 

In conclusion it should be mentioned that the Code of Practice considers but 

in a small degree the critical observations regarding simplification of the contour 

of the protective zone L5]. In the present edition of the Code it would be desirable 
to approximate the curvilinear generatrix of the “cone” of the protective zone by a 
number of straight lines. This should considerably simplify graphical constructions. 
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On 400 kV transmission lines with a solidly earthed neutral, we have to expect 

mainly single-phase short-circuits to earth. As opposed to the lines with lower 

voltages, the restoring of the electric strength of the path of the arc after switch- 

ing off the phase becomes more difficult on 400 kV lines because of appreciable 

influence of the current at the point of damage caused by capacitive and electro- 

magnetic connections between the disconnected phase and the working phases. 

The supply current which will flow at the point of the fault, after automatically 

switching off the faulty section of the line, will sustain the electric arc for a cer- 

tain time. The next reclosing can be done only after the extinction of the arc and 

restoration of the electric strength. This circumstance not only defines the plac- 

ing of protective relays but also exerts an influence on the total lay-out of switch- 

gear on the 400 kV lines. In particular, the problem of connecting shunting reac- 

tors directly to the line or through the circuit-breakers is strictly connected with 

the extinguishing of the sustained current arc. Several works are known dealing 

with research on the sustained current arcs [1-5]. Nevertheless, they do not give 

a clear idea of the range of sustained currents, for which it is possible to use. 
q 

single-phase automatic reclosing. As a result of these works, it is assumed that 

the extinguishing of the sustained current arc is possible for the currents of the 

order of 12-15A. 

Research into powerful open arcs, carried out by the C.S.R.E.L., has shown 

that an electric arc is capable of self-extinction even for currents of a few hun- 

dred ampres, if the conditions exist for a substantial increase of its length [6]. 

On this basis the investigations of the sustained current conditions were under- 

taken. Experiments on a 6 kV model have shown that the extinction of the sus- 

tained current arc for gradients of 5-15 kV/m occurs for currents up to 75-100 A, 

and experiments on a 220 kV grid 750 km long have shown the possibility of 

* Klectrichestvo No.1, 19-25, 1958 [ Reprint Order No. EL 43). 

yA | 



9g Arcing short-circuits on 400 kV transmission lines and methods of dealing with them 

extinction of the sustained current arc in the real conditions for currents of 30 A, 

[7]. Further experiments have been carried out on the 400 kV line from Kuibyshev 
Hydroelectric Power Station Moscow. The results are given in this article. 

The values of the sustained currents and the restoring voltages at the place 

of flash-over determine to a considerable degree the time of burning of the arc. 

In considering various separate cases, used for calculations, it is necessary 

to bear in mind that in the case of a single-phase automatic reclosing, the phenom- 

enon of the sustained current is conditioned by the presence on the sound phases 

of the voltage of industrial frequency and of the working current, and, in the case 

of three - phase reclosing, by the presence of voltages varying in time on the sound 

phases during their capacitive discharge into the earth. 

If a voltage transformer is connected to the 400 kV line, then the discharge of 

the line into it will have an aperiodic character. For a.section of the line 200- 

500 km long the time constant of the aperiodic discharge is about 0.01 sec. The 

process of the discharge will be practically finished in 0.05 sec and will not pro- 

duce any appreciable sustained current phenomenon. Therefore, in future, there is 

no need to consider this case. If the voltage transformer and the reactor are con- 

nected to the line, then the discharge process will be determined by the ratio of 

the capacitance of the line and the parameters of the reactor, in so far as the 

resistance of the reactor is smaller than the resistance of the voltage transformer 

by a few orders of magnitude. In this case, there will be an oscillatory discharge, 

and the constants of the discharge process will vary according to the length of 

the disconnected section. These constants are calculated by known formulae. 

The data, necessary for calculations of the amplitude values of the discharge 

current, proper frequency and time constant of discharge as a function of the 

length of the 400 kV line, are given in Table 1. 

TABLE 1] 

Values for one phase 

Element of the | Resistance | Inductance Phase capaci- 
Mutual inter- 

electro- of the of the tance with Interphase 
oak Ue = A phase induc- 

transmission positive positive taiioe respect to capacitance 

sequence sequence earth 

-R (Q) L @) M (ff) Co uF) C, UF) 

Line (for 1 km) ee 0.93 x 10° | 0.86 x 10° 8.6 x 10° IB Sc 10" 

Shunting 
reactor 

As can be seen from ties eraphs on Fig.1, the values of the parameters character- 

izing the discharge.of the line in relation to the length of the section vary rather 
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considerably. Nevertheless, the current of discharge and its proper frequency are 

of the same order as the working current of the 400 kV line and its working fre- 

quency. 

FIG.1. The values of the amplitudes of the dis- 

charge current/,,, time constant of the discharge 

7 and the proper frequency fo at the discharge of 

the line through the shunting reactor as a func- 

tion of the length of the disconnected section. 

The time constant of the dis- 

charge 7 is equal to a fraction 

of a second; therefore we have 

to reckon with the fact that the 

voltage on the sound phases of 
the line and the discharge cur- 

rent will maintain sustained 

current conditions at the faulty 

place through the disconnected 

phase for 1 sec or more. 

Thus, calculation of the sus- 

tained currents and of the re- 

covery voltages should be done 

for two cases: switching off 

one phase and switching off all 
three phases in the presence of 

areactor. The general formulae 

for these quantities are deduc- 

ted on the basis of the simpli- 

fied circuit of the line element with distributed constants, as shown in Fig.2. In 

this diagram, two sound phases are replaced by an equivalent single phase, the 

voltage along it being assumed constant. This assumption enables us to exclude 

consideration of the inductance and the resistance of the equivalent phase. The 

mutual inductance between the sound phases and the disconnected phase of the 

section is accounted for by the introduction into the faulty phase of the c.m.f. of 

the mutual inductance. 

The differential equation of the line element 

has the following form: 
« 

_- or = joLi + joMl,. 

es (1) 
ae ap = foChU + —U, jo, 

where U4 == (),5 Ur; Ly = lf; C = 2C,; 

Us and [4 are the voltage and current in the 

phase equivalent to the two sound 

phases; 

Ur and If are the voltages and currents in the 

sound phases; and 

eSBs Op | 

FIG.2. The diagram of the 

element of the line with dis- 

tributed parameters for the 

calculated example. 
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U and / are the voltage and current in the disconnected phase. 

Solving simultaneously the equations (1) for the section of the line of length 

l, we have: 

U,=U,chyl—1Z, shy +U,, = chy) = Le a sh yl; ¢ 

jon Cah bane 2 hai hae z(t —chyd), 

uel a=—w LC; y=joVL(C,+C); - “ 

U, and [, refer to the beginning of the section; and U, and in refer to the end of 

the section. 

Let us divide the section of the line in question into two parts: X and /-X. 

Let us establish for each of them the boundary conditions: 

For the beginning of the part X: U = U,; 1 =0; for the end of the part X: 

vs Uy; b= ly; for the beginning of the part / —X: U= Uys ie! ly’; for the end | 

of the part J —X: i U,; [=0; At the junction of two parts: Uy = Uy’; ly = ly, 

Using equations (2) and the boundary conditions we get the following expres- 

sions: for the recovery voltage on the disconnected phase 
a = Esite 

M cosyx 1|—cosy(l—x) 
epee 8 BaeRR ENED a A gee i 4. PeGere te ok be 

A A Fg ope oo EE al 
= Gore & V L(Cy+C) tan yx —tany(1— x) 

a Sane ie 
for the magnetization current 

| ees: ‘s : : cit gee ; M cos y¥(l— x) — cos yx 

‘ di y L(Co+ C) bala Aare 3 I, L  cosy(l—x) cos yx 

As can be seen from formulae (3), voltage Uy and current hy have two components: 

the first of them depends on the voltage on the sound phases and is due to the 

capacitive connexion between sound and faulty phases, and the second depends 

on currents in the sound phases and is due to the mutual inductance. 4 

On the basis of data given in Table 1, we obtain the distribution of the com- 

ponents of the recovery voltage and of the sustained current for different lengths 

of the disconnected section of the line in the case of an automatic single-phase 

reclosing after break. The value of the current /4 is assumed equal to 700A. 
a Hee 

The plotting of graphs of distribution in Figs 3 and 4 is done in such a way 

that the ordinate axis corresponds to the middle of the disconnected section, and 

the variable coordinate to the faulty place. 

From graphs in Fig. 3 and 4, it is seen that the capacitive component of the 

recovery voltage does not vary along the section; we can also assume that the 

capacitive component of the sustained current remains constant along the section. 
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Inductive components of the sustained current and of the recovery voltage are 

equal to zero when the short-circuit occurs at the central point of the section, and 

for short-circuits at the ends of the section they have maximum values. The induc- 

tive component of the voltage has a positive value when the short-circuit occurs 

at one end of the section, and a negative one when it occurs at the other end of the 

section. The value of the resultant of the inductive and capacitive components 

depends upon the angle between the current, which produces them, and the voltage 

on the sound phases; the maximum value of the resultant also occurs at the end 

of the section. 

The above method may also be used for calculations of the sustained current 

and of the recovery voltage in the case then a shunting reactor is connected at the 

end of the section of the line. Since, however, the maximum values of these 

quantities are of primary importance, we give below the formulae for calculations 

‘in the case when a short-circuit occurs at the end of the section opposite to that 

where the shunting reactor is connected. The boundary condition for this case 

will be: at the end of the section in which the fault occurred U= Ug; I=0; at 

the end of the section with a reactor U = Lj Xn’ I=T, where Xp = aL, — inductive 

reactance of the reactor. 

FIG.3. Capacitive U, and inductive Uj com- 
ponent of the voltage on the disconnected 

phase (in the absence of the reactor). 

FIG.4. Capacitive J], and inductive /j7 com- 
ponents of the sustained fault current when 

one phase is disconnected (in the absence 

of the reactor). 

Using equations (2) and the boundary conditions we get: 
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Zz ) Here, the recovery voltage 
sin y/ — —£ (1 — cosy) : . C q ¥, and the sustained current | 

U,=U, Coy Se gee also have two components 

sin yl — > cos 4 each, one of the com- 

: 7 ponents being capacitive i 

fF 1—cos yl aie"y sin yl and the other inductive. 
° Pp E 

radia VLC) 40) Slater ye “nc a For calculation of the 

sin yl — Eh i resultant values of the ¢ 

‘ (4) current and voltage, des- 

sin yf — —£ (1— cos jl) pite the previously assum- 

= ae jU, eee) SEs eee e/a a ed values of different 

V L(Cy + C) parameters, cos ¢ of the. Le | 
cos yl — 5 sin yf nah 

p transmission was taken 

Z equal to unity, which 
1 —cos yl + — sin yl : ’ : | 

] x, approximately corresponds 

a AL a to the conditions of normal 

cos yl ++ oe sin yl power. Fig.5 shows the 

results of calculations for | 

the cases when the reactors are present and when they are absent. 

I In the case of a single-phase automatic reclosing after the break and in the 

absence of a reactor, the recovery voltage varies within the limits 30-60 kV 
according to the length of the section. 

In the case when a reactor is present, 

its inductance and interphase capaci- 

tance appear as if connected in series; 

because of this, voltage resonance is 

possible, and, hence, a considerable 

150 increase of voltage on the faulty phase. 
Fiquating to zero the denominator of one : 

of the terms for the voltage (4), we find 

100 that the resonance occurs for the length 4 

of the section 
1 ye Go pea ee een 

50 res VEC +6) Ly 
Calculations show that /,,, = 290 km. 

Although, in fact, resonance over-volt- 
0 1” i oe : ; 

00 = 200 = 300 = #00 (km) age is limited by the saturation of the 
FIG.5. The sustained current and the reactor and the discharge, nevertheless | 

recovery voltage on the disconnected jt is necessary to reckon with a con- | 

phase for a point of the end at the  .: derable increase of voltage. In the 
section: (a) one phase disconnected, 
Te cigs aieene a iimeneaonase Geena. Phe ne” of a reactor, the sustained 

nected, reactor present; (c) three current also reaches a considerably 

phases disconnected, reactor present. higher value than in its absence. 
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In calculating the sustained current and the recovery voltage for conditions at 

the three-phase automatic reclosing after break, the values of the discharge current 
and of the proper frequency of the discharge for each length of the section were 

taken in accordance with graphs in Fig.1. Voltage on the sound phases was 

assumed to be equal to the nominal, the damping of the discharge current was dis- 

regarded, angles between vectors of the discharge currents and voltages of the 

sound phases were taken equal to 90 el. deg. The results of calculations are 

given on Fig.5. The sustained current was a little smaller, and the recovery volt- 

age bigger than for conditions in the case of a single-phase automatic reclosing in 

the absence of a reactor. The sustained current in the case of a single-phase 

automatic reclosing in the presence of a reactor was approcimately equal to 0.3 

A/km, and in the same case, in the absence of a reactor, to 0.2 A/km. In the case 

of the three-phase automatic reclosing in the presence of a reactor, the current 

equalled 0.1 A/km. 

The diagram of the 400 kV line Kuibyshev - Moscow, during the experiments 

carried out by the C.S.R.E.L., is shown on Fig.6. Wind during these experiments 

was weak. 

110 kV 
Kuibyshev 

Eastern Ypy- 3 fp-2 Yp-1 hydro-electric 
substation _ station 

FIG.6. The diagram of the 400 kV Kuibyshev - Moscow line during the 

experiments with extinction of the sustained faulty current arc. 

Arcine short-circuit on the group of insulators of the suspension type was produced g group P yp P 

by means of a copper wire of 1 mm? cross-section. After fixing the wire, all three 

phases were switched on and the arc was struck. 

The damaged phase was disconnected by a breaker after 0.14 sec, and after 

this, the sustained current arc remained. The voltages of all three phases, the 

current of one sound phasé, the short-circuit current and the sustained current 

were recorded by a magneto-electric ossillograph. The photographs of the arc 

were taken by a cine-camera at the rate of 32 frames/sec. Cine - frames of the 

experiment on the section of the line 815 km long, in the absence of reactors, are 

given in Fig.7, and the oscillograms of this experiment in F'ig.8. 

During the short-circuit stage, the arc on the film appears as a luminous cloud; 

later the luminous gases, surrounding the arc disperse and the patch of the sus- 

tained current arc can be clearly seen; this path gradually becomes longer, bend- 

ing sideways and upwards, at the expense of thermal forces of the previous short- 
circuit and due to its own thermal effect; after this comes extinction. 
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FIG.7. Separate cine-frames of the single-phase short-circuit with the following sustained 
current arc: (a) short-circuit arc; (b) the sustained current arc before the beginning of 

extinction; (c) cooling of gases after extinction of the sustained current arc. 

current 

b) 

FIG.8. Oscillogram of the experiment (a) and the graph of the resistance of the path of 
the arc (b) on the single-phase short-circuit and switching off one phase. 1 — voltage of 

the “ yellow” phase Uy. II —current of the *yellow” phase /,. IIl— voltage of the “green” 

phase U,. IV — voltage on the arc (of the “red” phase) U,. V— current /,,. VI—_ short- 

circuit current /,p (1) the beginning of the short-circuit; (2) connecting of the sound 

phase with a delay; (3) switching off the “red” phase (the end of the short-circuit). 

As can be seen from the oscillogram in Fig.8, after switching off, the sustain- 

ed current flows through the discharge channel; the current gradually decreases _ 

with the lengthening of the channel and the voltage increases on the arc gap. The 

resistance of the path of the sustained current arc, whose graph of variation is 

plotted using the oscillogram data, shows a steady increase during the whole pro- 

cess. This arc dies away due to the steady decrease of current caused by the in- 
creasing resistance of the path. This process of extinction occurred in-all experi- 

ments and is typical for the sustained current arc. The extinction of open power- 

ful arcs occurred in a similar way in all the experiments performed by Burgsdorf 

[6]. In a few cases in these experiments, single restrikes may be observed, these 

being peculiar to arcs in capacitive networks. 

The oscillogram of the experiment on switching-off all three phases on a sec- 

tion of the line 117 km long, without a reactor, is shown in Fig.9a. In this case, 

the discharge of the sound phases of the line and the sustained current correspond- 



Arcing short-circuits on 400 kV transmission lines and methods of dealing with them 35 

‘ing- to it have an aperiodic character. The discharge lasts only 1.5-2 periods of 

industrial frequency; therefore, reclosing with a delay of 0.3 sec proves successful. 

The oscillograms of the experiment on switching off all three phases on a 

» section of the line 635 km long with the reactor are shown in Fig.9b. In this case, 

the discharge of sound phases through the reactor, after they have been switched 

off, proceeds at a frequency of 31 c/s per sec and with small damping, and this 

agrees with calculations. The curve of the sustained current has an irregular 

9? shape, and the extinction of the arc occurs during 0.2 sec. The reclosing after 

0.3 sec also proves succesful. 

Table 2 shows the results of the experiments carried out on the line from 

Kuibyshev to Moscow. The experimental values of the sustained current are 

taken after the first half period after switching off the short-circuit, and the volt- 

age on the disconnected phase is taken at its established value. 

In all experiments, the short-circuit current was equal to 2.000 A, and the 

time of short-circuit 0.14 sec. 

5 a ye a aT 
of e °3 4 : 5° \ 6 
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FIG.9. Oscillograms of the experiments with the three-phase switching off and reclosing. 
(a) section of the line with a voltage transformer; (b) section of the line with a voltage 

transformer and reactor. I—voltage of the “yellow” phase U,; [I] —current of the “yellow” 

phase T,; [l—voltage of the “green” phase U,; IV —voltage of the arc (of the “red” 
phase) w: V —current /,,; V1—short-circuit current /,,. (1) the beginning of the short- 

5 circuit; (2) reclosing of the sound phase with a delay; (3) switching off the “red”. 

phase (the end of the short-circuit); (4) switching off the “yellow” and “green” phases; 

(5) reclosing of the “red” phase; (6) reclosing of the “yellow” and “green® phases. 

4 The data of the table show a satisfactory coincidence of calculated and measured 

values of the sustained currents and recovery voltages on the disconnected phase. 

Experimentally obtained values of the times of arc extinction in relation to 

the sustained current for a single-phase automatic reclosing are plotted in F'ig.10 
as dots. As can be seen from this graph, these points show a considerable disper- 

sion, due to the characteristic instability of the arc. 

It is necessary to point out that the experiments were carried out on the line 

without load, and without the sustained current component, due to the inter-phase 
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mutual inductance. If 
TABLE 2 ; 

the experiments were 

Capacitive com- on carried out on the line 
f the: a 0 ; 

i Et valve 3 0 with a normal load, the 
Yn | Ga — = 

£ Voltage on ot OY sustained current would 
Length a. the discon-| ©28taine wo 

Kind of ce ¢ nected |. current) .8 4 have been greater. 
° (A) ES experiment line w phase (kV) 5 & : 2 

(km) 5 ———|—5 2 3 Taking into account 
P3) Me) o O re) ; : 
: < 5 | 8 | § | ee the maximum durations 
% 3 wo 3 a ; & g ° ° 

Oe home a se<2).. Oo Lg @ of time for arc extinc- 
ws w : ; ‘: 
Ole OL tion and considering an 

Single phase A.R.| 117 a. 93 | 28 | 15 | 17 | 0.05 additional interval of 
vas bg) 2 earn 28 28 40 38 0.26 ‘ 

Res 'g i ce a a } 98 | 28 | 40 | 38 | 0.34 time of the order 0.05 
hing hoe a eae j 40 | 38 | 0.38 
ert pt | ae 40 | 38 | 0.59 sec, necessary for the 

: 0.2 Be hse ee estes lee ee gis recovery of the electric 
ite ners ha 03 | 28 | 67 | 62 | 0.40 
ee med a 815 298 98 82 80 | 0.35 strength of the path 

» oie AS a a 4h after the arc extinction, 

E tad 29 2 39] 100 92. 95 95 0.22 we can assume, aS an 

¢ a4 9: ° ° 

AN Te aero a a8 = ce a ee approximation, that the 
” Wey a Me ee Tee S Y,G,R 

Fe RM Bao a eee e 4 u be ae sustained current and 

CS eS 635 45 | 50 | 47 | 45 | 1-88 Wee dee ation it the 
hree ph .R. ae a, eel ee : 
2 cA facie He way rae eee ere ek currentless interval for 

Ree al. eat oe 2 | 0.1 
J Ses agai 2 ee ae ee ee ms os “ee the single-phase auto- 

Bag — Baltes ope a Salads a oF eae matic reclosing of the 

line without a reactor, 

* Reclosing succesfully done after 0.3. sec. are linearly dependent 

“ek 9 ” ed ° 0.27 sec. ; . : 

tsel: & " Monee ee ke (straight line on Fig.10). 

Therefrom we can de- 

rive the relationship between the currentless interval and the length of the discon- 

nected section, if the relationship between the length of the section and the sus- 

tained current has been determined earlier (see Fig.7). The corresponding approx- 

imate formula is 

tstay = 0.003 ! 

where tgr,, is the necessary currentless interval for the single-phase automatic re- 

closing (sec) and / is the length of the section (km) 

With the reactor, which causes an increase in the recovery voltage, the neces- 

sary currentless interval will be appreciably longer than that obtained by formula 

(6). 

In conditions approaching resonance the sustained current arc may remain 

unextinguished. 

So far as the 400 kV line from Kuibyshev to Moscow is concerned, such con- 

ditions may occur on the section between the switching points 3 and 2, of length 
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274 km, and on the section between switching points 2 and 1, of length 244 km, if 

resonance occurs, as was found earlier, on the length of the disconnected 290 km 

section. 

4 The resonant increase of the voltage on the disconnected phase can be danger- 

cus for the insulation of the connected transformers and for the shunting reactor. 

The real value of the over- voltage may be found only experimentally. 

For the successful use of the single-phase automatic reclosing on the sections 

/ considered of the line from Kuibyshev to Moscow, it is possible, for the single- 

phase short-circuit, to switch off the shunting reactor simultaneously with switch- 

ing off the faulty phase. In designing 400 kV lines it is necessary to choose such 

distances between the switchgears that the conditions for the resonant increase of 

voltage should not arise when switching off one phase. 

If the shunting reactors are sufficiently reliable and damage to them is less 

probable than serious damage to the line itself, excluding the possibility of its 

reclosing after break, then we can omit the breaker in the network of the reactor. 

For the three-phase automatic reclos- 

(sec) [7 ing with a reactor, the durations of arc 

Wa extinction show a considerable disper- 

Pe sion, but the maximum duration does not 

15 ‘ 4 exceed 0.2 sec. Therefore, in this case, 

/ we may successfully use the so-called 

a | "4 quick-acting automatic reclosing, for 
which the interval is determined by the 

time of the separation of the arc break- 

05 ing contacts of the air breaker and their 
consequent reclosing, this time being 

equal to 0.27-0.3 sec, as it was during 

| the performed experiments. 
2 OO eA): S | a 

b In the conditions of dynamic stability 

FIG.10. Experimentally found durations of the electro-transmission it is desir- 
of the arc extinction in relation to the 

duvtcan able that the currentless interval for the 

© — on the section of the line without three-phase automatic reclosing should 

i a reactor, © — on the section of the be very small. Nevertheless, the further 

line with a reactor. decrease of the interval of the quick- 

acting automatic switch-on is inadmis- 

sible with shunting reactors, since the relation between the maximum time of the 

burning of the sustained current arc (0.2 sec), and the maximum interval (0.3 sec) 

had a limiting value in the experiments. For deionization and the recovery of the 

electric strength of the path of the arc only 0.1 sec is left. 

If, simultaneously with the disconnection of the three-phases of the line, we 

disconnect the three phases of the shunting reactor as well, then the interval of 
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the quick-acting automatic reclosing will not be limited by the sustained current 

arc. In this case, the duration of the pause will be determined by the time of de- 

ionization and of the recovery of the electric strength of the path of the short- 

circuit arc. According to the published data, this time does not exceed 0.2-0.25 

sec for a large range of short-circuit currents. Taking into consideration that for v 

the 400 kV Kuibyshev - Moscow transmission line, the three-phase short-circuit ) 

current varies within the limits 1-10 kA, the reduction of the interval of the quick- 

acting automatic reclosing, the reactor being disconnected, may be brought down ‘ 

to the value of 0.25 sec. The possibility of the further reduction of the interval 

should be confirmed by additional experiments. 

It is necessary to point out that on the section of the line between Moscow 

and switching point 3, where the reactor is absent, and the extinction of the sus-' 

tained current arc takes only 0.05 sec, we may successfully use the single-phase 

quick-acting reclosing. 

In conclusion it is necessary to point out that the effectiveness of the auto- 

matic reclosing on the 400 kV lines, judging from the experience gained from the 

exploitation of the 154 kV and 220 kV lines, having analogous electrical and 

mechanical characteristics, should be high. According to CSREL data, for the 
period from 1945 to 1954, on the lines with steel cables and the protective angle 

of 20° or less, there occurred about seventy cases of break - down. Damage due 

to lightning did not occur. 45 per cent of break-downs were of short duration (dirt, 

damp insulation in marshy regions, various deposits), and in 55 per cent of cases 

the break-downs were due to serious and lasting damage, followed by the conduc- 

tors falling to the ground. It follows that approximately half of the short-circuit 
cases may be handled without prolonged disconnection of the line. 

The authors wish to thank V.V. Burgsdorf for his valuable advice and help 

given during their work and colleagues who participated in the experiments. 

Translated by S. Szymanski 
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REAL POWER AND IMAGINARY POWER 

IN ALTERNATING CURRENT CIRCULTS 

C. Fe ESTWICK. 

_ Member AITEE 

In examining the theory of power as presented by different writers on the subject there 

appear to be certain differences in their theories which make the subject difficult to 

understand. Instead of attempting to reconcile these differences it was decided to make 

an independent investigation of the subject which has resulted in the development of the 

theory of real power and imaginary power as described hereine 

Instead of attempting to make an intensive study of the literature on the sub jest 

it was deemed sufficient to refer to three leading contemporary authorities. 

(1) One authority sates. | 
"If we multiply the remese current by the a deepak @emef. at standard 

phase, we obtain the vector power diagram." | | 

(2) The second writer states: 
"The symbolic expression of the power vector is éhtained by, multiplying — 
the EMeF. vector by the conjugate of the. current vector." 

(3) A third writer states that the algebraic present, of the E.MeF. and the 
current does not give the power. | 

He then further states, 
"the double frequency vector product seactie more than the mere power, 
by giving with its two components the true power volt-eamperes, or ‘ 3 
‘effective power’, and the wattless volt-amperes, or ‘reactive POWer: © 

Although each of the three writers have a different method of solving the problem, 
they appear to be in agreement in regard to power in the steady state condition, which 
is the most important case to consider; but they are not in agreement as to what imag- 
inary power really is and only one of the three describes imaginary power, or reactive 
power as it is sometimes called, under instantaneous conditionse | 

(1) In regard to imaginary power the first writer states: 
"The imaginary component is the reactive power, or the maximum cyolic rate 
of transferring energy from the mains into the mene flux of the a0tt, 
and back again." 

"The energy of active power is spent outside the sipausts but the energy — 
of reactive power is loaned to the circuit during one half of the energy 
syste and returned from the cireuit to the source. during the other. half." 

| (2) The second wrtee does not mention "Reactive Power" but, in summing up his 
. discussion,. states: 

“Hence the effective power w(= El cos #) 

is Ww. =£ 4 se Foleo 

and the aoe imaginary coe (El $1 n é) 

= ta OE.” ee eee 

Se 

5 

2 

(3) The third dine has stated as quoted above that 

‘=Cer) 
is "the wattless I or reactive power." 

Later on he states as follows: 
"In an induction motor, for instance, the torque is -------- the product 
of the secondary current into the component of generated e.m. . in 
quadrature therewith in time and space. 

“ Thus, if 

at a Oe | | E'=e+Je = generated e.m.f. in one direction in space, 

L=1 af j {= secondary current in the quadrature iekeick 

D=|E jie = e/— Aj“ 

By Ri: e pylon the torque is given in watts, the meaning being that 
Zi is the'power which would. be exerted by the torque at 

| eyachab bo s speed, or the torque in synchronous wea 

in space, 

the torque is 

It is interesting to note that. the expression of torque, = e ne J 
and the expression of power P=/E ||", are the same in charac er, but the 
former is imaginary, the latter She real component... Mathematically, torque 
in synchronous watts, can be considered as imaginary power, and inversely. 7 

The theory of imaginary power “@énerivea in the. latter case is not the same as 
that proposed by the first author in which imaginary power is referred to as reactive 
power. The average of the instantaneous values of reactive power taken over one or 
more complete cycles is zero. This is not the same kind of power as that in the 
latter case in which imaginary power is described as being the kind of power that 
gee opera an induction motor. , 

Prom @ summary of the results of this investigation the conclusion reached is 
that imaginary power is derived from a mathematical theory but it is entirely fictitious 
and has no physical existence. This does not mean that it is unimportant. The imp— 

ortance and usefulness of the theory of imaginary power has been demonstrated in the 
solution of power problems under steady conditions. 

E.M.F. ‘AND CURRENT 
IN AN INDUCTIVE CIRCUIT 

The E.M.F. and the crrent pales in the circuit are assumed to vary sinusoidally 
and in the steady state condition are represented by E and I which are effective or 
_©.m.s. valves taken over one or more complete cycles. In the vector diagram s shown 

in Fig. 1, Eppand Ip represent the maximom values of E.M.F. and evrrent: E =V2E 
and lm=V2 }. The vectors Ob in and Ol, rotate continuously abovt the origin in the 

_counter-clockwise direction, as indicated by the arrow, at a speed W=?2 af radians 
per second where f represents the frequency of the EM.F. and the evrrent.. When the 
vectors are in any momentary position, which may be that shown in the aeeoe, they 

can be resolved into rectangular components which represent their real and imaginary 
values. The real values are laid out on an axis of real values which, throughout this 
discussion, will be understood to be a fixed axis taken to coincide with the abscissa 

~XOX and imaginary values are the corresponding ordinates. The position of a vector 
at any instant is described by the angle it makes with that part of the horizontel axis 
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Ok on the right of the origin. The angle expressed in radians and divided by evr ¢ 
indicates the actual length of time it has taken the corresponding vector to rotate 
over the angle from the horizontal axis. As the vectors rotate the angles 53 and w 

vary in size but their relative phase displacement y=@—-Z is a constant angle Bee. 
which is positive in an inductive circuit as shown in the diagram, and neeateve £2 

a capacitive circuit. The actval values of the E.M.F. and current flowing in the 
circuit at any instant will be represented by e, and i, respectively which are equal 

to the length of the lines oa and ob, then | , cag | 

C, =Em COSB 

and 1,=Im cos Zz 
ed SE i te eet al 

The imaginary values, Co and 1 » are 

Cie sana etl. (9) | e.=Em SIND | 

and 1.= | ri $1 nz hed Woe eae lea on (4) 

POWER UNDER INSTANTANEOUS 
CONDITIONS 

: me oe power under instantaneous conditions the following symbols will be . 
mployeds | 

P, = real power 

3 E anes anes er power | 

za east ; 2 . 
Pe — a total apparent power, 

The real power, expressed in watts, is the actual power flowing in the circvit. It 
consists of two components, ome is a steady flow of power from the source of energy 
into the circuit and is the rate at which energy is dissipated in overcoming resistance 
nysterisis and eddy currents, in radiation and in the cese of a motor in supplying mean 

anical energy. This is the power that is measured with a wattmeter in the steady ae 
condition. The other component is a flow of energy that surges back and forth between 

the source of energy and the circuit. In one part of its cycle energy is Wilt vp in , 

the magnetic fields of the inductence coils in the circuit and in the other part of the 
cycle energy is released from the magnetic fields and flows back to the source. Ine 
capacitive circuit the energy flowing back and forth is due to the charging and dis- 
charging of the condensers. Imeginary power, usvally expressed in vars, 1s sometimes 

called wattless power or reactive power and will be described as the imaginary component 

of the total apparent power. Total power is the geometric sum of the other twos in the 

steady state condition it is referred to as volt-amperes. 

The theory of power, as described herein, has been developed from two equations, 

one representing real vower and the other imaginary power; both equations have been 
derived from the ection of the E.M.F. on the real component of the avrrent. ‘The real 

component of the E.M.F. acting on the cvrrent gives reel power which is described by 

the equation, : 

~----~-+------------ (5) P,=6)1,=€,, COS +i, COSY 

4 

(This equation and the curves shown in Fige 3 and also the yodkur diagram in Fige 2 

are well known). The action of the imaginary component of the E.M.F. operating on 

the current gives the following equation for imaginary power which is in quadrature > 

with real power, Jali ale 

| P= Got = ESTA cbyh Oke Moots i lots cates mae ee (6) 

Equations (5) and (6) may be written in the form, 

P= /2 Emly COS(B—Z) +2 Eg yn cO8(S+Z) 

=E1cosrtetcos@ © wrrrtcnnstencseemeeneee( 
P,= \/2 Emly sin(é—Z) +/2E 9 Tm sin (e+ 32) 

=EIsin *+E1SiNnO © camera: 

in which *= GS-3 and © =S+he 

‘STANDARD PHASE 

In the solution of problems involving the EeMeFe and the current it is usual to take 

either the EeMeFe or the current as standard phase at the moment when it is at zero or 

when it is at a maximum value but in the present case, where it is’ necessary to consider 

not only the E.MeF. and the current, but also real power, imaginary power, and total 

power in their proper phase relations, it has been decided to select as the standard 

phase, or phase of reference, the instant when real power is a maximum, flowing in a 

positive direction, and at the same time both the voltage and the current are in the 

positive direction. At this time vector o’B is in the horizontal position 0’C and the 

voltage and the current are in the positions indicated on the drawingse The curves 

in the diagrams have been drawn to standard phase assuming that the phase displacement 

Y=3 02 The magnitudes of the current and voltage have been left arbitrary. 

Should it be more convenient, in any particular problem, to change the standard 

phase this may be accomplished, after the curves have been plotted as described herein, 

by simply selecting any ordinate on the curves as standard phase and rearranging the 

horizontal scales of phase angles accordingly. This will not change the curves; they 

will still show the same magnitudesand relative phase relations although it may be 

necessary to extend the curves to show at least a full cycle of the current and voltage. 

The frequency, angular velocity and time have been eliminated from the equations 

as far as possible for simplicity. Functions of time may be substituted for the phase 

angles where it is necessary to compute intervals of time or where intergration or 

differentiation is required. In making such changes it is usually convenient to 

select the standard phase as the instant to represent zero-timee 

REAL POWER 

The vector diagram shown in Fige 2 has been drawn from Equation (7)- The length 

of the line 00’ has been drawn to represent the term EI cos% and the vector o' B= ET 

represents any position the vector might assume during its rotation about the point Of . 

The vector rotates at twice the speed of the EMF. and the current in the counter- 

clockwise direction as indicated. Angle @ describes the instantaneous position of the 

vector and is measured from OC on the horizontal axise The projection o’K represents 

the term EIcos 6 in the equation, The length of the line OK representing the 

algebraic sum of the constant term EIcosY and the variable quantity Elces © , 
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describes Pp, » the instantaneous value of real power. A curve of real 
drawn from Equation (7) and is shown in the diagram in Fig. 3 together 
and the current. The power curve oscillates about the axis aa! making two complete cycles 
during the ‘time the EeMeF. and the current make one cycle. The curves have been extended, 
in dotted lines, on the left of the zero ordinate to show more clearly that the power 
curve reaches a maximum value midway in time between the maximum values of the current 
and voltage. At this particular instant the power lags with reference to the voltage and 
is leading with reference to the current. It should be understood that the phase dis= 
placement between the power vector and either the E.MeF. or the current is changing 
continuously throughout their cycles of operation because they are rotating at different 
angular velocities. For this reason it is unusual to attempt to show the voltage and 
current in the same vector diagram with the power vectors, however, the vectors OE,,,and 
OI ,, have been drawn oor show their positions when the power vector 0 B is in the horizontal 
position OC. 

power has been 
with the EeMef. 

IMAGINARY POWER 

An examination of Equations (7) and (8) will show that they are similar in that 
the second members of both contain a constant term and a variable, in fact, the second 
members are identical except that the functions of the phase angles? and @ are 
cosine functions in Equation (7) and sine functions in Equation (8). The diagram 
in Fige 4, describing imaginary power, has been drawn in a similar manner to that 
in Fig. 2. Imaginary power is in quadrature with real Power and is laid out on the 
ordinate axis -YY.e The length of the line from 0 to 0/ represents the constant term 
Elsin * and the projections of the rotating vector 0’B on the vertical axis 
represent the variable term EISi1H © e ‘The length of the line 0Q is, therefore, 
the algebraic sum of the constant term and the variable term as expressed in Equation 
(8) and describes instantaneous values of imaginary power. ! 

A curve of imaginary power together with curves of voltage and current may be 
drawn in a diagram similar to that in Fig. 3, which describes real power, voltage and 
current, but this is not necessary because these curves are all shown in the diagram 
in Fig e 6 « ; 

VECTOR DIAGRAMS AND CURVES DESCRIBING 
POWER IN AN INDUCTIVE CIRCUIT. 

In the diagram in Fig. 2, the center of rotation os of vector 0B has been located 
on the horizontal axis but it might have been located at any point on the line ab and 
the projection of 0 B on the horizontal axis would still be the same, that is, the 
length of the line 0 K. The requirement in locating the center of rotation is that it 
must be displaced horizontally from the origin 0, or from the ordinate axis, by a | 
distance equal to 00’ represent ing Efcos? . i the same manner it becomes evident 
that the center of rotation 0 in the diagram in Fige 4 may be located at any point on 
the line de; the requirement being that it must be located vertically at a distance from 
the horizontal axis equal to 00 representing EIsin?. The gize and slope of vector 
0’B in the diagrams in Figse 2 and 4 are the same, that is, 0B is the same vector shown 
in both diagrams. 

6 

- both real power and imaginary power become zero. 

~ the other on. the circumference. 

6 

The information reg garding vector O/B and the center of rotation makes it possible 

to combine the diagrams in Figs. 2 and 4 into one diagram as shown in Hig. 5 in which 
-XX is the abscissa and -YY is the ordinate axis; | O is the origin and 0’ is the center 

of rotation of the vower vector O/B. The point 0’ 4s displaced horizontally from the 
ordinate axis by RO'=O0L=Elcos®* and is , displaced vertically from the horizontal “hl 
py OYLSEELSin 9. The length of line 00‘“=F] is the hypotheneus of the triangle OLO 
This triangle is important because it describes conditions during the steady state, Be 
will be referred to again later. The length of the line LK is the projection of the 
vector 0’B on the horizontal axis and represents the variable term in Eqvation (7). ‘The 
line OK is the algebraic sum of OL and LK and expresses the instantaneous value of real 
power. Ina similar manner RQ is the projection of OB on the vertical axis and represents 
the variable term in Equation (8). The line 0Q, which is the algebraic sum of the con- 

stant quantity OR and the variable RQ, expresses the instantaneous. value of imaginary 
powers. 

When 0'B 4s in the hori zontal meetin of C real power is Rpahlsder by OF and 
imaginary power by OR=EIsin 7% In this position of the vector, real power is at. its 
maximum value in the positive direction. When 0’B has rotated to the position Om real 
power is represented by OL=Elcosyand imaginary power by OT. In this position imag- 
inary power is a maximum valve in a positive direction. When O’B reaches the position 
S, the real power is represented by 0G which is a negative quantity that describes the 
condition where energy flows from the circuit back toward the generator. The imaginary 
power is described by OR=FISiIN * As 0’B reaches the origin and coincides with 0 0 

When 0’B reaches the position On real 
power is equivalent to OL=Elcos® and imaginary power to OU which is negative and des- 
tes the condition where imaginary poner. is a naz mum value in ee Bi arg direction. 

Referring further to Fig. 5, when o’B is in the position shown on the diagram, ‘the 
vector OB describes the total apparent power p. which is the vector sum of the real 
power OK and the imaginary power KB. At the instant referred to as standard phase the 
vector OB is in the position OC and is in phase with the voltage OB,,,the phase angle - 

being 2/2=18". As the vectors rotate the point B moves over the are of the circle CB. 

The angles BO’C and BOC both subtend the arc BC; one is at the center of the circle and 
OB, therefore, rotates at half the angular velocity of 

O’B,. that is, the total power vector p, rotatés at: the same angular velocity, and at the 
game frequency as the E.M.F. and the current. ‘It'can be shown, from the geometry in the 

diagram, that the angle AOB=% which ig. the phase angle of the evrrent. From the tri- 
angle AOB, the size of R= OB=2EIcosZ= EmlCOS When OB rotates to OA it reaches 

its maximum valve in a positive direction and as it continues to. rotate it varies in size . 
simsoidally until it becomes zero at the origin. The vector OE py then continues. to rotate 
froh the position Oe through 180°. to Offs During this time the vector Py operates around 
the circle in phase opposition to the voltage. Although this statement is correct it 
would also be correct to reverse the slope of p, to bring it in phase with the voltage 
and at the same time change its size to make it negative instead of positive. This would | 
be difficult to explain. from. the present diagram but +6 can easily. be proven algebrat cally 
in the form of: aie te quantities as follows: fs 

Aico pi iin nase Rean glee, 
PEP +jP, 

pains Viren tte from Equations (5) and (6) 

P= E nlp COS cos B +4 Emig cosiZ s S] ne 

P4= Emm cos (cos® +3 sin 2) 



--n---------=-——-=-— (10) eed 4D _ oA 
P,= Emi ycose 6" = E mln cos | L. 

(6 is the base of the natural-logarithms) - 

Equation (10) states that the slope of p isZ%, in phase with the voltage, and the 
size isEwl,cos im. The size is negative as the current Oly, in Fig. 1, operates 
over the ond and 3rd quadrants during which time the besa ok and p, operate from the 

pear tion Oe to OF in Pig. 5. “t 

Curves have been plotted in Fig. 6, from data already obtained, to describe real 
power, p, , imaginary power, Po» and total power, p,, and also the E.M.F., e,, and the, 
current, ‘ These curves have been drawn from the ‘stendard phase represented by 6=0" 
Curves P, ond Do have been drawn from the vector diagram in Pig. 5 and Py from Equation 
(10), D> & end 4, are the same curves that are shown in Fig. 3. The curves p, and po 
oscillate at twice the frequency of the E. M.F. and the current making two complete cycles 
to one cycle of. ey, i; andp,. (Cnrve p, oscillates about ab as an axis and Ps» oscillates 

about cd. Portions of the curves above OP represent positive values and those below OP. 
are negative. Curves p, and po can be compared with the discussion previously given in 
describing the vector dhacran in Fig. 5. Curve p, is similar to the curve of the current 
143 it reaches its meximum valves and zero points ‘at the same time as the Poste os NS 
points on the cvrrent CUTIVE « | 

INDUCTIVE CIRCUIT WITH 
RESISTANCE MEGLIGISLS | 

Conditions in the inductive circuit where the vent atanee is negligible are determined 
from Eqiations (7), (8) and (10). In this case the phase displacement between the E.M.F. 
and. the current +=90°. As shown in the vector diagram in Fig. 7, the center of rotation 
of O’B is on the ordinate axis ~YOY and is displaced from the origin 0 in a positive 
direction by the length 00/ which is equivalent to BI. At the time designated as the 
standard phase the, vector O’B coincides with 0’C; the current Ol» lags with reference 
to the horizontal axis ~XOX by 45° and the voltage OF yh leads the axis by the same amount. 
The total power p, is in phase with the voltage. The real power OF is a maximum in a 
positive direction and as O’B rotates the power, represented by OK, oscillates back and 

- forth indicating that there is a flow of energy into the circuit from the generator dur- 
ing One half cycle and the same amount of energy flows from the circnit back toward. the 
generator during the other half of the cycle; there is no energy dissipated from the. 
circuit. The imaginary power, represented by 0Q, is always positive and oscillates about 
the axis SC as it varies from a minimum zero to a maxiamam value 2EI=Em ly. 

A better understanding of the conditions in the circit may be obtained from the 
curves shown in Fig. 8. Ourves p, and p» were drawn from the diagram in Fig. 7. The 
values plotted in the curve p. were computed from Rquation (10). 

VECTOR DIAGRAMS AND CURVES DESCRIBING 
POWER IN A CAPACITIVE CIRQUIT 

Power in an electric circuit is determined from the E.M.F., and the current and their 

relative phase disnlacement. The principal difference between the capacitive circuit and 

the inductive circuit is that the phase displacement +}=@—-(Zis negative in the former 
circuit and positive in the latter. The diagram in Fig. 1 describes the cvrrent and — 

voltage in the inductive circvit but it may be redrawn to show the current leading with 

respect to the voltage. This will show that the Equations (1), (2), (3) end (4) ,“des- 
cribing the real end imaginary component of the current and voltage, apply to both cirentits 

: - 

| 

® 

’ 

and is drawn below the horizontal axise 

EIsin?. 

diagram in Fige lle 

a: 

and by employing the same method of reasoning as heretofore it then follows that all of 

the equations that have been given thus far may be employed in the same manner in either 

Case 

The diagram in Fig. 9 describes conditions in the capacitive circuit. 
axis is -xXOX and the ordinate axis -YOY; the gee is at the point O. The double fre- 
quency power vector 0 ‘B rotates about the point 0’ in the counter-clockwi se direction as 

indicated on the diagrams The center of rotation is displaced from the ordinate axis by 

the length ROSOL which has been drawn.to represent EL cosy and from the horizontal 
axis =-XOX by LO’ which represents EIsin? e The Line LO’ in this case is negative 

The line 0OO©E1 is the. hypotheneus of the tri- 

angle ofo’. This triangle describes conditions in the steady state in a capacitive cir- 

cuite In laying out the diagram in Fige 9 and the corresponding curves in Fig. 10, it 

has been assumed that the phase displacement im ——30° e the dimensions of the current 

and the voltage have been drawn to the same dimensions as the corresponding quantities in 

the previous vector diagramse Equations (7) and (8) describing real and imaginary power 

have been employed in the same manner as in the inductive circuite The constant term in 

Equation (7) is represented by OL =EIcos’7 and the variable term by the projection LK 

of the vector 0’B on the horizontal axis —XOX. The real power, when 0’B is in the 

position shown on the drawing, is represented by OK which is the algebraic sum of OL and 

LK. As 0’B rotates the projections are considered to be either positive or negative 

depending upon whether they are on the right or | the left of point Le In Equation (8) 

the constant term EISin?Y is represented by Lo= OR which is negative and is drawn on 

the ordinate axis ~YOY below the origin 0. The variable term is represented by RQ 

which is the projection of the vector O/B on the vertical axise The imaginary power at 

The abscissa 

this moment is 0Q, which is the algebraic sum of OR and RQ 

The rotating vector 0’B assumes the position 0’ C at the time djasanibad as the 

standard phase. 

the imaginary power is negative and equal to OR=ElsinY. At this time the phase angle 

of the BeMeoFe, OE ip is /2= —|S5 and that of the current Olney is equal to + 15° as indic- 

ated on the drawing. When 0’B reaches the position O/’m the real power isOL= El cos + 

and the imaginary power is OT which is a maximum in a positive direction. As 0’ BF reaches 

the position 0/0. bean the real power and the imaginary power become zeroe When 0’B is 

in the position o’S the real power is 0G which is a maximum in a nagative direction and 

represents the flow of energy back toward the generatore The imaginary power is OR= 

As 0’B assumes the position O’n the real power is OL=€IlcosS/ and the a 

inary power is Ou which is a maximum value in the negative direction. Total power p, i 

described by the vector OB which is in phase with the voltage. The size of the Si By ! 

varies as it rotates and it reaches a maximum value in the position QA. By referring to 

Equation (10) it can be seen thet the size of p, is positive as the vector operates from 

the position Of to Oe end neneeeme as it operates from Oe to Ofe 

The diagram in Fige 10 shows the curves of power in the ic matrige circuit together 

with the current and voltage. Curves p and p,, were drawn from the diagram in Fige 9 
‘ | 2 

and the curve p, from Equation (10). 

CAPACITIVE CIRCUIT WITH 
RESISTANCE NEGLIGI3LE 

In this case the current leads the E.MeF. and the angle of phase displacement ~=-90° 

which make it possible, in the same manner as described heretofore, to draw the vector 

The center of rotation O is located on the ordinate axis below the 

The real power OF is then at its maximum valve in a positive direction nae 
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horizontal axis by the length 00° equivalent to -El. When the vector 0’B is in the 
standard phase position O/C the real power, represented by OF, is a maximum value in 

the positive direction and the current and voltage are in the positions shown on the 
drawing; the vector p, coincides with OC and is in phase with the voltage. There is 
no real power in the steady condition and no dissipation of energy, but there is a 
surging of energy back and forth between the generator and the circuit due to the charging 
and discharging of the condenserse The imaginary power is negative and varies between 
zero and a maximum value —2DF } = —Eqip these relations are shown in the form of curves 
in the diagram in Fige ld. ; | | 

VECTOR DIAGRAMS AND CURVES DESCRIBING 
POWER IN A RESISTIVE CIRCUIT 

In the resistive circuit the phase displacement between the E.M.F. and the current 

T=6° 80 that the constant term in Equation (7) equals El and the corresponding term 
in Equation (8) becomes zero. With this information the vector diagram in Fige 13 was 
drawn with 0’ the center of rotation of the vector O’B located on the horizontal axis. 
XOX at a distance 00’ , equivalent to El, from the origin O. When the vector is in 
the standard phase position it coincides with 0’C and the real power p, is represented 
by OC equivalent toaFI=—F, lm which is at its maximum value in a positive directione 
At this time the vectors ee ed and p,, representing the E.M.eF., the current and total 
power, are in the zero phese position’and as they rotate they remain in phase throughout 
their full cycle. This is the only case in which the flow of energy is always in one 
direction flowing from the generator into the circuit; there is no storage of energy 
during the cycle and all of the energy from the source is dissipated from the circuit. 
This can be seen more clearly in the corresponding curves shown in the diagram in Fige 14. 

Although there is no inductance nor capacitance in the resistive circuit there is 
imaginary power under instanceous conditions which varies from zero to a maximum, equi= 
valent to El, in both the positive and negative directions. In this case it can be seen 
from the vector diagram and from curve p, that the mean value is zeroe From this it may 
be stated that under steady state conditions the imaginary power in the resistive circuit 
is zerode 

: 

© 

TRANSITION FROM INSTAN TANEOUS 
CONDITIONS TO THE STEADY STATE 

Real power in the steady state condition is the mean of the momentary values of | 
the real power taken over a complete cycle. Selecting Equation (7) as describing 
instantaneous conditions and taking the mean value of the second member of the equation 
this becomes, | | 

P=Elcos 7 

where P, expresses real power in the steady state. 

By adopting the same method of reasoning in regard to imaginary power and employing 
Equation (8). as representing instantaneous conditions, the imaginary power in the steady 
state, P, , may be expressed in the following equations: | | 

B=EIsin + 

: oor power E> or volt-amperes, in the steady state, is the geometric sum of 
P, an Po 

~ 

of a force. 
_ power expended in the direction in which the force is applied. 

10 
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By combining Equations (7) and (8) into one equation, 

P_= Elcosy +jEIsin?+Elcose +jEIsine 

Py= cre) E16 IO tH) =EILSCH+E LSI 2H 7. Ge Caee a eee (14) 

The first term in the second member describes power in the steady state and the 
second term represents a transient that reduces to zero under steady conditions. It | 
can be seen that the latter term is the complex algebraic product of the E.M.F. and the 
current. These relations are shown in the vector diagrams; for instance, the diagram 
of the inductive cirevit in Fig. 5, in which OOo = FIZ > andO’'B=E Zo-I1IZ v 
OB represents p=00'+-0'R In passing to the steady state the vector O/B reduces to zero 

and, at the same time, the projections of O’B on both the horizontal and vertical axes 
become zero leaving only the well kmown triangle OL0’ to describe power under steady 
state conditions. — ou . | 

CONCLUSIONS 

The theory of power has been developed from two independent Equations (5) and (6), 

the former describing real power and the latter imaginary power. 

A question may be asked as to why it was necessary, in developing the equations, 
to assume that the E.M.F. operates on the current instead of considering the current — 

to act on the E.M.F. In order to obtain a better understanding of the physical action 

involved, it might be helpful to consider a similar mechanical system. Suppose that, 

for any particular circuit arrangement, there is an analagous mechanical system in 

which the application of a mechanical force is similar to the action of the EMF. in 

the electric circuit and that velocity or speed likewise represents the current. From 

this it may be said that length in the. mechanical system is analagous to a quantity of 

electricity. Speed is a function of distance or length. If a force, in overcoming a 

resistance, acts over a certain length, in the same direction as the force, there is 

an expenditure of energy which is equal to the force times the length. The action that 

takes place is clearly dye to the operation of the force and is not due to the length 

operating on the force. To state that length operates on a force would be expressing 
an impossibility and would have no physical meaning whatever. | | 

When a force is applied at right angles to a length the product, force times 

length, gives torque not energy... The subject of torque and energy has previously | 

been discussed by C.P. Steinmetz, Here again, the force operates on the length and: 

not the length on the force. Both real and imaginary power are also due to the action 

The force is the operator in each case and the regult of the operation is 

If there is such a mechanical system which is truly representative of conditions 

in the electric circuit it may reasonably be assumed that an B.M.¥. operates on the 

current but, from this amalogy, it would appear to be incorrect to state that the 

current operates on the E.M.fF. 

the sum of the vector 
Vector power, as stated in describing Equation (14), is | 

describing power in the steady state condition and the complex algebraic product 7 ‘ 

the E.M.F. and the current. An interesting discvssion of the complex algebraic promcv @ 

of the current and voltage under momentary condition has been given by LaCour and Bregstad. 
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The real component of the E.M.F. operating on the real component of the current 

gives real power and the imaginary component operating on the real component of the 

current gives imaginary power. The imaginary component of the current does not appear 

in the equations; in fact, it is a fictitious quantity that has no physical existence. 

The same thing may be said abovt the imaginary component of the E.M.F. The entire 

theory of imaginary power has been developed from G, operating on i,, as expressed in 

Equation (6), and, as stated above, mst be considered as a methematical expression that 

has no direct physical meaning. Total power under momentary conditions and volt-amperes 

in the steady state are also fictitious. 

As previously stated, in either an inductive or a capacitive circuit in which ef- 

fective resistance is negligible there is no real power in the steady condition but 

under momentary conditions there is real power surging back and forth in the circuit. 

Similarly, in a resistive circuit in which there is neither inductance nor capacitance, 

there is no imaginary power in the steady condition but there is imaginary powér during ~ 

the mens under momentary conditions. 
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RESEARCH BY THE CENTRAL ELECTRICITY AUTHORITY 

By J.S. Forrest : 

SUMMARY 

| The paper describes the organisation of research in the 
Central Electricity Authority, who, with the Area Boards, are 
responsible for electricity supply in England. It shows how the 
Authority's research activities can be broadly classified into . 
(a) research carried out by the Authority themselves; 
(b) co-operative research under the aegis of a Research Association 
or in collaboration with manufacturers or other users; and 
(c) external research carried out for the Authority by a 
University or other organisation. 

Typical research investigations in the fields of 
generation, transmission, distribution and utilization are 
described, 

1. INTRODUCTION. 

In the early years of electricity supply in Britain, the 
Authorised Undertakers, as the supply authoritics were Penred. did 
little research, and depended largely on the resources of the 
manufacturing industry for technical developments and improvements 
in efficiency, The competition between manufacturers for 
cei edly also provided an incentive to give the user something 
etpery a” | 

However, with the Electricity (Supply) Act of 1926, and 
the advent of the Grid transmission system, the opportunity 
occurred of embarking on research on a national basis, and the 
Central Electricity Board, the body then responsible for tho 
operation of the Grid system, initiated work on the high-voltage 
transmission problems which were being encountered for the first 

| Me 
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Director of Central Electricity Research Laboratories, 
Leatherhead, Surrey, England. 

ww 2 = 

time in Britain. This work continued throughout the 20-year 
period for which the Central Electricity Board functioned, but the 
building of adequate research laboratories and other facilities, 
which. would have been provided if it had. been possible for the 
work to develop naturally, was prevented by the 1959-1945 war. 

As a result of the 1947 Electricity Act, the British 
Electricity Authority and Area Boards were set up and became 
responsible for generation, transmission and distribution of 
clectricity throughout Britain (except for the North of Scotland 
which came under the North of Scotland Hydro-Electric Board). 
The B.E.A. operated the generating stations and main transmission 
systems, while distribution was carried out by the fourteen Area 
Boards. | 

More recently, a further change in organisation has 
occurred as a result of the Electricity Re-organisation (Scotland) 
Act 1954.. Under that Act the South of Scotland Electricity Board 
was established and became responsible for generation and 
distribution in the former South-East and South-West Scotland 
areas. The Authority's title was changed to Central Electricity 
Authority (C.EB,A.). Accordingly, the C.E.A. and the twelve 
Electricity Boards are now responsible for generation, transmission 
and distribution in England and Wales, i.e. for about 90 per cent 
of the ‘public jelectricity supply in Britain, For administrative 
purposes the Authority have established eleven Generating 
Divisions who operate the power stations and main transmission 
systems in their respective areas. The C.E.A. interconnected 
system comprises 275 stations with a plant capacity of 20,000 MW, 
600 circuit miles of 275-kV transmission line and 6,000 circuit 
miles of 132-kV line. | | 

The energy generated is about 70 x 109 kWh per year and 
the energy sold has increased at an average rate of 8.5 per cent 
per year during the period 1949-1955, At present practically all 
the energy is generated in coal-fired steam stations but oil firing 
ls now being used to an increasing extent and plans have been made 
to build twelve nuclear power stations. | | 

An important feature of the 1947 Electricity Act is that 
it lays considerable emphasis on research and states (Section 2(i)) 
that "It shall be the duty of the Central Authority and of any Aroa 
Board, in so far as they may be requested by the Central Authority 
to do so, to conduct research into matters affecting the supply of 
electricity, and the Central Authority and, in so far as they may 
be so requested, any Area Board may assist other persons conducting 
such rescarch", Thus it is a statutory duty of the Authority to 
carry out research - as well as a nécessity for efficient operation. 
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It is the object of this paper to describe the research 
organisation of the Central Electricity Authority and to 
iilustrate the working of this organisation by giving examples of 

os peda } typical.rescarch investigations. 

2. THE R&SEARCH ORGANISATION OF THE C.R.A. 

- Although producers of electricity, the C.E.A. are users of 
electrical plant, and much of the research work can accordingly be 
termed user research", The scope of user research will become 
clearer in subsequent sections of the paper where typical examples 
of research are given, Broadly speaking, however, the user lays 
emphasis on the performance of equipment in service. He is 
therefore particularly interested in "life tests" and "weathering 
tests", in which equipment is studied for comparatively long 
periods under actual operating conditions. Furthermore, the 
collection and analysis of operating statistics is clearly the 
province of the user, From such data, improved designs and better 
methods of maintenance often result, Finally, research of a more 
fundamental nature may arise from operational problems and the 
results of the fundamental research may in turn be applied to 
practical operation, 

It should be emphasised that research, from its very 
nature, cannot be planned in detail, and no attempt should be made. 
to restrict research unnaturally by rigid organisation. 
Facilities for research must be planned, however, and research 
programmes can be planned broadly. Nevertheless, the organisation 
must be very flexible in order to accommodate rapidly the changes 
in the scope of the work which occur from time to time, 

? 

The Authority's research activities can be divided into 
three groups: Research carried out by the Authority in their 
central laboratories or in the Divisions, or by the Area Boards, at 
the request of the Authority; Co-operative Research carried out 
by a Research Association, or in conjunction with manufacturers or 
other users; and External Research carried out for the Authority 
by some other organisation such as a University, Government 
Establishment, or Research Institute. ee | 

It is not possible to state precisely how the work is or. 
should be divided between these three main categories,-but broadly, 
the policy of the Authority is to arrange for the work to be done 
by the body which is best qualified to do it from the point of view 
of staff and facilitics, and to avoid undesirable duplication. 
It should be noted also that the above sub-division of research is 
not in practice as clear-cut as might at first appear. For 
example, research by the Authority always involves some 
co-operation with other workers in the same or related ‘fields, 

| 
| 
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Similarly, external research is more likely to be fruitful if the 
sponsor is able to make a useful technical or scientific 
contribution to the work, 

In 1949, the Authority appointed an Electricity Supply 
Research Council composed of external scientists and engincsering 
representatives of the Authority and Area Boards. The external 
members of the Council are the Chairman and five scientists, 
mainly drawn from Universities and covering a wide range of 
interests in the fields of engineering, physics and chemistry. 
The Authority and the Boards are represented by the Chief Engineer, 
members of the Research Branches of the Authority, and by the 
Chief Engineors of two of the Area Boards, It is the function of 
the Council to advise the Authority on the planning and conduct of 
research and to make recommendations on research which the Council 
considers it desirable to initiate. 

| Under the 1947 Electricity Act the Authority have to carry 
out research "in accordance with a general programme settled from 
time to time in consultation with the Minister of Fuel and Power". 
Accordingly the Authority prepare an annual programme of research 
covering all aspects of rescarch and including also certain 
developmsnt projects, such as the installation of gas turbines and 
experimental plant. This programme is discussed and approved by 
the Research Council before submission to the Minister. 

Expenditure on Research. The expenditure on research is 
often used as a convenient mcasuro of a research effort but it is 
not a good measure and may be misleading. Good research often 
costs very little; a competent investigator will make only the 
essential observations, On the other hand, too much money is 
sometimes spent on elaborate apparatus or on unnecessarily 
intricate pilot plant, with the result that an enormous amount of 
data are accumulated and never properly analysed. Another 
difficulty lies in deciding what constitutes research and in 
drawing the line between research and development work. 
Installing a now cxpcrimental machine may legitimately be 
classified as research but such work soon becomes development and 

then ordinary commercial operation. | 

With these reservations, however, it may be of interest to 
consider the Authority's present annual research budget which is 
summarised below. 
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(a) Research by the Authority: 

Central Research Laboratorics £175,000 
Investigations in power stations in 

Divisions : 65,000 
Utilization research 15,000 

(b) Co-operative Research: | 

Research Associations ) 
Boiler Availability Committee ) 170,000 
International Flame Researc ) 

Committee 3 ) 

(c) External Research: 

Universities ve 35,000 
Rescarch Institutes ) 

£460,000 

In addition, about £1 million per year may be spent on 
development projects such as gas turbines, flue gas-washing, and 
high temperature steam plant. 

| 

The. total expenditure is therefore between £# million and 
£15 million depending on the extent to which dovelopment and largo . 

experimental projects are classed as rescarch. These sums i 
not large when considered in relation to the Authority's annual — 
income Sf £550 million, but it has been the policy of the authority 
to let the research organisation grow naturally on the operational 
problems which arise from time to time. In this way it has beson 
possible to build up a more stable organisation than if an attemot 
had been mado to force a large expansion in too short = time. 
Moreover in research, perhaps even more than in-other activities, 
it is the individual who is of paramount importance, and the time 
taken to build up a first-rate research laboratory is fundamenteclly 
the time required to build up a team of the right men. 

2.1 Research by the authority 

It is very desirable for the Authority tc conduct a 
considscrable amount of research themsclves. In the study of 
operational problems, and in making investigations in the field, 
it is clearly more efficient tc arrange for the work to be done by 
the authority's staff who already have the nocessary background 
knowledge and experionce, Furthermore, it is essential for the 
Authority's staff to have first-hand research oxperience if they 
are to take part effectively in co-operative research, and to be 
in a position to assess the quality of oxtra-mural work. © 
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the Area Boards, 
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The authority have Headquarters laboratories at 
Leatherhead, Croydon and Grove Road, London, and Divisional 
laboratories associated with the power stations throughout the 
country. The routine work is practically all done in the power 
station laboratories so that it is possible to devote the 
resources of the Headquarters laboratories almost entirely to 
research. | 

3 The Leatherhead laboratories (Fig. 1), which were opened 
in 1950, are the central laboratories of the Authority; their 
function is to contribute to the solution of any of the problems 
which may arise in the supply industry and in particular, to serve 
the Chief-Engineer's Department at Headquarters, the Divisions and 

in order to deal with the wide scope of this - 
work the laboratories are divided into six subject sections: 
Transmission and Distribution, Electronics and Instruments, 
Generation (Special Problems), Mechanical Engineering, Physics, 
Chemistry and Metallurgy. } 

The work of the laboratories is described in Laboratory 
Reports which are circulated to Headquarters staff and to the 
Divisional Controllers and Electricity Board Chief fngineers,. 
in this way the results of research are made availeble throughout 
the electricity supply industry, and undesirable duplication of 
work is avoided. : | 

Croydon Testing Station was established by the Central 
Electricity Board in 1934 in order to study the performance of 
high-voltage insulators operating outdoors in humid and polluted 
atmospheres, This work has been continued by the Authority and, 
in addition, the scope of the Station has ‘been éxtended to include 
research on the performance of water-cooling towers and os 
electrostatic precipitators, | 

Grove Road laboratory was established in 1952 to provide 
experimental facilities for a group working on internal corrosion 
in: Doilozs, 

Much of the development work on generating plant must be 
done at the power stations, and furthermore, conclusions roached 
in the laboratory or with the help of pilot plant must be confirmed by full-scale trials. One of the advantages of a national power 
system is that power plant investigations can be carried out at the 
most suitable stations and the results immediately made available 
for the benefit of other stations, This work is organised by a 
Generation Research Liaison Committee of Headquarters and 
Divisional Engineers. Sub-Committees are appointed by the 
Committee from time to time to work on specific problems, such as 
Combustion; Flame Radiation; Boiler Corrosion; Electrostatic 
Precipitators; Atmospheric Pollution; Effluents Testing; 
District Heating; and Heat Pumps. | 
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Similarly, a Co-ordinating Committee of representatives 

of the Transmission and Research Departments meets regularly to 

discuss the progress of research on transmission problems. 

Furthermore, moetings of Generation and Transmission Divisional 

and Hoadquarters engineers are often held at the Research es, 
Laboratorics in order to ensure full co-cperation and to assist in 

the dissemination of the work of the Laboratories. Progress in 

research is also reported directly to the Arca Board Chief 
Enginesrs at their regular Conferences. | 

Bek Co-operative Research 

The Authority participate in many co-operative research 

programmes in order to avoid unnecessary duplication of work and 

also to enable the pooled resources of several organisations to be 

applicd to a problem of mutual intercst. Co-operative research 

is for the most part carried out under the aogis of the appropriate 

Research Association. The Research Associations are organisations 

for co-operative industrial research supported by subscriptions 

from manufacturers and users and by a Government grant related to 

the amount contributed by industry. The Research Associations 

conduct research in their own laboratories and also place research 

contracts with Universities and other research organisations. 
Their research programmes are organised by a Council and Committees 

of subscribing members representing the various interests involved, 

and confidential reports are circulated to the mombers. 

The Authority are members of the Electrical Research 
Association, the Coal Utilisation Research Association, the 
Hydromechanics Research Association, the Iron and Steel Research | 
Association and the Non-Ferrous Metals Research Association, and 
members of the Authority's staff serve on the Councils and Research 
Committees of these bodies. In addition, the Authority often 
co-operate directly with Government laboratories such as the 
National Physical Laboratory, with the research organisations of 
manufacturers, and with othor supply authorities and national 
bodics at home am abroad, Participation in the work of 
professional institutions and scientific societies has also been 
found to be of great value to the research steff, A particularly 
useful function of such organisations is that they provide a forum 
for free discussion and publication :of research, 

ced. Extomal Research 

The work carried out by the Authority and most of the 
co-operative research would broadly be classed as applied rescarch, 
The distinction between fundamental and applied research is a 
rather artificial one, however, anda research project in the 
Authority's: laboratories would not be discontinued merely because 
it showed signs of becoming tao fundamental. This would not be 
fair to the investigator, and moreover the fundamental research of 
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today is the applied research of tomorrow. Nevertheless, it is 
possible to describe certain work as "pure", "long-term" or 
"fundamental", Work of this type can often be carried out best 
at a University. Here, operational background knowledge and 
experience is not required, and may even be a digadvantage as it 
leads the investigator to think along conventional lines. ; 

- The Authority feel that it is important for them to 
support, and to be associated with, fundamental research on 
electricity supply. Accordingly, they arrange from time to time 
for work on specific long-term problems to be carried out at 
Universities. These external research contracts are placed on 
the recommendations of the Electricity Supply Research Council. 
Members of the Council visit the University Departments where the 
work is being done, discuss the reports received, and in general 
guide the direction of the researches. In order fo co-ordinate 
the work of the various investigators on a given project and to 
ensure that each investigator is aware of similar work in progress 
elsewhere, discussions are arranged when necessary between all 
interested persons - these discussions are usually held at the 
Authority's Research Laboratories, 

3, RESEARCH AND DEVELOPMENT WORK. 

The nature and organisation of the research and development 
work can best be illustrated by describing briefly some typical 
investigations in the fields of generation, transmission and 
distribution which have been undertaken or are now in progress. 

Sa Generation Research 

The basic thermal efficiency of generating plant is fixed 
by thermodynamic considerations, but the operating efficiency from 
day to day and to a greater extent the availability are determined, 
not only by the plant design, but also by the skill and knowledge 
of the operating engineer, : | 

Combustion 

| The characteristics of the coal available have a very 
important influence on the operation of boiler plant, and work is — 
continually in progress to ensure that the operating methods used 
are the most efficient for the coal and boiler plant in question. 

An important part of the research on combustion is the 
study of the formation of deposits which build up on the fire-side 
of the heating surfaces of boilers. The rate at which these 
deposits form depends on the temperature of the furnace and on the 
amount of certain elements, such as’ sodium, potassium, sulphur, 
phosphorus and possibly calcium, present in the Coals. ae 
analysing the deposits and the coals, and by making ‘trials on 
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power station boilers, the parts played by various constituents in ~ oe ¢g 
the coal have been elucidated. This work has led to great 
improvements in boiler availability and has also shown how 

unsuitable coal can be used by blending with coal from another 
SOUrCé6. Experiments are also being made at power stations to 
determine the effects of increasing the moisture content of the 
combustion air and of recirculating flue gas to the combustion 
chamber, New methods of firing, such as spreader-stokers, 
cyclone and slag-tap furnaces, are investigated extensively. nA 
the laboratory improved rapid methods of analysis based on physical | 
techniques, have been developed which reduce the time required for 

a complete analysis of a boiler deposit from a week to a day. } 

Research is also in progress on boilcr tube corrosion 
caused by certain types of deposit, and air-heater corrosion due 
to sulphur trioxide and moisture condensing on the metal surfaces. 

Some of the work on improving boiler availability is done 
in collaboration with the Boiler Availability Committee; this is 
a committee for co-operative research on which are represented the 
manufacturers of boiler plant, the Authority, the Fuel Research 
Station of the D.S.1I.R. and the British Coal Utilisation Research 
Association. Reports are made to the Committee and circulated to 
all those interested. Completed investigations are also described 
in papers to technical journals. 

Work is also being carried out on flame radiation in 
boilers under the aegis of the Flame Radiation Sub-Committee and 
in collaboration with the International Flame Research Committec, 
and the University of Sheffield, 

Corrosion in boilers 

Internal corrosion is another problem in boiler plant 
operation. Certain broad principles, such as the importance of 
feed-water treatment, low oxygen coneentration and good circulation, 
are generally recognised as being effective in combating internal 
corrosion. The detailed picture is much more complicated, 
however, and there is much conflicting evidence as to the role of 
various factors in the corrosion mechanism, Accordingly, 
statistical investigations are being made of the incidence of 
corrosion in power station boilers. In addition, apparatus is 
being built to study the corrosion of boiler tubes at high 
temperatures and pressures in the laboratory. In connexion with 
this work, highly-sensitive methods of estimating dissolved oxygen 
and copper in feed-water have been devised, 

Steam temperature measurement 

The accurate measurement of steam temperature is becoming 
of increasing importance and research has been completed on the 

= 1) - 

causes of errors in stcam-temperature measurements such as poor 

design of thermometer pocket, incomplete mixing of steam from 
different sources and the variation in ice pe over the cross- 
section a a steam pipe. 

Bertone dn tubes 

Corrosion problems also arise in the low-temperature 
portion of the steam cycle, and there is need for more information 
on the corrosion and erosion-resisting qualities of alloys used 
for condenser tubes. service trials are therefore continually 
being made to obtain data on the life and cfficiency for different 
alloys. operating under various conditions, such as with sea watcr, 
fresh water, sewage effluent, and water with solids in suspension. 

In the laboratory measurements are being made of heat 
transfer through new and used condenser tubes to study the effect 
of surface conditions and oxides films. It is well-known that the 
heat transfer coefficient can be increased if the steam condenses 
on the tubes in the form of drops and not as a film, Various 
substances have been developed to promote drop-wise condensation, 
and in collaboration with Quecn Mary Collego (University of London) 
these materials are being applicd to condenser tubes: in service to 
determine their life. 

Boilor a oe ea tht p gland ‘seals: 

Work has recently been started in the laboratory on the 
performance of various kinds of sealing gland for high-pressurcG 
boiler feed pumps. Data are being obtained for, plain annular, 
labyrinth, and helical screw scals with 0.006 in. clearance to ths 
rotating shaft. 

Water cooling towers 

Cooling towers must be used at stations where there is not 
an adequate supply of cooling water, and difficulties have often 
been experienced due to the drizzle produced in the vicinity of the 
towers. This is particularly objectionable when the temperature 
is below freezing, as the precipitated moisture will then form a 
coating of ice on nearby roads. The precipitation is,caused by 
the entrainment of small droplets of water in the air rising 
through the tower. A small-scale experimental tower in which the 
rates of flow of air and water can be conveniently controlled was 
installed at Croydon Testing Station in order to study this 
probilen (Pig: 2). As a result of this work a spray eliminator 
was designed with a very low resistance to air-flow. The new 
device, which is relatively inexpensive, has resulted in a very 
substantial reduction in precipitation without any serious 
sacrifice in tower performance. Methods of calculating the 
performance of natural draught water cooling towers have been 
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developed, and useful design data - have been obtained on the Bent 
transfer from water droplets to air and on the pressure drop in 
various types of cooling tower packing. | 

4 

Ply ash 

The greatly increased use of pulverised fuel firing has 
led to production of very large quantities of fly ash - about | 
4.x 10 tons are produced annually in England at present. - and 
problems arise in preventing the emission of ash from chimneys and 
in disposing of or utilizing the collected ash. The physical and 
chemical characteristics of fly ash have been studied in order to 
provide basic data for work on electrostatic precipitation, the 
dispersal of ash particles from chimneys and various methods of 
utilization. One of the most important factors in determining 
the behaviour of the ash is the free-falling speed of the particles 
2m Bin and apparatus has been developed for grading fly ash in 
terms of this parameter. An electrostatic precipitator pilot 
plant has been installed at the laboratory to study the fundamental 
mechanism of electrostatic precipitation and the effect of ee 
different types of electrode and dust characteristics (Fig. 3). 
A second pilot plant has been erected at Croydon power station for 
work on flue gas under actual operating conditions. 

Concerning the utilization of fly ash, research has been 
carricd out in co-operation with the Building Research Station and 

3 other organisations on the use of fly ash for making bricks and 
building blocks, as a partial replacement for cement in conerete, 
and as a light-weight aggregate. Work on the mineralagical 
structure of fly ash and on plant growth in fly ash is being done 
‘at several Universities for the Authority. | | 

Turbo-alternators 

The vibration of turbine blading is.one of the causes of 
breakdown of turbo-alternator sets and work has been started 
recently both in the Authority's laboratories and at a University 
in order to study the natural frequencies of vibration of various 
types of blade, Operational data on a large number of sets of 
various designs and vibration measurements in stations will provide 
a background for this work. 

dn order to pave the way for higher steam temperatures, 
research is in progress under the aegis of the Electrical Research 
Association on the extension of the steam tables and on steels and 
welded joints for high temperatures. 3 : 

On the electrical side of the macniue, work is being done 
on stator insulation with a view to developing a site test which 
will detect faulty insulation before a complete breakdown occurs 
in service, Research is also in progress on stability problems 
and on methods of automatic frequency control. ae 
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Future energy requirements 

The demand for electricity doubles approximately every 

decade but coal becomes progressively more difficult to mine and 

the output is remaining fairly constant. It is necessary | 

therefore to use the existing coal more efficiently, and secondly, 

to find alternative sources of energy. 

Progress is being made in the more efficient utilization 

of coal by using higher steam temperatures and pressures and 

larger machines. For example, construction has been started on 

the High Marnham station in.Nottinghamshire, which will have five 

200 MW sets operating at 1050°F and 2350 1b/in.” with reheating to 

1000°F, This station will have a thermal efficiency almost 

50 per cent above the present average for all steam stations. 

Alternatively, coal could be used more efficiently if the 

chemical energy in the coal or coal gas were converted into 

electrical energy in a "fuel cell" without the intermediary of the 

steam cycle with its inherent thermodynamic limitations. 

Although fuel cells have been made to work in the laboratory the 

development of large-scale electricity generation on this principle 

presents a formidable problem and the prospect becomes relatively 

less favourable as other energy-converting methods improve in 

efficiency. Nevertheless the potentialities are so great that 

the Authority have sponsored work on high-temperature and Redox — 

cells at two Universities and (jointly with the Ministry of Fue 

and Power) at a Research Institute. | 

Considering alternative fuels, oil is being used to an 

increasing extent in power stations but it is clear that nuclear 

fuels must take an increasing share in the supply of Britain's 

energy requirements. The Authority have been co-operating with 

the U.K. Atomic Energy Authority for some time on the design of 

nuclear power stations and plans have now been adopted to build 

twelve stations in the next ten years and thereafter to increase 

the nuclear power output until it supplies the increase in national 

load. . | 

3.2 Transmission, Distribution and Utilization Research 

Many problems arise in connexion with the design and 

operation of the 275-kV and 132-kV transmission system and the 

distribution networks of the Area Boards, and there is scope for 

research with the objects of improving reliability and decreasing 

costse 

High-voltage transmission 

When it became clear some time ago that higher transmission 

voltages would be necessary, an experimental high-voltage 

transmission line was erected at Leatherhead so that data could be > 
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obtained on corona losses and radio noise under various weather 
conditions at voltages of 275 and 380 kV. The line is 2400 ft 
long and takes the form of three steel gantries 1200 ft apart from 
which various. arrangements of line conductors can be suspended 
(Fig. 4). Single and twin conductors have been used and the \. 
corona power loss measured in dry weather, rain and snow. Radio 
nolse has also been measured over a frequency range of 0.1 to | 
150 Mc/s, and figures obtained for the field strength with | 
different conductors and at various distances from the line. 
Interference with television reception has proved to be a more 
serious problem than was anticipated, because although the noise 
field from the line is very much reduced at television frequenciés, 
the level of interference which can be tolerated on the vision © 

channel is much lower than that for a sound channel on the samo 
frequency owing to the wide band-width and other factors, 
Accordingly the causes of television interference, such as high- 
resistance contacts between metal fittings in suspension insulator. 
strings are being investigated in some detail, The experimental 
transmission line is also used for conductor vibration studies, 
and in particular records are being made of the vibration of single 
and twin conductors. | 

Insulators 

The flashover of high-voltage insulators in fog or polluted 
atmospheres is a frequent cause of trouble in heavily 
industrialised areas. In coastal areas, salt deposited on the 
insulators is also a source of trouble when gale-force winds blow 
from the sea. Research on the surface flashover of insulators 
under such conditions is carried out at Croydon Testing Station 
where facilities are provided for testing various types of 
insulator outdoors in a typical polluted atmosphere at: voltages of 
L352) kV ,°275:kViands S8Geky: (Rig. 5 This work has led to a better 
understanding of insulator flashcver and, in collaboration with the 
manufacturers, to the development of improved fog-type insulators. 
In addition, more efficient methods of testing and of cleaning 
insulators have been devised. 

Long-term weathering tests are also made at Croydon on 
prototype high-voltage plant under conditions simulating the 
service conditions as closely as possible. In this way weaknesses 
in lightning arresters, for example, have been discovered before 
putting the equipment into service. 

Conductors 

} Stecel-cored aluminium conductors are mainly used for the 
transmission lines, and samples of conductor from various parts of 
the country are cxoamined in the laboratory to ascertain the loss 
in mechanical strength and determine if replacement is necessary. 
It has been found that progressive deterioration is occurring in 
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some industrial and coastal districts. Broadly speaking, two 
types of corrosion have been encountered: internal corrosion, 
usually ‘in coastal areas, dus to electrolytic action between the 
aluminium and the steel; and external corrosion, usually in 
industrial districts, which takes the form of severe pitting on 
the exposed surface of the aluminium. Methods have been 7 
developed of reducing corrosion on new lines by impregnating and 
coating the conductors with a suitable grease, Pig 

Work on new types of overhead-line joints and clamps and 
on faiblures.-in. service: is .continually in-progress at the 
laboratories. 3 

Lightnin 

Lightning is the greatest single cause of failure of many 
overhead-line systems, and is responsible for about 40 per cent of 
the breakdowns on the Grid system. It is natural therefore that 
supply authorities in all countries should have fostered research 
on methods of improving the performance of power systems when 
subjected to surge voltages. In Britain most of the work has 
been done in co-operation with the Electrical Research Association 
and the National Physical Laboratory, and some of the more 
fundamental aspects of electrical discharges are being investigated 
at Universities, The Authority play an active part in this work 
and the following lines of investigation are being pursued at 
present. In the first place, the impulse characteristics of 
insulating materials, power system plant and protective devices are 
being studied with the help of the 1400-kV impulse generator at the 
Leatherhead laboratories. Secondly, radio methods are being used 
to record atmospherics from lightning flashes. The information 
obtained is used to give the control engineers objective information 
on the outbreak of thunderstorms in the areas under their control; 
the records of atmospherics can also be used as a measure of the 
severity and frequency of occurrence of thunderstorms. digg Boge ul ae 
the Authority keep a detailed record of all system breakdowns due 
to lightning, and a statistical survey of 14 years operating — 
experience has been made to provide a reliable picture of the 
magnitude of the problem, of the seasonal and diurnal variations 
in thunderstorm severity and of the fluctuations from year to year. 
Finally, surge recording instruments, some of a new design, arc 
installed at various points on the system in order to obtain data 
on the number and magnitude of surges, due to any cause, to which 
apparatus is subjected in service. © : 

Underground cables 

Field trials are made from time to time, in co-operation 
with the manufacturers, of new. designs of high-voltage cable and 
new types of cable sealing-end. For example, facilities have been 
provided to test various designs of 275-kV cable by connecting 
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sample lengths in series with the Staythorpe-West Melton 275-kV 
Line, 

Samples of cable from service are frequently examined in 
the laboratories to find if any deterioration of the paper 
‘insulation has occurred, 

Attention is also being devoted to the prevention of 
corrosion of underground cable sheaths, and service experience is 
being obtained on the efficacy of methods for protecting lead and 
aluminium cable sheaths. On new cable routes ‘soil -samples are’ 
examined to determine if the soil is likely to be harmful,.and wnoen 
necessary, special protection is specified for the cable sheath. 
Examples of sheath corrosion on existing cables are studied in the 
laboratories, and measurements of stray currents are made in the 
field with a view to finding the cause and preventing further 
trouble. 

Switchgear and transformer insulation 

Every effort is made to forestall major failures of 
insulation in service by detecting déterioration at an early stage. 
Various types of testing equipment have been designed for testing 
insulation in the ficld by measuring the power factor, the 
insulation resistance, or some other characteristic of the 
insulation. In particular, a sensitive and compact electronic 
megohmmeter was developed, and is widely used for checking the 
condition of switchgear bushings and other pee yacewe tc components 
in the field. 

Research on insulating materials forms an important part of 
the programme of the Leatherhead laboratories; this work is 
associated partly with service failures and partly with the 
application of new materials in the supply industry. AD.C. 
conductivity test has been devised for controlling the condition 
of insulating oils used in transformers and switchgear, In this 

connexion the mechanism of conductivity in insulating oil 
containing very small quantities of free water has been elucidated, 
and work is in progress on the effect of other impurities, such as 
metal-organic compounds, on the electrical conductivity. Tae Wis] 
of anti-oxidants or inhibitors in transformer oil is being studied; 
a continuously-recording oxygen absorption apparatus has been 
constructed in the laboratory to measure the performance of 
inhibitors, and field trials are being made to obtain practical 
experience under controlled conditions. synthetic liquid 
dielectrics of the chlorinated diphenyl type are also being 
examined, Some of the work on insulating oils is being done as 
part of co-operative research programmes organised by the 
Hlectrical -Résearch Association or by C.1.G.RVE. 
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Transformer noise 

With the development of the electricity system and the 
extension of built-up areas, it is inevitable that transformers 
are more likely to be situated in close proximity to dwelling- 
houses. The probhem. of transformer noise 18 tGhereiore: Seco. 1a 
more serious, Complaints..of..noise are. particulerly-dryrt tcubs eco 
deal with partly because of the sensitivity of the human ear (it 
is seldom possible to measure the noise at the position where the 
complaint is made), and partly because psychological factors are 
often of importance... There is scope for. research: on fundamental 
methods of reducing transformer noise, but it was considered that, 
from the Authority's point of view, the first step should be to 
make measurements of the noise emission from transformers of 
various sizes, and also to obtain data on the attenuation of noise 
with distance and the effect of screening walls or complete 
enclosure of the transformer. This work-has now been completed 

and information is available to enabls the sound level ata 

dwelling-house to be estimated in a particular casc. 

Utilization 

As examples of research on utilization, mention may be 
made of the investigations in progress on district heating, heat 
pumps, methods of electrical space heating, and the characteristics 
of industrial, commercial, and domestic loads. 
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Fig, 1. Central Electricity Authority Research Laboratories . 
at Leatherhead. 
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Fig. 3. Electrostatic precipitator pilot plant. 
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INTRODUCTION 

The purpose of this report is to discuss the 

technical standards used for television throughout 

the world. Eight different sets of standards are in 

use requiring channel bandwidths of 5, 6, 7, 8, and 

14Mc. Within Europe alone six of these eight stand- 

ards are currently practiced. 

No attempt is made in this report to discuss 

in detail the reasons for the existence of the multi- 

tude of standards. The several systems are de- 

scribed, differences are pointed out, and some 

comparisons of performance are made, along with 

some notes on the difficulties which can arise due 

to the use of many systems. 

DESCRIPTION OF STANDARDS 

Tablellists the characteristics ofthe several 
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which the systems are generally known. These, for 

the most part, are indicative of the country of origin 

exceptforsystem IV. Thisisusually known as the 

Gerber system and takes its name from the chair- 

.man of a CCIR Study Group XI Committee which 

recommended the system. 

The relative location of sound and picture 

carriers within the various-width channels is il- 

lustrated ‘in Fig. 1. 

CHARACTERISTICS COMMON 

LO ALL STANDARDS 

While there are many differences among sys- 

tems, certain features are common to all. For 

example all standards now in use: 

1. Scan left to right and top to bottom of the 

standards in use at the present time and Table II picture. 

lists the countries using these standards. The 

names givento the systems in Table I are those by 2. Interlace two-to-one. 

TABLE I 

Characteristics of Television Systems 

United Belgian | Belgian 

Name of System British States French 625 819 

Number of Lines 405 525 625 819 625 819 

Video Bandwidth Mc 3 4 5 6 10.4 5 5 

Channel Width Mc 5 6 7 8 14 ‘ 7 

Sound Carrier Relative 

to Picture Carrier Mc -3.5 + 4.5 +4.5 $5.5 +6.5 wel $5.5 $5.5 

Line Frequency cps 10,123 15, 750 15,625 15,625 15, 625 20,475 15,625 20,475 

Field Frequency cps 50 60 50 50 50 50 50 50 

Picture Frequency cps 25 30 Zo Z5 25 25 25 25 

Picture Modulation AM AM AM AM AM AM “AM AM 

Sense of Picture ‘ P , 

Modulation v - = = i + 

Sound Modulation AM FM Ras Fe FM a IM AM AM AM 

| | 725 ke | 225ke | —b0 ke | 2 50ke 

Sync Waveform Fig. 2 rig, 3 Pig. 3: | Figs Fig. 4 Fig. 5 Fig.6,8 | Fig. 7,8 



TABLE i 

Countries Using or Planning to Use the Television Systems of Table I 

I II 3 eae IV V VI VII VIII 

Great Britain! U.S.A, Argentina Norway U.S.S.R. France4 Belgium | Belgium 

Ireland Canada Brazil? Sweden Poland N. Africa 

New Zealand Mexico Venezuela | Denmark Czechoslovakia| Saar 

Cuba Netherlands | E, Germany Monaco 

eas Australia anger y 

Guatemala Austria 

Uruguay W. Germany 

Columbia Italy 

Brazil Luxembourg 

Philippines Spain 

Japan Switzerland 

Thailand , Turkey 

kil Salvador 

lThe London and Northern Ireland transmitters use a 7 Mc channel for double sideband transmission, 

Paris has one transmitter operating with 441 lines, AMsound, and 7.6Mc channel, It is planned _ to 
discontinue this channel. 

3One station in Rio de Janeiro has used this system, but has changed or is about to change to systemII, 

: 5.0Mc - 

.25 Mc 3.5 Mc ee 
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Fig. 1 - Channel Arrangement for Various Systems : 

3. Use an aspect ratio of four -to-three. 

4. Use amplitude modulation for the picture 

Carrier. 

5. Use vestigial sideband transmission. 

6. Makethe black level independent of the picture 

content (transmit the DC component). 

7. Arecapable of operating while not synchronized 

to the electric power systems. 

CHARACTERISTICS WHEREIN 

THE STANDARDS DIFFER 

Allthe systems listed in Table I operate with 

50 fields interlaced two-to-one to give 25 pictures 

per second except the 525 line (United States) sys- 

tem which operates with 60 fields and 30 pictures 

per second. This difference is primarily due to 

the use of 50 cycle electric power in Europe and 

60 cycle in the United States. 

The British 405 line system (system I) 1s the 

oldestinoperation. Its synchronizing waveform is 

shown in Fig. 2. It makes no use of equalizing 

pulses. Positive modulation is used with blanking 

at 30% and sync at 0-3% of peak white amplitude. 
The channels are 5 Mc wide witha picture-to-sound 

carrier spacing of 3.5 Mc. Amplitude modulated 

sound is used. 

The United States 525 line system (system II) 

uses the synchronizing waveform of Fig. 3. Nega- 

tive modulation is employed. Blanking occurs at 

75% and peak white at 10-15% of peak carrier out- 

put, Lhe channels are 6 Mc wide “with Carrier 

spacing of 4.5 Mc. Sound is transmitted by FM. 

System III has been used to some extentin 

Latin Americancountries. Itschannel width, car- 

rier spacing, sound and picture modulation, and 

synchronizing waveform are as used in system Il 

but with 625 lines per picture and 25 pictures per 

secondinsteadof 525 and 30. This represents only 

a minor change in horizontal scanning frequency 

since 525 X50 = 15; 750 and 625 x 25 =-15,025lines 

per second. 

The Gerber Standard (system IV) is similar 

in many respects to the United States system. The 

channel widthand the carrier spacing have been in- 

creasedto 7 Mc and5,.5 Mcrespectively. Negative 

modulationand FM soundareused. Five equalizing 

pulses instead of six precede and follow the vertical 

sync interval which is 2.5 lines in duration instead 

of three. Thesynchronizing waveform is shown in 

Pig, 4. 

System V used by the U.S.S.R. and satellite 
countries differs from system IV only in channel 
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width and carrier spacing which are 8 Mc and 6.5 
Mec instead of 7 and 5. 5. 

The French system (system Vi) differs ain 

more respects. Channels are 14 Mc wide- witha 

carrier spacing of 11.15 Mec. Positive niediiiaticn 

is used for the picture information and amplitude 

modulation for the sound. The number of lines per 

picture is $19 with 25 pictures per second, No 

equalizing pulses are used; the vertical sync con- 

sists of a single 20 psec pulse within a 41 line 

blanking period. The synchronizing waveform is 

Showin te oo 

The Belgian 625 line system (system VII) uses 

a Me channel with 5.5 Mc carrier spacing,’ Its 

synchronizing waveform shown in Figs. 6 and 8 is 
similar to that of the Gerber standard but positive 

modulation is used. Sound modulation is AM. 

The Belgian 819 line system (system V1) 

also uses a 7? Me charinel with 5.5 Mc caxrxier 

spacing. Herealsopositive modulation of the pic- 

ture carrieris employedalong withAM sound. The 

synchronizing waveform shown in Figs. 7 and 8 

differs from that of the French 819 line system since 

here equalizing pulses and normal vertical sync 

pulsesare used. The number of equalizing pulses 

has been increased to 7 as compared with 6 or5 

for other systems and a proportionate increase has 

been made in the vertical sync interval. 

TECHNICAL CONSIDERATIONS 

Picture Repetition Rate 

The United States with a 60 cycle electric 

power system uses 60 fields per second for its 

television pictures. Europe, with 50 cycle power, 

uses 50fields. Thereare systems operating satis- 

factorily with 60 fields on 50 cycle power systems 

in Japan, Thailand, and parts of Latin America. 

The following paragraphs discuss the factors af- 

rectine thie choice, 

Pictures produced at the rate of 25 per second 

can be only 16% as bright as those produced under 

identical conditions at the rate of 30 per second, 

before the threshold of flicker sets in. However, 

they.can have: 20% (30/25 = 1.20) more detail per 

picture for the same video bandwidth because the 

informationcapacity can be used for detail instead 

of repeating detail already displayed. It appears 

wrong to many engineers to pay a permanent 20% 

lossinpicture detail justto satisfy the flicker sen- 

sitivity ofthe eye which may be satisfied at a much 

lower cost. Thus, for example, slow-decaying phos- 

phors, such as those now used in the United States 

in color television, can produce bright pictures with 

little flicker although with some blurring on fast 

motion. 
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Field synchronising signals 
Signal at end of even fields —8 broad pulses, 

f = 20250/s Post synchronising field suppression 

| 

| 
Peak white level — . a? 
Suppression level — 

Synchronisation level — z= 

4022p | | 
| 1 | | | 
| | Lise No. |.404 14051 1 ewe 3 4 a 5 6 ot 1.8. 9 11 ie 12 8B 14 

Field suppression period = 14 lines (approx. 1400 us.) 

Field synchronising signals 
—8 broad pulses, 

f = 20250/s 

202 Be 204 | 205 | 206 MeLTT TT LLL. 

a = 

Signal at end of odd fields 

Post synchronising field suppression 

Suppression level — 
Synchronisation level 

Line No. 

Field suppression period = 14 lines (approx. 1400 us.) 

The hatched part of the signal shown can either be occupied by a suppression pulse up to 2 lines in length or by picture signal as shown. 
A small pre-synchronising suppression pulse is shown at the opening of the frame suppression. This may be between 0 and 10 us in length. 

Start of suppression : 
Suppression edge Reference point and start ee End of suppression 

es , 

of line synchronisation ~— é 

Peak é 
white ae it | 
level 

“ 3 
i] so e 
Oo = 

Ay 2 = 
se. | 3 
NS | a 

o 

=F: 
3 | | 

Suppression es a 
level a , eee, TS 1-15 ys || 16,5+0,5ys eaeea aed tae 

eading 
edge of 
synchronising 

ae Is 
Synchronising A Post-synchronising pee 

level (a) suppression 
| 6-9 us minimum 

8-10 ps 
Reference 

point 

The signal is shown in its video form, but synchronising level corresponds to 0-3 es 

Suppression level 30%+3%, and peak white 100% of carrier eee. 

Time of rise of synchronising pulse (10% to 90%) 0.25 us. 

Time of rise of suppression edge (10% to 90%) should not exceed 1 us. 

Minimum post-synchronising suppression period 6 us. 

Field suppression period 14 lines and variation must be such as not to cause visible jitter on picture 

Field frequency is tied to frequency of mains. 

Fig. 2 - Synchronizing Waveform, System I 

16 

OS = 

< 
SS Soe 

) aS 

Equalizing Vertical sync. Equalizing 
— interval mee interval pulse interval (1) Even fields 

Horizontal sync. pulses 

H 

M er re) 

a tage =— () 100% 
Black ievel om | panera ~a—— (2) I S-2.5)% 

(b)3.02H Nt \ MA y 

UAL 
| 

| | HL — @(15}*95)% | t. 
White level ee, ee le e 

Zero level —» a 67 

Picture re E Top of 

i * picture 
getenriete Y (e) Vertical blanking 0.05 V | a e v 

Bottom of picture (see notes 3 and 5) 

(2) Odd fields Time 
—————_— 

0.5,H ! H 

Sync. ——{ | a 

| | 
| | & & 
| | | + eG ee ba 

3 

Horizontal dimensions not to scale 

Front Back 
porch porch 

rea u)0.004 H 
Black level —= 9/19 Of max. 

sync. 

1/,) Of max. White level ——— 
ge sync. Zero carrier Black level 

Rear slope of vert. 1/,9 Of max. 
blanking (see note 3) blanking 

(3) Details between 3-3 in (2) 

9/49 Of max. 
sync. 

Equalizing 
Vertical pul pulse ertical pulse 

1/,) Of max. 
Black level ORT ma : sync. 

(4) Details between 4-4 

Horizontal dimensions not to scale 

Fig. 3 - Synchronizing Waveform, Systems II and Ill 
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Signal at the end of even fields 
(1) Even fields 

Max. voltage | ") 
. —oe -— -— — 

of carrier 

oo — an, Black level 

Fields suppression period, 41 lines (approx. 2 ms) Picture sync. signal 

[ore (f) 100% 
Peak white level ——»— —- — —-~ 

jog (g)(15 +2.5)% 20 ps 

yrs 

Suppression ig ae 
White level —_» —-! ee ee level —- 
Zero level —— 0Y 

Sync. level -——e&— —-}" Picture 

: 4 Hor. blankin 44 

Bottorh Top of Line No. SLE. 
of pi ye ~ a a is icture picture p 

te 

(e) Vertical suppression 0.06 V | ee . | | 

(see notes 3 and 5) Signal at the end of odd fields pase is 

(2) Odd fields Time 

see a 

20 ps 
0.09 H 0,09 Ht 

| | | | l 

aes ee a _] [ } - JES... a | oy | i — 

: Sh 414 

Pre-equalizing Vertical sync. Equalizing 
pulse interval pulse interval pulse interval 

Horizontal dimensions not to scale 

porch porch . 

Horizontal sync. 

100% sync. (A +0 \ % Black level reece) (10 Fro) sya. 
Rear slope of vertical Black { (752-5) % 
blanking (see note 3) f level of max. 25 +0 A Suppression signal \ carrier (B) *~|-—-2.5) 7° Be 

> 8 us White level —_—_—__——_+1_—_—__ of max. Peak white level ——— —— — -—— —— —— —— —_ Zero carrier 
carrier (B) 

Sync. level —_. 
9/49 Of max. sync. Zero carrier level ——& 

Equalizing pulse- Vertical sync. pulse 

(see 1/1) Of max. | | note 4) blanking 
| | 

(x)0.01 H 8.005 H | : (3) Details of 3-3 in (2) 
(A) Measured before modulation. | 
(B) Measured after ideal detection. Suppression level - 
(S) Details between 5-5 of (3). 

| (j) 0.0 

1/4) Of max. sync. 
End of picture 

(10.045 Se Pai a et 0.08H £0.01H * Y, line (See rote 6) (approx. 24.5 us) 

Black level 

(4) Details of 4-4 in (2) Details of line sync. waveform Details of picture sync. signal 

Horizontal dimensions not to scale | (High frequency signal) (Odd field) 

Fig. 4 - Synchronizing Waveform, Systems IV and V Fig. 5 - Synchronizing Waveform, System VI 
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(1) Signal at the end of even fields 

Bottom of picture 
Verneal blanks +0.04V * 

(e) Vertical blanking 0.06 V as (see notes 3 and 5) Top of picture 

Rs least a eee, Ce es ee ee | . ite leve ~~ + pHi Ske oe une See ea 
| ; 
M4 | 
| ty 

(b) 2,51H 74 
Black level —— 

Zero carrier level _/ ‘yy OSH|H lH 1 H 
Picture ——‘___ | 2,5H _(c) 2,5H (d)2,5H_ ! 

Horizontal blanking =) 

Equalizing Vertical sync. Equalizing Horizontal sync. pulses 
pulse pulse pulse 

interval interval interval 

(2) Signal at the end of odd fields 

Time 

oa! os CS RL yg ae PRL: Sec ue Taare Ses Ws ea gee men eign ak eee ie A 

ee Bev it 
4 4 | 

aes OLY = | | 
ost | _|loo4sH ‘o.09H| |ooash | bSH JoooH | | 

3 3 
t1+V 

Fig. 6 - Synchronizing Waveform, System VII 

(1) Signal at the end of even fields 

(e) Vertical blanking 0.06 V +0.04V * (see notes 3 and 5) 
—0 Bottom of picture Top of picture 

White orn Le ee ae + -  - —= 100% 
HA | | 

-— (g) (25+2.5) % 
Sanne 3, S1H- ; | 

Black level__- 

Synchronisation level—— U OANA ULULULAAr | -=— (f)0—-3% 

Zero carrier level — HO 4 4 tae | 

Picture____/ | (4) 35H 
Horizontal blanking ————’ 

Equalizing | Vertical Equalizing Horizontal sync. pulses 
pulse interval sync. pulse pulse interval 

interval 

(2) Signal at the end of odd fields 

Time 

‘ 

vote VTA 
05H —_||0,04SH 009 ||0045H |[009H | 

ty + V 3 a 

Fig. 7 - Synchronizing Waveform, System VIII 

— (g) (2542.5) % 

Synchronisation level _— UW U UUW ! y = (f) 0O-3% 
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(i) 0.2 H max. 1/,, of max. +0,005H 
(see note 4) blanking 0.01 -0 

White level -——-—-—-—-—_- — 

Rear slope of horizontal 
blanking (see note 3) 40 

BI Black level 2.5)_9.5 Yo 
ack level 

=a 

+0 \ % a + 2.5) % 

Horizontal sync. (10 de of max. 

? Hage i eine carrier B 
® sync. 

Front Back 
porch porch 

(3) Details betveen 3-3 in (2) 

A. Measured before modulation 
B. Measured after ideal detection 

(5) Details between 5-5 of (3) 

(see note 6) 

Black level 1) 0045H n) 0,004 H (7).Q08H* QOH 
1/,, Of max. sync. = ee et ee Ae ids ee he ies 

Equalizing pulse | | | Vertical sync. pulse 

9/49 Of max. sync. | a eee — 
(j)0004H | |(k)0,004 H max. (p)Q004H | GIRO H 

max. (m)0,S5H max. 

H 
—— > 

(4) Details between 4-4 in (2) 

Fig. 8 - Details of Synchronizing Waveform, Systems VII and VIII 

Notes Applying to Figs. 3, 4, 6, 7, and 8 

1. H= Time from start of one line to start of next line. 

2.  V= Time from start of one field to start of next field. 

3, Leading and trailing edges of vertical blanking should be complete 

in less than 0.1 H. 

4, Leading and trailing slopes of horizontal blanking must be steep 

enough to preserve minimum and maximum values of (x + y) and (i) 

under all conditions of picture content. 

5, Dimensions marked with an asterisk indicate that tolerances given 

are permitted only for long time variations, and not for successive 

cycles. 

6. Equalizing pulse area shall be between 0.45 and 0,5 of the area of 

a horizontal sync pulse. 
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Standard motion picture projectors which 

normally show 24 pictures per second can be used 

directly on television systems which transmit 25 

pictures per second since action need only be 

speeded up by 4%. The use of motion pictures on 

television systems using 30 pictures per second is 

more complicated. 

All television systems nowin use are capable 

of operating when not synchronized to the electric 

power line because small differenicés, of the-order 

of one or two cycles, between the power frequency 

and the field frequency can be easily tolerated, 

However, differences of ten cycles, which would 

occur if 60 fields were used with 50 cycle power 
(or vice versa), introduce difficulties such as 

flicker and moving spurious patterns. While these 

difficulties can be and have been minimized by 

adequate hum filtering of trangimitters.and re- 

ceivers this remedy increases the cost of all re- 

.ceivers. Sometrouble still persists when the scene 

is illuminated from a single-phase source whose 

frequency is appreciably different from the field 

rate suchas might occur in outdoor night pickups. 

DIFFICULTIES INTRODUCED BY THE 

MULTIPLICITY OF STANDYRs 

The multiplicity of standards results in dif- 

ficulties with frequency allocation, with the ex- 

change of programs, and complicates those re- 

céivers which must receive pictures on multiple 

standards. 

When systems require different channel band- 

widths, itis difficult to work out an allocation plan 

without overlapping some channels. This canpro- 

duce interferenceinthe overlapping region. Thus, 

a French 14 Mc channel requiresas much spectrum 

space as two of its neighbors! channels which use 

only 7 Me. The interference that aumrice irom 

this situationis demonstratedinFig. 9. This shows 

the frequency relationships between a station in 

Koblenz, Germany, and a station in Guebwiller, 

Alsace, France, approximately 165 miles apart, 

The German sound carrier can produce a 1.2 Mc 

beatnote in French pictures. To a lesser degree, 

the French picture: carrier can produce a 4.5 Me 

beatnote in the German pictures. The addition of 

a color subcarrier to the German station (shown as 

CK in Fig. 9), can introduce an annoying 200 kc 

beatnote im receivers tuned to the Freneh station. 

Likewise, the French picture carriér can interfere 

with the reception of colored pictures near Koblenz, 

Since Koblenz uses 625 lines, and Guebwiller uses 

819 lines, offset carrier operation cannot be used 

to reduce the visibility of the interference. 

Differences of standards complicate the in- 

ternational exchange of programs. Special tech- 

niques are used in EKurope where such exchanges 

are quite frequent. Awkward as it is to exchange 
programs between systems having the same number 

of pictures per secondand different number of lines 

per picture, as is the case in Europe, it is even 
more difficult where the number of pictures per 

second differs (25 and:30) as is the case in Latin 

America. One form of standards converter used 

in Europe uses a cathode ray tube to reproduce the 

received television picture which is scanned by its 

own standards. A camera, scanned on the stand- 

ards to be transmitted, picks up the reproduced 

picture for retransmission. This technique, while 

relatively complex, results in remarkably good 

pictures. Exchanges nowoccur frequently between 

almostall countriesof Western Europe, Exchange 

of programs betweencountries employing different 

numbers ofpictures per second appears to require 

devices using information storage such as film or 

tape. 

Belgium, with two sets of standards of its 

own, illustrates the difficulties of multiple stand- 

ards. Receivers in Belgiumcan receive programs 

from France and the Netherlands whose standards 

differ from each otherand differ also from the two 

Belgian standards. One result is that television 

sets soldin Belgium must be equipped with at least 

a two-position switch to receive the two Belgian 

standards but preferably witha four -position switch 

toreceiveallavailable programs. Thesame situa- 

tion exists to a lesser extent in Luxembourg, and 

along the borders of France. The functions per- 

formed by the ''standards switch'' can be seen by 

comparing columnsIV, VI, VII, and VIII in Table I 

which lists the characteristics of the different 

systems. Brietly referring to the table, it is- seen 

that 

1. Synchronizing circuits adapted to each system 

must be switched. 

2, The video polarities must be reversed in going 

from system IV to systems VI, VII, and VIII 

(or vice versa). 

3G VK 

GUEBWILLER 

ALL FREQUENCIES IN Mc 

Fig. 9 - Potential Interference Between Systems 

3. The scanning frequency must be lowered in 

going from systems VI and VIII to systems IV 

end Wal 

4. The video bandwidth must be reduced in going 

from system VI to systems IV, VII, and VIII. 

5. The sound system must be changed from FM 

to AM in going from system IV to systems VI, 

VII, and VIII. 

The 14 Mc bandwidth, required by French 

standards, seriously reduces the number of chan- 

nels available wherever this system is used. To 

provide an adequate number of transmitters, the 

Frenchhave resortedto the so-called ''tete-beche" 

scheme. In this scheme, shown in the lower part 

of Fig. 1, one section of the radio spectrum is 

shared by two channels whose transmitters are 

separated geographically. The relative position, 

within the passband, of the picture and sound car- 

riers of station lare the inverse of the relation for 

station 2. Only the low energy (high frequency) 

picture components of station 2 can interfere with 
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the low frequency high ener gy picture components 
of station 1. : The low frequency components of 
station 2 which interfere with the fine detail of 
station 1 can be filtered out at the cost of the fine 
detail. This scheme can produce high resolution 
pictures in the vicinity of each transmitter where 
the interference is low and results in reduced pic- 
ture detail as the receiving location approaches 
the interfering station. Recent tests seem to show 
that the interferenceis appreciably greater than had 
been calculated with the result that interference- 
free coverage is more limited than had been ex- 
pected, 

FREQUENCY BANDS ASSIGNED 

TO TELEVISION 

The Atlantic City Convention in 1947 and 

subsequent regional authorities allocated the fre- 

quency bands shown in Table III for television 

broadcasting. 

TABLE Il 

Frequency Allocations for Television Broadcasting 

Region 1 Band I Band III BandsIV & V 

Europe, U.S.S. R. inside 41-68 Mc 174-216 Mc 470-585 Mc 

and outside Europe, Mongolia, 

Asia Minor, Africa, and 

additional out-of-band fre- 

quencies for: 

France 162-174 Mc 

Italy 81-88 Mc 

Belgian, Germany, 

Switzerland 216-223 Me 

Region 2 

Western Hemisphere including 54-72 Mc 174-216 Mc 470-890 Mc 

Hawaii 76-88 Mc 

Region 3 

Oceania, Asia (less parts 54-68 Mc 174-216 Mc 470-585 Mc 

in Region 1) 76-88 Mc 610-940 Mc 

Australia 49-56 Mc 174-202 Mc 500-855 Mc 

63-70" Me 209-216 Mc 

85-92 Mc 

132-146 Mc 
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RELATIVE PERFORMANCE OF 

THE DIFFERENT SYSTEMS 

The performance of the different systems is 

comparedto that of the United States 525 line sys- 

tem in Table IV and discussed below. 

The wider the bandwidth of each channel the 

fewer the number of channels which can be accom- 

modated. Also, other things being equal, receivers 

with wide bandwidths cost more. Only the 405 line 

system is more economical of bandwidth than the 

525 line system. (See Item 1 of Table IV). 

The brightness at which flicker just appears 

can be determined from the Ferry-Porter law 

(see Hazeltine report No. 7142, p. 5). Under equal 
viewing conditions pictures viewed at 50 fields can 

only be 0.16 as bright as those viewed at 60 fields. 

(See Item 2.) 

The total number of picture elements per 

picture is proportional to the video bandwidth di- 

vided by the number of pictures per second, TablelV 

shows that all systems have more detail than the 

525 line system except the 405 line system which is 

quite close. (See Item 4.) 

The vertical resolution is proportional to the 

number of lines if blanking is neglected. Again we 

see thatall systems except the 405 line system are 

superior in this respect to the 525 line system. 

(See Item 5.) 

The horizontal resolution is proportional to 

the video bandwidth multiplied by the duration of 

one line. All systems are at least equal in this 

respect to the 525 line systemexcept the Belgian 

819 line system which is quite close. (Seeltem 6.) 

It should be pointed out that, while there are 

rather large apparent differences among systems 

with regard to detail and resolution, these dif- 

ferences are actually of less importance than in- 

dicated due to subjective effects in viewing pic- 

tures, | 

ADDITION OF COLOR 

All systems can support the addition of a 

color subcarrier except the French system when 

it uses the tete-beche scheme. There is a pos- 

IM.W. Baldwin, Jr., The Subjective Sharpness of 

TelevisionImages, Proc. 1.R.E., Vol. 28, pp. 458- 

468, Oct. 1940. 

TABLE 1V 

Comparison of Performance of Different Television Systems 

System ee cee a 

Number of Lines 

1 -Relative Channel 

Bandwidth 0.84 

2 -Relative Brightness 

for Threshold of 

Flicker 0.16 1 0.16 

3 ~- Maximum Available 

Video Bandwidth Mc 

(Picture Carrier to 

Sound Carrier Spacing) | 3.5 ao 4.5 

4 -Relative Number of 

Picture Elements per 

Picture 0.93 1 Liz 

5 -Relative Vertical 

Resolution 0.8 1 1,2 

6 - Relative Horizontal 

Resolution Lz l 1 

819 

nie? boo bs 3? ee ai 1.if 

. 16 0.16 0.16 0216 0.16 

Te. 6.5 LEO 2, 5. 5 

5 bet 3.0 boo 1.5 

ya tye 1.6 Loe 1.6 

rs 1,45 1.9 1.2 0.93 

ae = 

| | 

| 

ae SSS 

— 

Es a ee 

I hee 

— 

| 

sibility of interference when a non-French trans- 

mitter emits color in the vicinity of the French 

frontier as is discussed above (see Fig. 9). Since 

all systems have gr eater horizontal resolution than 

the 525 line system, the color subcarrier can be 

placed ata relatively higher frequency than in the 

United States. This will result in lower visibility 

of the interfering dot-pattern, or conversely greater 

luminance resolution. 

The 7 Mc (and 8 Mc) systems, except the 

Belgian 819 line system, might well use their 

large video bandwidth to achieve better compati- 

bility and simpler color circuits than in the United 

States. This could be done by choosing a color 

subcarrier frequency which isabout half a mega- 

cycle higher (one megacycle for the 8 Mc system) 
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than the United States standard of 3.58 Mc. This 
will result in better compatibility and luminance 
resolution by reducing the overlap between the 
luminance and chrominance Signals, and simpler 
color receiver circuits by allowing essentially sym- 
metrical sidebands for both components of chro- 
minance, 
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__ INTRODUCTION 

There appears to be very little published information available on the subject of 
unbalanced loading of transformers. Yet it is ‘a subject that is becoming of increasing: 
greater a ePOE eECe to both electric utilities and industrial establishments. A certain 
few authors} »@,3; 22 have partially covered the field. However, up to now no thorough 
analysis appears to be available. Certain "rules of thumb" are available and are quite 
generally used for selecting transformer sizes. However, in most cases these "rules of 
thumb" are inadequate, and frequently give incorrect and costly results. 

The methods set forth in this study are rigorous and accurate. Yet they are about 
as simple to use as any approximate method now in use. 

ASSUMPTIONS 

In this study a number of approximations and assumptions have been made. All trans- 
former banks discussed are made up of single-phase transformers. The exciting branch of 
each transformer has been ignored on the basis that its effect on the quantities con- 
sidered will be small. Balanced voltages have been assumed to exist on the primary of 
any transformer bank. 

Grounded wye-delta banks have the characteristic of maintaining three-phase voltage 
on all three phases beyond a break or open in one phase in the event the grounded wye- 
delta bank is beyond the break in the phase. Any single-phase load connected to the open - 
phase beyond the break is back fed through the grounded wye-delta bank. Sometimes such 
load is beyond the capacity of the bank, and the bank is destroyed or damaged. Some com- 
panies do not use grounded wye-delta banks for this reason. No account has. been taken of 
this characteristic in this study. 

Unbalanced loading is usually confined to distribution transformers. Thus distribu- 
tion transformer characteristics have been used. Occasionally the problem arises with 

substation transformers. For such cases, the equations developed in this study are 
exact. The data pertaining’ to the particular case under consideration should then be 
substituted in these equations. It does not appear that it is worth while to develop 
curves and charts that would apply to substation transformers. | 

The transformer connections considered are delta-delta, ungrounded wye-delta, 
grounded wye-delta, and open-delta. The equations for an open-wye open-delta bank are 
identical with those of an open-delta open-delta bank. JIn general reference will be 
made to both cases as open-delta banks in this Study. The phase relations of these . 
various cases and a circuit diagram are to be found in Figures 1, 2, 3, 4, 5, and 6. 

TRANSFORMER LOADING 

The detailed determination of the current A KVA equations is carried out in the 
Appendix. These equations will now be studied. : 

Ungrounded Wye-Delta Banks 

Equations (37), (38) and (39) of the Appendix may be rearranged as follows: 

Bers 2 ee oe ee ee a 
53 3 ek 

SB L e-J60° 2 ga e~ JF = = = ~ = og “ = a ine (2) 

S2|..|3 3 183 

S eionstn dt Sale heek ASD: lett eeas see’. cess aar. cece ek meee 
84}. 22013 361834: 

: : i f the quantity enclosed, and Here the vertical lines indicate the absolute value fe) 

the right side of the equation is equal to the ratio of the absolute value of the trans- 

former KVA loading to the absolute value of the three-phase load KVA. Thus if the right 

side in equations (1), (2), and (3) can be determined, the actual loading on each trans-_ 

former can easily be determined. It is to be noticed that the expression within the 

absolute value signs on the right of each equation is the equation of a set of displaced 

circles and is of the form 

H oz Roem setsT et fe ee er ae Se ee ee 
$3 . a 

This equation can be plotted as in Figures 7, 8, and 9. In these riguret 2 ee 

the origin, and C the center of the displaced circles. The straig on — me i 

the point 0 to any point on one of the circles represents the loading ratio o e “ 

side of Equations (1), (2), and (3) for the particular values of S21 /183 | and re . ae 

@ simple convenient method of obtaining the loading on any transformer of an sg i . 

wye-delta transformer bank has been obtained. It will be noted that Figures 7, Oy ” 

9 have been laid out so that an engineers scale can be used to determine loading ratio. 

Load limit curves aré @asily derived from the equations so far presented. Let an 

expression for |S3| be derived from each equation in (1), (2), and (3). Let SA & ‘Sees 

the maximum allowable load on transformer A, i.e. the load limit of transformer A. 

Similarly let Sp = Lp andlet Sc = Ic - Then the following expressions can be | 

obtained: | 3 

Is3| = | Pelee ah (ae to fetes le laa (5) 
aki 1+ = (| e-jr] My Z 

3. 3183 | 3 | 

Is | — ee = — tl = ~ = os om = = (6) 

ot 1 e-JjO0° + lez e-Jjr Mp” a | 

3 3/8 | 31. | 

S3| a llc ee: at _ feel 

1 ed | — Mg 
3 3 

Now if each equation is taken in order and the IL | of that equation is let aa eer aig 

unit, for a particular value of r and for various values of the ratio, |S3| | 33 a 

of M can be determined from Figures 7, 8, and 9. If these values of M are subst ne 4. 

into equations (5), (6), and (7), S3 and from it Sj can be determined in per uni 

5] 
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1 Boe pe These values can be plotted to give the load limit at that value of r. arse e 

curves are shown in Figures 10, 11, and 12. Since the curves are plotted in per un : 

allowable transformer load, they are good for any size transformer. Thus only one o 

of curves need be plotted for the entire range of ungrounded wye-delta transformers from 

the smallest distribution transformer to the largest power transformer. 
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It is to be noted that all expressions are independent of all transformer charac- 
teristics. Thus the loading of a bank is unchanged by changing any one transformer in 
the bank, and thus there is one optimum bank combination. | 

For the case where three-phase power factor is about eighty percent and single- 
phase power factor is about ninety-five percent, i.e. r = 20°, the optimum bank sizes 
to give no more than 100 percent load on any transformer are as shown in Figure 13 for 
Single-phase and three-phase loads up to 100 KVA. 

Open-Delta Banks with Lagging Connection 

Lagging connection is defined as that connection that has the single-phase load 
connected across the transformer through which flows a current that lags that of the 
other transformer in the bank. The current directions are defined as in Figure 4. The 
KVA loading equations for the open-delta case in lagging connection are shown in equa- 
tions (43), (44) and (45) of the Appendix. The loading equation for transformer A is 
the only one that needs to be considered since the others are simple. It may be re- 
arranged as follows: 

2 = eJ 30° + 

3 V3 | | 
Again it is to be noticed that the expression within the absolute value signs on the 
right of equation (8) is similar to equation (4) and thus is the equation of a set of 
displaced circles. It can be plotted as in Figure 14 where OLag is the origin. The 
distance from point OLag to some point on the general circles in this figure can be 
used, as in Figures 7, 8 and 9, to determine the loading on the lagging transformer 
when the bank is connected so that the single-phase load is across the lagging 
transformer. : 

tl oe i  - | 

Load limit curves may be derived for the lagging transformer of the open-delta bank @ 
in the same manner as for the ungrounded wye-delta bank. The following expression is 
the equation from which they may be derived: 

: 

*5| 2 aa (9) 
1 ed30° + |8)| ed? 

om 55 
The curves derived from this equation are plotted in Figure 15. 

For the case where three-phase power factor is about eighty Percent and single- 
phase power factor is about ninety-five percent, i.e. r — 20°, the optimum open-delta’ 
bank sizes to give no more than 100 percent load on any transformer are as shown in 
Figure 16 for single-phase and three-phase loads up to 100 KVA. 

Open-Delta Banks with Leading Connection 

Leading connection is defined as that connection where the Single-phase load is 
connected across the leading transformer of the bank. Here the current directions are 
defined as in Figure 5. The KVA loading equations for the open-delta case in leading 
connection are shown in equations (49), (50), and (51) of the Appendix. The loading 
equation for Transformer A is the only one that needs to be considered since the others 
are simple. It may be rearranged as follows: 

34 =|. e7J30°' + [81] enur eee a yy 
3 V3 53 , : | 

by 

Again this can be plotted as a set of circle diagrams and this has been done on Figure 
14 with OLfead considered as the origin. Load limit curves have been plotted on Figure 
15. It can be noticed from Figure 15, that for certain values of r, the load on the 
transformer connected across the single-phase load is less for the one connection than 
for the other. Thus for a particular load one connection may require smaller transfor- 
mers than the other connection, and thus there is a saving that may be realized by 
picking the connection that requires the smallest bank. 

Open-Delta Banks with Open Connection 

Open connection is defined as that connection where the Single-phase load is con- 
nected across the open leg of the bank. The KVA loading equations are shown by equa- 
tions (55), (56), and (57) of the Appendix. The loading equation for Transformer B is 
trivial. However, the equations for Transformers A and C may be rearranged as follows: 

33 3 a | 
=< | = er eae 2 e- dr Gor, boc Beles Bt oo oboe, oe 

oa us. 83 

It will be noticed that equation (11) is identical with equation (8) and equation (12) 
is identical with equation (10). Therefore both of these equations are represented by 
the circle diagrams of Figure 14 and the load limit curves of Figure 15. 

Delta-Delta and Grounded Wye-Delta Banks 

As is shown in the Appendix, the loading equations of these two connections are 
identical. Thus the following discussion applies to both cases. The loading equations 
derived in the Appendix are as follows: 

Lip at (Zc a&-a)* |S3| @ (2c + 1)* [Sz | = Je-50°) | (0.900) (13) 
A L at LZptZ C Zp 

Zn (2c -a)* |s3| + |S) | gions | a(era50%) - 
SB LatZpytZ. Le | 

2 ia Oy] it s, = |_-& _|* |(Ze -a°)* [83] + |s,| ed(t+90 | -J(6+30°) - (a5) 
C LatZptZ. a i : iSite 

It is to be noted here that if all transformers in a bank, and thus presumably all 
impedances, are exactly alike, that equations (13), (14), and (15) degenerate to the 
equations (37), (38), and (39) of the Appendix, and thus act as if the bank were an 
ungrounded wye-delta bank. Loading circles and load limit curves for this case only 
are as shown in Figures 7, 8, 9, 10, iil, and le. It is of some interest to see how the 
transformer loading varies with power factor angle for the case where all transformer 
impedances are identical. Transformer loading ratio is plotted versus r for all trans- 

formers in the bank in Figures 17, 18, and 19. A comparison of the three for one value 
of |S,|/|S3| is plotted in Figure 20. 

Equations (13), (14), and (15) have six unknowns to deal with, too many to be 
handled readily. However, they can be put into the following form: 



(os -a)* Lo % Ziggy He 

os = ade e pa a at en d(r-90)) ra (16) 
3 ¥3(1 + ys) (1 + 25¢)* 13 sap ll 2c 4° 4a)x 

a ce as 

Ze * 
Bi 9.% 2c 

“B = A ON 1 S ‘ai (r- QO) (1 = che : . + ee j(r-9 7 (17) 
S | Z z; 3 | V3G + 2e)® are) (1+ e+ 

— | oa) * 
PC ig —a___ + > e7J(r+90) 2 (1 + =) | (18) 

rs vsti + a (1 + 2 7) (4 F 4 
a a 

These expressions, while they look complicated, -are much dvunler to handle than those of 
equations (13), (14), and (15), for it may readily be seen that the following expres- 
sions are true: 

Sa Zc a | Ze Za vr 
| May beh? 9). Bale 0) net es (19) 

Sp Zee | ) 2, Xb ) 
gel Ge > [x 8) Ree CS NRO) 

Sc Zip ~ Zo *: Bp tie yee | 
53 = on ] Is 5) r) x Kee 3 oy id = = ie = 7 % as (21) 

Here the M's are made up of three unknowns and the K's are made up of two unknowns. The 
value of M may be calculated separately, the value of K may be calculated separately, 
and their product is the desired expression. 

For large banks, the ippcaneee ratios are approximately real numbers. 

distribution banks this is not quite true and the impedance ratios are Bevel tY. complex. 
numbers. 

It appears that a discussion of the impedance ratios is in 1 order, particularly with 

respect to the constant K since it is desirable to plot K versus transformer KVA ratio. 

If transformer KVA is plotted against the reciprocal of the percent impedance with all 
percent impedances converted to the same base, a straight line is obtained as is shown 
in Figures 21 and 22. 

straight line goes through the origin, while from fifty to five hundred KVA the straight 

line does not go through the origin. Above five hundred KVA too many other factors such 
as type of cooling influence the percent impedance so that it appears a ‘Straight line — 
relationship may no longer be aseGs 

Circle Diagrams to determine M can be drawn for all possible combinations of trans- 
formers. However, this seems impractical. If the angles of the impedance ratios were 

However, for 

Note that for transformer sizes of one hundred KVA and below the . 

@ 

€ 
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all alike, circle diagrams would need only be drawn for the various transformer KVA 
ratios, and not for every possible transformer combination, thus greatly reducing the 
volume of work. The phase angle of the impedance ratios for distribution size trans- 
formers varies from minus thirteen degrees to plus twenty-five degrees. However, the 
angles of various transformer combinations that have the same ratio are surprisingly 
Similar. If the mean ratio angle is used, the relationships shown in Table I are valid 

for transformers from three to one Hanaree KVA and would introduce a small error only, 

if used. Thus in this study, data for circle diagrams and the values of K have been 

determined only for the general transformer KVA ratios and not for every possible bank 

in the three to one hundred KVA sizes. 

In the fifty to five hundred KVA sizes a further complication is introduced by the 
Pact that the KVA ratios are not inversely proportional to impedance ratio. Instead the 

following transformation may be used: 

ach ac 50 ‘ pee ties IRE (22) 
[Lo | + 50 2) 

vip) = mn = ~ Me - 2 is = * = me by mn 

This can be derived from Figure 22. This transformation was used in this study to 
determine data for the circle diagrams and for the values of K. 

In general equations (16), (17), and (18) are of the form 

edt ae KM , i - ~ - = ~ ait a 

8 
Kx |Hed +R = (23) s-| = 

22 

where 

- § 
M = Hed + R ee ee ee ee ee 

By making use of the impedance relationships of Table 1 the values of H, R, and § have 
been determined for the most probable transformer ratios and have been listed in Tables 
II, III, and IV for transformers of three to one hundred KVA. They have also been 

dp tev hed for transformers of fifty to five hundred KVA and have been listed in Tables 

V, VI, and VII. From these values of H, R, and “o circle diagrams to determine M can 

be esariy set up. Values of K have ai85 pebh determined and have been plotted in Figure 
23 for transformers from three to one hundred KVA and in Figure 24 for transformers from 
fifty to five hundred KVA. Then with K determined from the curves of Figure 23 and 2 
and with M determined from the circle diagrams, their product is easily determined. 
Thus a fairly simple method has been derived for determining the loading of the trans- 

formers in a delta-delta or grounded wye-delta transformer bank. 

Load limit curves could also be set up for delta-delta or grounded wye-delta banks. 

The same procedure would be followed as previously. However, a large number of such 

curves would need be set up and it is felt that it is not desirable to include them in 

this paper; however, each individual may set up his own as needed. 

A plot of the preferred transformer bank sizes for three-phase loads of 80 percent 
power factor and single-phase loads of 95 percent power factor has been included in 

Figure 25 and has been set up so that no transformer in any bank carries more than its 
rated load. If some other limit is desired, the abscissa and ordinate of Figure 25 and 
incidentally also Figures 13 and 16 should be multiplied by the ratio of the desired 
limit to rated limit. 
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CONCLUSIONS .- : snopcrn = bees wets | g " 2, e7d(1204@) , 71 9-5 (9046) 
A number of conclusions may be drawn from the preceding investigation. They are BJ pre 2 Jone Ab | ire ed f 2 7 ET aes a (26) 

follows: | : | | : as fo | i om Ty a ae Ly e-J(240+0) Der e~-J (90+) 7: a a = a ioe (27) 

1. Transformer loading in an ungrounded wye-delta transformer bank is independent | is 
of the transformer characteristics and depends only upon the load. Thus there is one The following equations follow from Kirchhoff's laws: 
optimum size transformer bank that will most nearly match the loading due to a / partic- | | | | 
ular unbalanced load. | | | Tg = Tha - Teg frat Tat Cen a ie BER 

2. Transformer loading may be very simply determined by a set of circle diagrams. ees Sg OU eat ene inca 2a ne eee ee eet eS (29) 
Three sets of circle diagrams are sufficient for any size bank of ungrounded wye-delta e b= “cb ba = 3 ~ J 
transformers. 

| n(Tja + Deh ign) BO = = = = = 8 em Oe OR ee 
3. Load limit curves ee set up to handle any conbination of unbalanced loads | : 

- on an ungrounded wye-delta transformer bank. Three sets of curves are sufficient to If equations (28), (29), and (30) are solved simultaneously for Iba, lac, and Ipp, the 
handle all transformers. following equations result: 

| : s. 
4. Transformer loading in an open-delta transformer bank is independent of the i = 3 ta + = lp a ee ee oe 

transformer characteristics and depends only upon the load. Thus there is one optimum 

size transformer bank that will most nearly match the loading due to a particular un- oe 1 ee : . 

balanced load. “ip 4 lac es Ig - 3 Tb | - - - = - = ~ Bo Bp asec Ag -  - - (32) 

5. In general for an open-delta bank the leading connection with currents defined 
as in Figure 5 and in the text, the lagging connection with currents defined as in Figure st oa ue 
4 and in the text, and the open connection all load differently. Each should be investi- lba ~ 3 ta cs 3 *b ete te te ae eae Se ee ee ~t2i"4 33) 
gated for a particular load in order that the smallest bank size be used. At power fac- 

tors normally encountered, the lagging connection usually requires the smallest bank size. If equations (25), (26), a. (27) are substituted into equations (31), (32), and (33) 

the following equations result: , 
6. Transformer loading in an open-delta bank may be very oeeiey | determined from a la | : 

set of circle diagrams. r © aa ve a  g-d(@+90) , 2 =I 27 d5( $490) 2 i : a 2 say ae : (34) : 

{.- Load limit curves may be set up to handle any combination of unbalanced loads | 

on an open-delta transformer bank. | | : 1 ‘i | : 
: | | ) , Tac = if 3 iE e-Jj(8-150) + = 7} 7d (P-90) = a -_ me co cs a = (35) 

8. Transformer loading in a delta-delta or grounded wye-delta bank of transformers See ae 3 : | | | 
is dependent upon the transformer impedances in addition to the power factors and the ; 

magnitudes of the single-phase and three-phase loads. For the standard distribution | 5 3 ~4(Q-20 1 -4(-90 OCS eS 
transformers in use, there is one optimum size of transformer bank that will most nearly lba = Ire J(&30) A nee e i ga ee acc | ae nea Py oe kee 
match the loading due to a particular unbalanced load. 

Now 

9. Transformer loading in a delta-delta or nated tae delta bank may be very oe 5 (+90) (+90) 

easily determined by means of circle diagrams. However, in general, in order to cover Sa = Bop Lop* = B e~ J90 3 dye J ae fr 
the range of possible combinations, @ large number of circle diagrams will be required. ae : | | 
Data for these circles and charts giving the K multiplier are presented here. 1 a : : K s.- V3 ME els? gr el 

10. Load limit curves may be set up following the procedure set forth previously. a 3 

In general a large number would be required. — sz] 3% 2 Is, sibs ores: aapest fe Stee oe 
: | Sa os x + aa di a = - = => = - ea > = = m= (37) 

APPENDIX | | 3 

DETERMINATION OF THE LOADING EQUATIONS s, = ISql ed® | Isz| Ce - 

Ungrounded Wye-Delta Transformer Banks. ; gies | | ae 3 ; | 3 oa" 
3 | | je , 

From Figure 2 the following current equations are derivable: - ae | S32 | ed " [Sx | -J(-60) So 4 3 5s i Rem paeees 

ri | 3 3 | m 
of RR Oe == Ire oo... kr, 

Open-Delta Banks with Lagging Connection 

| From Figure 4 the following current equations may be derived: 



. 50 | 1O 

| eg 7 he 1 Ay, S 2 age Ader cutnaas We appetite ier ee ae cL | | die fo? paca : 
: : * | EN eee v= J J ' }( 9-150 3 ee 7d (04120) "). 7s ord e00) eae a St ee ra) 3 @ S, = Eye Tbc* = Ey, © fs e + It ed(-15 J 

i= Oe SS Bee aE heer ye, ee Siar caer oe gE oat ecg le ae (42) | From this 5, is as shown below with Sp and 5a similarly derived: 

The expressions for S may be derived as follows: fe |S3 | 2 J(@&30°) oa lland od (p-60°) ) 2 (55) 

; = 490° + j(0+120) +5 (+90) Fey /3 a 

Sy ox Sen Lag = Ey, © J i, ¢ + IT' e 

hee Sp = 0 ee a eee aie a Ee NG a ee ker i 

153] _ 3(@+30°) | | gy SBI 3 eo |s,| Soh ee ee ee ete cS a s 0 0 Am B sa Bo = at eT) lai AMO 
; | | | 

| Sore 1$3| ,-3(@+30°) Se ee eee a a | 
va | Delta-Delta Banks | 

| | ee ee : 3 | 
So = 0 s - 5: ie a = ie : ‘ € :: = fate ae . 2 (45) From Figure 1 the following current equations may be derived: | 

Open-Delta Banks with Leading Connection a | | I, = ag = i, e Je = z © Zz “a = = = z + . = - (58) | 

From Figure 5 the following current equations may be derived: ie aL, o-d(@+120°) ries a oJ (o+90°) - = sit.sd ati aaa | 7 as | 
- jc 

Iba oo Ile -= 1, = Le J ~ - - - - oa pe + a a i (46) | ; : O ;: re) | 

: < j(O+2h0° ) ( 0°) 
Ae oe I. a = Ly oJ (8t+2h0 ) ek =, od (G+90 ) A: A se “a 2 + # (60) | 

Ipe = Ip = 1, - I" =4, 8 -I' en J(P9 ee te) | 
i The following equations follow from Kirchhoff's laws: ee ee er Ee 

The expression for S may be derived as follows: | ©O C Ta = Iba - tac ™ z a a a % . ay . i = = ‘3 > (61) 

O : 
=) ago 1(@-120° i(9-90 lec ee E SO a Mao agg a eee ae aa) ne ee 62) | S, = Eye Tbk eee E eJ(8-120°) 4 1 ed (P-% | _ b= top * tha ( 

z ia od = Li me, zn z hE by i cS 2 | 

From this S, is as shown below with Sp and Sq similarly derived: ThaZc + tacth + Icb4a = 0- (63) 

ay |S2 | =3(@-30°) a. | 239 : : a ° Fy0) | If equations (61), (62), and (63) are solved simultaneously for Ipa, Ia, and Ip, the 
A 3 cg : following equations result: 

Sp = 0 “ee Soa ee a reo ce}: (50) ee la 2p _ Nb Za OE ee Se a 
| ZatZptl.  BatprZ | 

S : ‘e) : a Cc a ti i 

S. = [8a] gdtOH30" 8 oe eee 5) | | f 
V3 : * see _-Ig(Z, Lie) _ tp Za Z 5 ¢ a a (65) | 

: | +7; +Z+ Bs beet Cap ts, "2 eee | 
Open-Delta Banks with Open Connection = ne esa We siege 

From Figure 6 the following current equations may be derived: ere I Zn a 1, (Z,+2 ) 5 2 . ‘ = é = (66) 

-§(9-150° | ~ Lott, +2 Zi 40 +Z : ee, 
Ipg = Ig = 15 + T= Ty ender) pe ee} 52) | Berne Fale 

PA Pe TPT” ep ee aT! e~ J(p-150°) < Bee (53) | If equations (58), (59), and (60) are substituted into equations (64), (65), and (66) 
ba a 1 1g and if the operators aandac are employed, where 

° O : 

Loc = O = ad ae - 5 * =: = ~e = - = = * = (54) a= anew ac == aja? ; 

The expressions for S may be derived as follows: the following current equations result: | 

@ i) ue = Pee Hae) (40 -a°) £ e-J® ~ e- 5 (+909) ~ - - = = (67) | (pels Yee. |. Za L 



ee 

ov. vA = ae ao @) ee oo (Ze =e). ye oa e-d(H90) 1 LL. a, Ze -a) a, onda 1 onS(bH = oie 

Zip (2c a& -a) - 5 ac : 
OO Plytle ay mee (+ Bp) rt enalO90%)]. = (65) 

The expressions for S may be easily derived from equations (67), (68), and (69) by the 
procedures used for the other connections. they are as follows: 

Sa = beet (Ze a e_a)* = age (Ac: * 7) [Sy |e7d(z- -90 a ,J(@-90") (70) | 

LeatlptZ 1 ate Z 

Fe hte es Niele oar omen ic RS cep acces | (@+150° 
SB = rations ve vic + | 1| e The 9 ) au 2. ) Fe - (71) 

Yn Za % (2p -a&)* |S3| S = 0 O 

fe cae e pet Pal a fev) | a no ATR) 

Grounded Wye-Delta Banks 

From Figure 3 the following current equations may be derived: 

eJ& Ig=T =i ee (739 
Z sao ‘ 

dy, dor HiT” eee e~ j(6+120 ) + [' e- J ($+90") - ~ - - - - (74) ry 

oe O O y 

Ie 1g - I" = eh ee, eT ATS) 
The following equations come from an application of Kirchhoff's laws to the circuit 
diagram of Figure 3: 

Tg" Tyg” gd 0. einen Ga oes Sees) Be A22) «1 i) ence) 
I =Ie- lps > fe ETT) 
Iba Lie + Tac Lip ial oe Lo = O = % e i = = % 7 .* (78) 

But equations (73), (74), (75), (76), (77), and (78) are identical with equations (58), 
(59), (60), (61), (62), and (63) of the delta-delta bank derivation. Therefore the same 
derivation applies here, and the results of the delta-delta bank derivation are also the 
results here. 

NOMENCLATURE 

Big Oy C7 x Phase designations. 

Pe: C Transformer designations where A represents the transformer 
connected between phases b and c, B represents the transformer 

connected between a and ea ana C represents the transformer 
connected between phases | a and b. 

: | 

Ge We: The operators, 23120" and 2Jeho° respectivelys. Td) 

iH, .. Hay Bi 

Ia; ly» I. 

Iba» lob» Tac 

‘Tm TE! eo JCF + 90) 

n 

Ra, Rp, Rc 

ke 

Phase -to-neutral voltage of phase a. 

Phase-to-phase voltage from phase b to a. 

Absolute value of the line voltage in any phase. 

Displacement of the center of a circle from the origin. 

Current in phase a, b, and c respectively. 

Current inside a delta bank from phase b to a, phase c to b, and 

phase a toc Veaee ce ere: 

Current in a single phase load. 

Current into a Daiencae three-phase load in phases a, b, andc 

respectively. ie 

hose Lute value of the line current in any phase. 

Zip + 226 

Lag. te Lay + De 

Za + lags 

Le + Za, + re 

Zig 4. ©Lb 

Lig + Ly + Lo 

Absolute value of the load limits in KVA or pu of transformers 

A, B, and C respectively. 

Ratio of transformer A rating to that of B in the determination 

of Ka. 

Hyed “A +R, [si] ee" [83]. 

HpeJ°B + Rp Ix] e-3*/|53]- 

Hed + Rp [S3| oJ /|83]- 

Transformer turns ratio, primary to secondary. 

Coetficient—-of Isz1/|s3 | inthe -radius..of.the..cincle to Gecer= 

mine M for A, 2B, and C respectively. 

Single-phase load KVA. 

Three-phase load KVA. 

Load on transformers A, B, and C respectively. 

Impedance of transformers A, B, and C respectively. 
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Table II. Data to Determine Circle Diagram, Ma, for Transformer A, 
_ 2400 Volt, Three to One Hundred KVA, 
Delta-Delta or Grounded Wye-Delta Banks 

“ e- 9. 
ft 

Sa, OB, Ve Angle of Hy, Hp, and Ho - idtgy on aii aa a rrr 
| | C/T, H R 5 

ven Three-phase load powerfactor angle. _ :. £ Paenisth ct An av AN MRMMRRNRNROMIMEE MEE ROMO E I SC 

oe 3 Single-phase load powerfactor angle. 0. 30° 0.289 0.576 gy As ag 
| 0.33 0.294 0.574 £6, 6 

b)* Peat as | 0.375 0.295 0.578 15.2 (a + jb) ( jo) | | | 0.40 0.288 0.582 ae 

| | | | - Absolute value signs. | ara nae 0-29) , ae 

| BIBL LOGRAPAY ee 0.67 0.303 0.625 6.5 
Saw G.75 0.320 0.636 45 
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: | | 1.50 0.366 O. 720 =, 6k 
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3. Unbalanced Loading and Voltage Unbalance on Three-Phase Distribution Transformer | ae ei 0.780 se 
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1957. 7 | Delta-Delta or Grounded Wye-Delta Banks | 

TR 

re ssh : : : Le/L, HR RB 5 
Table I. Relationship between KVA Ratio, Impedance Ratio, and Mean Impedance B 

Ratio Angle for Three to One Hundred KVA Transformers 

0.30 0.304 O313..4° * i eS 

———————— rr eeaESESoo————————————————————————————————————————————————————————————————————————e } 0.33 0.304 0.143 ~ leek 

, | 0.375 0.302 0.158 ~72.9 
Mean Impedance | | 0.40 0.315 0.167 ~65.9 

KVA Ratio Impedance Ratio Ratio Angle | | 0.50 0.318 0.200 | Gago | 
0.60 0.314 0.231 -67.5 | 

ae 0. 32° 0.250 -63.6 i 

O. e = Z . 0.32 0.273 -63.5 

Et ae ; if 1.00 0.333 0.333 60.0 
0.375 2.667 Pye a 1.33 0.346 0.399 -56.0 
oh 2.50 10£° ee eee 0.428 -55.0 

0.5 2.00 : 65° 67 0.367 0.45h 52.0 

0.6 1.667 eae 2.00 0.376 0.501 -51.3 
0.667 1.50 =n 2.50 0.387 0.558 48.5 
0.75 1.33 - 2 2.67 0.396 0.572 -45.2 

1.00 ‘att 0° 3.00 0.413 0.600 -45.0 
si3 0.412 0.625 4 
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Table VI. Data to Determine Circle Diagram, Mp, for Transformer B, 
2400 Volt, Fifty to Five Hundred KVA, 

Delta-Delta or Grounded Wye-Delta Banks 

Table IV. Data to Determine Circle Diagram, Mc, for Transformer C, 
| 2400 Volt, Three to One Hundred KVA, 

Delta-Delta or Grounded Wye-Delta Banks | 
— a ree ee : 

4 " 

ries Hc | Ro Teh Hp Rp op 

0.30 0.289 0.131 83.5° 0.30 0-311 0.163 -67.0° 

0.375 0.295 0.158 76.9 0-40 0.315 0.200 -65.4 
0.40 0.286 0.166 81.8 0.45 0.325 0.226 -63.0 
0.50 0.295 0.200 7535 0.50 0.316 0.280 -66.6 
0.60 0.310 0.230 68.8 0.60 0.323 0.262 — -63.0 

0.67 O. 06 0.250. 6 8 0.67 0.318 0.262 -64..0 | 

0.75 mee ee | 62.0 0-7) 0.325 0.201 64.0 
1.00. 0.333 0.333 60.0 1.00 0.333 0.333 -60.0 

1.33 0.358 0.399 54.5 1.33 0.348 0.390 -96 «3 
1.50 0.371 0.428 51.8 B +20 On doe 0. it" -29 1 
LOT 0.368 0.456 51.8 ae ahs ae ee 
2.00 Pent o> kon aie 2.00 0.366 0.458 -52.8 
ae re ee ne 2.23 0.355 0.4b2 54.6 
2.67 0.406 0.570 ARS 2.50 0.367 0.499 -51.0 
3.00 0.420 0.601 42.7 3-00 0.386 0.534 -48 .0 
3.33 0.433 0.62) 41.5 3-33 0-363 0.501 -48.0 

Table V. Data to Determine Circle Diagram, Ma, for Transformer A, Table VII. Data to Determine Circle Diagram, Mo, for Transformer C, 
2400 Volt, Fifty to Five Hundred KVA, 3 2400 Volt, Fifty to Five Hundred KVA, 

Delta-Delta or Grounded Wye-Delta Banks Delta-Delta or Grounded Wye-Delta Banks 

Li H R si C/Le A A. A “B/y,, Hg Re S¢ 

0.30 0.288 0.579 155° 0.30 0.288 0.163 82.5° 
0.33 0.297 0.591 14.0 0.33 0.297 0.178 76.0 
0.40 0.298 0.598 © 13.0 0.40 0.298 0.200 76.0 
0.45 0.298 0.614 Goh O45 0.298 0.226 75.0 
0.50 0.308 0.616 — 8.5 0.50 0.307 0.227 70.0 
0.60 0.311 0.634 5.5 0.60 0.311 0.262 68.0 

0.67 0.312 0.63h | es - 0.67 0.312 0.262 66.5 
0.75 0.321 0.638 sated 0.75 0.321 0.281 64.7 
1.00 0.333 0.666 0.0 1.00 0.333 0.333 60.0 
1.33 0.347 0.686 - 3-7 1233 0.347 0.390 56.0 
1.50 0.358 0.708 > del 1.50 0.358 O. 414 54.0 
1.67 0. 364 0.706 ~ Jee 1.67. 0.364 0.415 53.0 

2.00 0.376 0-730 fe 2.00 0.368 0.455 51.0 
2.23 0.373 0.728 a Se 2.23 0.373 0.461 49.5 
2.50 0.387 0.744 -10.4 2.50 0.387 0.498 47.2 
3.00 0.402, 0.763 -12.8 3.00 O.4O1 0.533 46.0 
3.33. 0.416 0.774 -14.0 3, 38 0.416 0.561 43.0 
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. Fig. li. Circuit Diagram and Phase 

Relations of a Delta-Delta Transformer 

Bank 

EAC 

Fig. 3. Circuit Diagram and Phase 

Relations of a Grounded Wye-Delta. 

Transformer Bank 

Fig. 5. -Circtit Diagram and Phase 

Relations of an Open-Delta Transformer 

Bank with a Leading Connection 

EAC 

Fig. 2. Circuit Diagram and Phase ee ee ee 
Relations of an Ungrounded Wye-Delta | | Ont) OR. OA Se OG, 0.08 Ke Whee 

Transformer Bank LOADING SCALE 

| Fig. 7- Transformer A Circle Diagram 
for Ungrounded Wye-Delta Banks 

EAC 

> (eo 
on 

Fig. 4. Circuit Diagram and Phase 
Relations of an Open-Delta Transformer 

Bank with a Lagging Connection , Ost Or soe 08 ‘04! O5 406 
. LOADING SCALE 

IB Fig. 9. Transformer C Circle Diagram 

aay, : for Ungrounded Wye-Delta Banks 

PERCENT 
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IS3l_ IN 

100 200 
IS;) IN: PERCENT 

Fig. 11. Load Limit Curves for Trans- 

former B of Ungrounded Wye-Delta Banks 
} | in Percent of Allowable Transformer 

| Load 

Fig. 6. Circuit Diagram and Phase 
Relations of an Open-Delta Transformer 

Bank with an Open Connection 

140 i % 220 | SSE SSSR 

es CRS LR 

moh ES ere 
eS RCE 2% = pe 
SPN SOs 
SO vie ai | ee 

ae if ‘A eS 
a 06 IO. 0 350 340 0) 

Sr ae CER sis oe Soe ete 1 

e) Ol 0.2 0.3 0.4 0.5 0.6 

LOADING SCALE 

Fig. 8. Transformer B Circle Diagram 
for Ungrounded Wye-Delta Banks 
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Fig. 10. Load Limit Curves for Trans- 

former A of Ungrounded Wye-Delta Banks > 
in Percent of Allowable Transformer 

Load 

IS3| IN PERCENT 

200 
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Fig. .le2.: Load. Limit Curves for Trans- 

former C of Ungrounded Wye-Delta Banks 
in Percent of Allowable Transformer 

Load 
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Technical Report No. LK=647 
May 28, 1958 

Subject: 

Knox 6 inch, 10,000 1b. Suspension Insulator 

Introduction: | ; 

A total of 38 Knox six inch No. 86102 suspension insulators ware examined 

and tested to determine the ‘quality of these insulators, 

The units were assembled using Brewer-Titchener hardware, The results 

are as follows: | 

I - Physical Measurements 

Sample Arcing Distance Leakage Distance Weight Unit Spacing 

- Number Inches _iInches lbs.+oz. Inches 

i 4 3/8 7 3/8 | ba Sty | § 1/2 
2 41/4 737156 G& # I3 S12 
3 4 1/2 7 5/16 2 * 1 S'Lsz 

Standard A.S.A. spacing 5 1/2 inches 4 1/8 inches. 

II - 60 Cycle Dry Flashover - KV 

| Single Unit | Two Unit Three Unit i 

Sample Sample Sample Sample Sample Sample 
Boel. Ne. .2- Nos. 1 & 2 Nos. 3&4 ‘Nos.1, 2,3 Nos.4, 5, 6 

63 60 116 116 157 160 
62 62 116 Lie 160 159 
62 60 108 a Oe 157 152 
59 60 117 116 159 148 
60 58 9 ae 112 136 163 

Av. Uncorr, 61.2 60 114.8 113.8 15748 156.2 
Av. Corrs 64.5 63.2(60) ee 123.8115) 17135 170 (165) 

( ) Locke Catalog Values. 

TIL - 60 Cycle Wet Flashover = KV 

“i Single Unit ___two Unit Three Unit 
Sample Sample Sample Sample Sample Sample 
Ree: Ad No. 2 Nos. 1&2 Nos. 3&4 Nos.1,2,3 Nos. 1, 2,3 

32 29 66 61 | 80 87 
32 30 55 55 79 89 
30 30 55 58 78 91 
33 ay 54. a 80 88 

ert oe i 58 TS 84 
Av. 32 29 .4(30) 56.6 57 (55) 78.4 87.2(80) 

(No Correction) 



IV - Im ulse Flashover » KY 

“Single Unit 

Pos. Ne Pos. Corr. Neg. Corr. 
94 102 99.3 107 

106 100 113(100) 104.5(100) 

Pos. Neg. Pos. Corr. Neg. Corr, 

187 187 202 200 

190 180 206 (200) 193(180) 

Pos’. Neg. Pos. Corr, Neg. Corr. 

267 248 289 | 265 

260 248 282 (290) 265(260) 

10,000 lb. rating) V «= Mechanical and Electrical and Ultimate Streneth Test 

Sample Mé& E Ultimate Nature of ‘Pinhole 
Number Pounds Pounds ‘Fracture Depth (Inches) — 

21 11,600 14,250 Low break } Sah a ge A 
22 9,900 13,400 Low break 1 7/32 
22 16,150 16,150 Low break 1 as Os a es 
24 15,800 16,900 Low break 1 2733. 
25 16,600 16,600 Low break |e Me He 
26. 10,600 11,350 Low break Tr’ 10/32 
a 8,100 11,100 Low break Livan 
28 10,900 14,000 ‘Low break be a 
29 13,600 14,900 ‘Low break 1: T3732 
30 10,050 14,400 Low break ie Ge Big 

AV. £22330 14,305 

VI - Mechanical Imp 

‘Sample 
Number. 

_in 1b. rating) 

Nature of 

Fracture 

Doughnutted 

Doughnutted 
3/4 off 
Doughnutted 
Doughnutted 

Doughnutted 

2 inch piece out 

Doughnutted 
Doughnutted 

Doughnutted 

‘Skirt Thickness - 

Inches. 

Le 738 
Lavan 
12/32 
13/32 
13/32 
14/32 
14/32 
15/32 
14/32 
14/32 



VII - Puncture Under Oi] (80 kv rating 

Sample | | 
Number Puncture Value KV Location of Puncture 

128 “In the head 
125 Base of cap 
106 In the head 
128 In the head 

106 In the head 

130 Base of cap 
125 Base of cap 
110 In the head 
110 Base of cap 
130 Base of cap 

Av. 119.8 Percent avg. variation 7.8% 
— ‘ 2 Goon aurPwne 

VIII + Porosity Test 
Taken from ‘Sample 

Previous Test Number Head. Throat ‘Skirt 

M& E Za ok ok ok 

MéE&E al ok ok ok 

-Punct. 3 ok ok ok 
Punct. 5 ok ok ok 
Impact 17 ok | ok ok 

1X ~ Specific Gravity Test 

Sample 

Number Head Throat ‘Skirt 

3 2.390 2.363 
5 2.401 2.368 

17 2.408 
22 2.404 2.369 
27. 2.380 2.402 

The combined mechanical and electrical strength tests show that 20% of 

the units fail to meet rating with a minimum test value of 8,100 lbs. The 

average mechanical impact siveneth af 53 dw The. is only slightly better 

than the rating of 45 in lbs. Under test section V1 headed "Nature of Fracture", 

it is to be noted that 80% of the units "doughnutted." This type of fracture 

will result in complete loss of insulation and accompanying damage under the 

top of the insulator. 

ee 
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. ~— | | 
25 Knox 10 Inch 15,000 Lb. Insulator 

ee Kaminski, Jr. 

INTRODUCTION | 

_A total of 46 Knox 10 inch suspension insulators No. 81022 (Locke equivalent - 
1840-Z2G-1) were tested and examined. The units were assembled with Brewer Titchener 
forged steel caps and ball bolts. The insulators were packed in hexagonal wire bound 
erates with easily identified markings. The test results are as follows: 

I. Physical Measurements 

Sample Spacing Arcing Distance Leakage Distance — 
Number — (Inches ) (Inches) __ (Inches ) Weight 

1 59/16 7-9/16 11-9/16 10 lb. 12 oz, 
2 5-5/8 7-5/8 11-1/2 Ll Ibs dee 
3 5-5/8 7-7/16 11-1/8 10 lb. 11 oz. 
rn 5-5/8 | 
5 5-11/16 
6 5-5/8 

String Spacing 6 Units 

String opacing ASA Standard 
Number (Inches ) (Inches ) Exceed Tolerance 

if 33-5/8 34-1/2 + -1/2 -3/8" 
2 33-11/16 5/16" 
3 33~5/16 lL /16" 

TI. «60 Cycle Dry Flashover - KV 

Single Unit 3 Unit String 6 Unit String 9 Unit String 

76 201 351 508 
73 268.5 351 508 
73 20) 351 502 
Th 198 502 

| Th 202 502 
Av. Uncorr. 7 | 201.4 351 508, 4 959.2 
Ay. Corr. 76.8 (80) 212 (815) 383 (380) 550 (540) 1049 (965) 

ees Locke Catalog Values 



f u.6-DR 
a at 

III. 60 Cycle Wet Piashover_- KV | 

fe Single Unit 3 Unit String 6 Unit String 8 Unit String 18 Unit String 

8 328 304 “has 796 
6 135 318 OT 823 7 133 28h 420 i TID ho 137 292 430 692 
hg | 141 28h 412 | 772 

Av. Uncorr, 47.8 134.8 296.4 422.4 TL Av. Corr. 172.6 (50) 134.2 (130) 294.4 (255) 419 (375) 743 
| 712 

| 716 
00 

Av. Uncorr. ae 
ete) Locke Catalog Values Av.! Corr. 739 (690) 

TY. Impulse Flashover » KV 

a Single Unit 

Pos» Neg. | Poss. Corr. — Neg. Corr, 

5 130 120 (125). 136 (130) 
12h 150 134 (125) 159 (130) 
121 128 128 (125) 135 (130) 

String of 3 Units 

a19: ed 335 (355) 348. (340) 
303 335 335 (355) 366 (340) 

String of 6 Units | 

552 556 597 (610) 596 (585) 

String of Units 

791 807 856 (860) 862 (845). 

String of 18 Units 

1460 1508 1617 (1585) 1647 (1615) 
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V. . Radio Influence Voltage Tests 

Single Unit 

Test Voltage KV pat: Taga 8, eae Sy Sgeareb ns 1 
Noise Level Microvolts 8 8 12 50 = (50) 

h Unit String 

Test Voltage - KV 94> 55. BO... Sh (10) 
Noise Level Microvolts 0 9 35-90 - 200. (200) 

8 Unit String 

Test Voltage - KV oO 50 66. 70 90 100° 116° 226). 185". (ee) 
Noise Level Microvolts 2 5 26 ae 50 100 175 350°. 5ee (560) 

LO Unit otring 

Test Voltage KV O° 96: 66: OB 105° 115 125 196 ee tees 
Noise Level Microvolts 2 Se i 25 M5 G6 150 250 | kee: (360) 

VI. Mechanical and Electrical and Ultimate Strength Tests i, 2 nl sll Sotiris cl din, ont th 

Sample Mai Ultimate 
No. (Pounds ) (Pounds ) Nature of Fracture Pinhole Depth 

1 22,400 2h, 150 low break 1~19/32 
,. 17,250 26, 300 low break 1-16/32 
3 23,600 23,600 low break 1-18/32 
hy 19,000 19,000 low break 1-18/32 
5 20,600 20,750 low break 1-17/32 
6 16,500 18,600 low break 1-16/32 
i 21,400 25, 350 pin broke thru shank - 

Av. 20, LOT 22 5535 
Max. =. 23,600 26, 300 
Min. 16,500 18,600 

Range 7, L100 7,700 

VII. Time Load Test 

Seven samples were placed in the outdoor time load frame and an initial load 
of 6,000 lbs. applied. 

of 1O days. 

The load increased at the rate of 1,000 lbs. per hour 
until 10,000 lbs. reached. The total load of 10,000 lbs. was held for a period 

units were subjected to M&E and Ultimate tests. 

The units were flashed over periodically and after 10 days the 
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Sample Noe 

Av. 

VITI. Thermal Test 

Ma 

20, 300 
195500 
18,800 
16,900 
22,400 
18,000 
setece 

LO, ‘757 

Temperature Hot Bath 

Temperature Cold Bath 

All units passed ten cycles without failure and units given M&E and Ultimate test. 

Dam ple Neo e 

i> Pay OW Boo fp a 

IX. Mechanic tere 
&i im 

Sample Noe 

1) 
16 
pA 
E 

19 
20 

ol 

AY. 

M& i 

Pounds 

20,600 
175900 
16,850 
15,400 
21,300 
295 100 
L9 000 

195535 

act Fest 

Ultimate 

th se 5" in. otreng 

208°F to 210°F 

Ultimate 

Pounds 

25,200 
28 , 800 
29, 100 
28, 700 
25,800 
18,450 
18,200 

2h. 5893 

34°F to 36°F 

ULtimate 

Pounds 

21,100 
19,650 
21,000 
21, 300 
a2 y (50 
25,700 
ok. 500 
22,285 

cbs « 

ps ee 

3/4 off 

Nature of Fracture 

low break 

Low break 

ball sheared off pin 

pin broke at base of ball 
one side of ball sheared 

Low break 

Low break 

Nature of Fracture 

break 

breal 

break 

break 

break 

side of pin sheared 
break 

Low 

Low 

Low 

LOW 

Low 

one 

Low 

1/4 off 
3 inch piece out 
6 inch piece out 
1/2 off 
1/2 off 
4 inch piece out 

Pinhole 

Depth 

119/32 
1=21/32 

Pinhole 
Depth 

1-21,/32 

Skirt 

Thickness 

4 ft 14/32" 
13/32 tT 

15/32" 
1/32" 

ri eS 
LO/ 32 

15/32" 
14/32" 
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Xe Puncture Under Oil Test 

Sample No. Puncture Value Location of Puncture’ 

8 | 140 KV base of cap 
9 | L50 in the head 

10 14.0 in the head 
1. 42 in the head 
12 hh in the head 
13 90 in the head 
Ly 135 in the head 

Av. 1344 Percent Average Variation 9.4% 

XI, Steep Wave Front Impulse and Puncture Under Oil 

Ultimate | 

No. of Puneture Under Strength Head 
Sample No. Impulse Oil = KV Pounds Thickness 

ee 5 96 23,700 20/32" 
30 3 = 17,800 18/32" 
31 3 = 19,250 18/32" 
32 5 L62 21,000 20/32" 
33 3 . > 26,850 21/32" 
34. 2 u 21,100 18/32" 
35 3 - 21000 17/32" 

XII. Porosity Test 

Taken Prom previous teste 

Sample No. Head. Throat Skirt 

M&E a OK. OK OK 
M&E 6 OK OK OK 
Puncture 2 OK OK OK 
Puncture 4. OK OK OK 
Tapact 17 OK OK OK 

Pressure 4,000 lb. per square inch for 15 hours. 

ATIT. Specific Gravity Lest 

Sample No. Head Throat 

é ee3ll 2o319 
6 26379 26 354 

L3 20395 2.380 

14 2.404 24 37h 

Lf 2396 20395 
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SUMMARY 

All three string lengths checked showed that the units exceeded the permissable 

tolerances by a considerable margin. The results of the Mg& test indicate that 70% of 

the units failed electrically prior to mechanical failure. This pattern of prior electrical 

failure continued to evidence itself on the M&E tests that followed both the time load 

test and thermal test. Experience with our insulators has shown. that this type of failure 

is usually associated with unequal load distribution. 

The Knox insulator is particularly poor under impact with 70% failing to meet 

the standard 55 in. 1b. rating. Although only one failure was evidenced by the puncture 

under oil test the head thickness measurements made on units, following the steep wave 

front impulse test shows that these units are from 1/16 to 5/32 inches below the minimum 

allowable head thickness of the 1840 shell. It is expected that with this small head 

section 14% of the units will continue to fail below 120 KV. The variation in diaphram 

thickness between individual units of 1/8 of inch indicates a serious lack of control in 

the shell making operation. 

The cotter key and cotter key hole opening were very poorly matched, permitting 

the key to rotate within the socket even though the ball bolt was in place. With the key 

turning to an upright position it becomes lodged between ball bolt and cap making it 

extremely difficult to remove the key. 

The hexagonal type crates when piled in stacks show an increased tendency to 

POLLn . 
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POWER SYSTEM PLANNING ECONOMICS 

A. Je Wood* 3 & 
Member, AIKE | ; 

INTRODUCTION AND SCOPE 

In his day-to-day operations, the power system engineer is faced with problems and 
decisions which must ultimately stand the tests of an economic analysis. This is parti- 
cularly true of electric utility engineers who perform the system planning function. The 
-elements of the system planning function may be briefly stated as follows:1 

1. Forecast future system requirements. 

2. Devise and test the technical feasibility of various alternative schemes to 
meet these future requirements, 7 

3. Compare the economic and operating merits of the various alternatives after 
estimating the investment requirements, charges, and other costs of each 

scheme, , 

4. Apply experience and judgment to select a course of action. 

de Proceed with the selected alternative; but continually or periodically when 
required, review and revise the long range plans. 

It is the objective of this paper to discuss briefly a general method of performing the 

economic comparison of various alternative purposes. The aim of this paper is not to 
discuss in detail the more involved and complex relationships which may arise. Other, : O O 

9 9455 authors have, in fact, discussed some of these important, but rather involved points. 
It is hoped that by the use of a simple example, the general technique and elementary 
arithmetic operations may be explained. 

The purpose of scrutinizing all technical engineering plans in terms of dollars is to 
estimate the difference in the revenue requirements between the alternatives in order to 
assist management in making decisions. As such, the engineering economic study is not an 

end in itself, but is only a useful tool for the planning engineer; similar to other tools 
such as the A-C Network Analyzer. The importance of utility engineering economic studies 

should be obvious because of the very nature of the electric utility business, Fig. 1 
shows the historical, annual capital expenditures of American electric light and power 
companies, A small percentage saved annually by the prudent use of economic analyses will 
result in a very large reduction in the revenue dollars required in an industry which 
invests 4 to 5 billion dollars yearly for capital equipments. By 1970, it has been pre- 
dicted that the industry's capital expenditures will reach an annual level of over 10 
billion. These monies have been allocated in the past approximately 33 to 40%, each, for 

generation and distribution additions, and 15 to 16% for new transmission facilities, In 
the future, technological and economic developments may shift this balance so that larger 
portions will be allocated for transmission with a corresponding reduction in generation 
outlay. 

In short, because the electric utility business requires tremendous capital investments, 
because it is a growing industry, and because the utility company managements must serve 
their ‘shareowners and bondholders wisely, the electric utility engineer must ultimately 
examine all future plans in terms of the revenue requirements for each plan, 

* General Electric Company, Schenectady, New York u 
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ENGINEERING ECONOMIC STUDIES 

General Procedure 

There are many procedures suggested in the literature for conducting engineering 

economic studies.5»© Those techniques which involve no short cuts of dubious rigor should 

all yield the same result when properly applied since they are all based on the same 

mathematical foundations. However, the most straightforward and generally applicable 

technique to use in power system investment problems is that of making economic comparisons 

on the basis of the present worth of all future revenue requirements, That is, the criteria 

used in deciding which is the economic choice is that the most economically attractive is 

the one which has the minimum future revenue requirements. With this as a criteria, the 

procedure for making an economic comparison between alternatives is a simple, two-step 

operation. That is: 

1. Estimate for each alternative the annual revenue requirements for each year, * 

2. if these annual revenue requirements are not uniform, calculate the present 

worth of all required annual expenditures. ) 

This procedure will always lead to the economic choice, is easy to apply to many situations, 

and requires only a knowledge of simple financial arithmetic. 

Of course, for rare situations in which.the future annual revenue requirements are 

estimated to be uniform for each alternative, there is no point in computing present worths 

since the economic choice may be based on the annual data. 

Financial Arithmetic 

Since the second step in the economic comparison procedure requires the calculation 

of present worth values, at this point it might be well to review some fundamentals of 

financial arithmetic.’ The appendix contains a simple derivation of some of these rela- 

tionships so that only the resultant relationships are listed below. A present sum, P, 

invested at an interest rate, i, will be worth, 

S =P (1+ i)” | sa (1) 

at the end of n interest periods. Conversely, the present worth of a future lump sum pay- 

ment, S, 1S, : 

S 

Bis ea eae | 

That is, the amount, P, must be invested now at interest, i, to be worth the sum, 5, at 

the end of n interest periods. The bracketed factor in equation (2) is known as the 

"single payment present worth factor". 

Other simple relationships may be derived which involve a uniform series of payments. 

If a uniform investment, R, is made at the end of each of n interest periods, the accu- 

mulated lump sum, S, at the end of these n periods will be, © 

Sug p 1 + i) a (3) 

A | @ 

* Although not strictly correct, the terms "annual revenue requirements" and "annual costs" 

have through usage come to mean the same thing. 
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Kquation (3) may be solved for R in order to determine what equal series of annual invest- 

ments is required to accumulate a total sum, S, at the end of n periods, That is, 

i 
R=S5S _htnaeneaeanineipenashoaninGeNmINOURERDaeeRIED 

(ES 7p 
(4) 

The bracketed term is known as the "sinking fund factor". It is a useful relationship in 
engineering economics because. this factor gives the annual depreciation rate at which funds 
must be accumulated in order to recover the original capital investment. 

With the aid of equation (1), the uniform series of payments, R, required to pay back 
a present debt, P, in n periods may be calculated. That is, 

i 

(1+ 4)" -1 
R=P sate | | (5) 

This factor is designated as the "capital recovery factor" in the literature, The above 
relationship will also assist in answering the question, "What is the present worth (P) of 
uniform series of payments (R)?" The answer is, of course, 7 

ae [+ aha ae 
hve (1 +i)" 

The bracketed term in this expression is also a present worth factor and is sometimes 
referred to as the "uniform annual series present worth factor". This present worth 
factor plus that of equation (2) are the relationships which are most useful in engineering 
economic studies, Fortunately, the numerical values of these factors are widely available 
in texts on economics or mathematics handbooks so that the equations need not be used 
directly. ? . 

Annual Revenue Requirements 

The two-step operation for comparing on an economic basis various alternative pro- 
posals may be restated briefly as: : 

1. Estimate future annual revenue requirements (i.e., annual costs). 

2. Calculate the present worths of these revenue requirements for nonumiform 
annual expenditures. 

The tools necessary for the computations required in the second step have been outlined 
above. A convenient and widely used technique for estimating the annual costs is that of 
using an annual carrying charge. If the expected capital expenditures in a given year are 
designated as E, and the annual carrying charge is I, (a decimal number) then the annual 
revenue requirement for these capital expenditures (C) is, 

C=ExI | (7) 

In the usual situations encountered, there will be other annual revenue requirements in _ 
addition to those for capital expenditures. Such things as estimated operating and main- 
tenance and charges for energy losses where applicable must be added to C in order to 
determine the total annual cost. 

fl 

) 

e 0 = 

i 
H 

) 
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The annual carrying charge is made up of a sum of four categories of required rates 
of return. This number must include: : 

l. A rate of return for depreciation. 

2. A rate of return for the cost of capital funds. 

3. A rate of return for income taxes, 

4, A rate of return for other expenses, such as local and other taxes and 
insurance costs. * 

The use of a uniform annual carrying charge greatly facilitates the estimation of annual 
costs. In some areas, different rates are used for different portions of a power system 
(e.g., generation, transmission, and distribution) but for many preliminary studies a 
common charge for the entire system may be found to be adequate,. 

For a "typical" present day, investor-owned American utility, these rates of return 
are about as follows: 

Required Annual 
Rate of Return 

Other Expenses 

Income Taxes 

Depreciation 

Capital Costs 

There are, of course, many variations of these rates throughout the industry, but they 
will usually vary between limits of 10 to 17%, depending upon the nature and location of 
the particular company. Expenses and taxes probably depend the most on locality. Fortu-_ 
nately, it is usually a relatively easy matter to obtain an estimate of the annual return 
rate required for these items from the accounting and other historical data of a particular 
utility. : | 

The rate required for depreciation is a matter of some dispute in the industry. This 
rate depends upon the estimated life of the equipments, its estimated scrap value, whether 
or not dispersion must be considered, and in some instances, the type of depreciation 
funding actually used. Where depreciation rates are 6f some concern, they are probably 
handled best by separating the depreciation revenue requirements from the annual carrying 
charge. In that case, a year-by-year estimate may be made, the present worth of these 
depreciation requirements calculated, and if so desired, an equivalent uniform annual rate 
may be calculated using the capital recovery factor given in equation (5). This equivalent 
uniform annual rate then plays the same role as that assumed here. The 1.3% figure above 
was calculated from the sinking fund factor of equation (4). That is, the annual depre- 
ciation rate is, | « 

d=R/S | (8) 

* In some situations, it also may be aporopriate to include maintenance charges (as a 
percentage of capital costs) in the other expense category. 
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and the 1.3% figure was arrived at by assuming a 6% cost of money (i) and zero scrap velue 

at the end of a 30 year life (n). 

The capital costs (i.e., interest rate or "cost of money") for a utility depend upon 

the method of borrowing used. For the most part, long term capital funds are obtained by 
the selling of stocks and.bonds. Historically, the capitalization of an electric light and 
power company is usually split equally between stocks and bonded indebtedness. For example, 
the weighted cost of capital may be estimated as shown in the following: 

; 3 i 
Approximate % Approximate ss Weighted 

of Capitalization Rate of Return Capital Cost 

Bonds 3 50% 1% 2.0% 

Common Stock 35 La Ie 3.5% 

Preferred Stock gee ae 0.6 

crn ES a 
The 10% rate of return for common stock includes earnings and surplus which is plowed back 
into the company as well as the paid-out dividends to the shareowners. This weighted. cost 
of capital for long term investments will usually run between 5 and 7%, varying for local 
conditions and, of course, with the over-all economic situation. Where short term capi- 
talization enters the economic picture, the rate at which bank loans are made may have to 
be used in estimating the over-all cost of capital. . 

In making these engineering economic studies, a question which may arise is, "How 
' long should the study period be?" There are many answers to this question for specific 
Situations. In general, however, the purpose of the engineering economic analysis is to 
determine the most economic choice between alternatives. Since this is the case, it is 

sufficient to use a study period which is long enough so that the present worths of the 
differentials in annual revenue requirements between the various alternatives are negli- 
gible. If this criteria is adhered to, then the economic choice will not be influenced 
by neglecting future annual cost differences. Usually a study period of from 30 to 50 
years will be found to suffice. 3 

For illustrative purposes in the example which follows, the "typical values" (viz, 
i = 6%, I = 15%, n = 50 years) will be utilized. It may seem that the procedure has been 
too greatly over-simplified. However, the controversial items in the theory of engineering 
economic analyses (primarily concerned with depreciation) will not influence the over-all 
procedure and general technique discussed here. Both the simplest and the most difficult 
engineering economic analyses are identical in the conceptual problems they present. It 
is usually only in the details of calculating the annual carrying charge rate that these 
controversial difficulties enter in, 7 

TRANSMISSION ECONOMICS EXAMPLE 

The example to be used has been chosen because it illustrates the basic concepts and 
required arithmetic computations, and further, it illustrates how generalized data on 
annual revenue requirements (i.e., costs) may be utilized to provide rapid estimates of an 
economic situation, The problem briefly stated is as follows. A new station, located | 
100 miles from a 115 KV load area is to be built with an ultimate capacity of 600 MW. 

| 
| 
| 

® 
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300 MW will be installed initially and it has been estimated that the remaining 300 MW 
unit will be in service five years later. The system is shown on tic. 
been suggested and tested for technical feasibility. Both have been shown to be -equally 
attractive from a technical and operating viewpoint. The first plan calls for installing 
two 230 KV circuits initially to deliver the 300 MW load, and then in five years, when the 
capacity is 600 MW, installing two additional 230 KV circuits. The alternative is to 

install two 345 KV circuits. Initially, at the 300 MW level, they will be moderately 
loaded. However, when the system load is 600 MW, the two 345 KV circuits will be economi- 
cally loaded. The question to be answered is which is the most economic voltage, while 
the over-all problem is to select the proper voltage level. | 

Two plans have 

Since only the transmission system is involved in the choice, only the annual revenue 
requirements chargeable to this portion of the system need to be estimated. The annual 

cost of transmission, Cp, has been calculated from general system studies and presented in 
the literature,» This annual cost may be calculated as a function of the peak received 

power, Pr, in kilowatts on a per circuit basis. The general method of calculating these 
annual transmission costs is presented in reference 9 and is repeated briefly below. Re- 

ferring to Fig. 2, it may be seen that the revenue requirements assignable to each trans- 
mission circuit must include returns for capital expenditures for: 

1. . The. installed cost of 100 miles of line. 

2. The installed cost of four HV breakers and associated equipments. 

3. The installed cost of both sending and receiving end transformers, 

4. The installed cost of the required KVAR support at the receiving end. 

5. The cost of the additional generating capacity to accommodate the peak 12SaBe 

In addition, there is an annual revenue requirement to pay for the energy losses (KWH) of 
the transmission system.. 

In symbolic form, the annual transmission cost in dollars per KW received per 9 ag 

C is y b] 

I , oh 3 deh 
vp ae Paes + op + Soar * Civar’* Loss | fz (9) 

where: 

CLINE 

“op ust 
= investment costs in dollars for the equipment, 

. : associated gear, buildings.and installation 

etc. 

AC. = annual cost of KWH losses, dollars 

PR 
With an annual carrying charge (1) of 15% and with system cost assumptions similar to 

= peak received KW per circuit 
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those of reference 9, the annual transmission cost for the 230 and 345 KV systems as as 

shown on Fig. 3. These data are very similar to the data of the reference “gn oe we 

change in units and for the 15% carrying charge.* In fact, since the annual cos is a 

directly proportional to the carrying charge rate, the data of Fig. 3 could be estimate 

quite accurately by direct ratioing from the data of the reference. 

From the curves of Fig. 3, the annual revenue requirements of both schemes may be 

obtained for both phases of the planned expansion. These annual costs are shown in Table I 

be LOWe 

Table I 

Annual Transmission Cost Data 

his tabulation it may be seen that the annual revenue requirements are nonuniform 

ee 345 KV system. reagiien 300 MW level during phase 1, using the two 230 KV circuits 

will save almost $700,000 yearly. On the other hand, when the 345 KV circuits are more 

fully utilized during the second phase, the higher voltage scheme will require 9330 ,000 

less in revenue annually. Obviously, the most economic choice will depend upon the time 

delay before the station reaches full capacity. 

Assuming now that the second phase will start in five years, the present worths of 

both schemes may be calculated as follows for phase l, 

| Uniform Series PWF for x { Annual Costs . 

st ~ \ a series five years long | during phase 1 

while for the second phase, the present worth is, 

a payment 5 years = Uniform Series PWF for | Annual Costs 

e 2 in the future 

/ Lump Sum PwF for 
: | x 

a series 45 years long during phase 2 

The total present worth of the revenue requirements of each plan is, of course, the sum of 

the present worth values of the annual requirements during each phase. For example, for 

the 230 KV alternative and in millions of dollars; 

Py = tyeQh- x: 2,12 = $ 8.9 

P, (15.46 x 4.23) x 0.75 = 48.8 

P 7 Patt Po = $57.7 

* For a load factor of 65% and a loss factor of 5h. 5%, the dollars per KW figures may be 

converted to mills per KWH by dividing by a factor of 5.694. : 

‘4 
ih 

—— 

. 
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That is, the future annual revenue requirements for the 230 KV system are 57 7 million 
dollars, By a similar simple calculation, the revenue requirem ) ents of the - tive may be shown to be 56.8 million dollars, Therefore, the economic svelustiee Ba indicated that the two alternatives are very close with the higher voltage scheme having a 
slight economic margin. 7 

Because there is no overwhelming economic choice, it may be of interest to repeat the © calculation to show the influence of the time to full capacity on the economic choice, Fig. 4 shows the present worths of future revenue requirements for both alternatives as a function of the number of years required to reach the 600 MW level. From this Fig. it may be noted that if the time to full capacity is six years of longer, then the lower voltage, 
lower investment cost alternative is most attractive. On the other hand, if the 600 MW level is reached in less than six years, the 345 KV alternative offers an economic advantage. 

These simple calculations permit an answer to the question of which is the mos t, 
economic voltage for the proposed system. The answer to the economic problem depends upon 
the time delay involved in utilizing the full station capacity and the answer to the over-— 
all planning problem of which is the proper voltage choice may depend not only upon the 
economic answer, but also on many other factors. For example, the remainder of the parti- 
cular transmission system may consist of heavily loaded 115 KV circuits which require 
reinforcing at the 345 KV level, while on the other hand, there may already be new 230 KV 
class lines being built in the particular system and its neighbors so that an eventual 
interconnection could easily be made at 230 KV. These remarks are intended to emphasize 
that the economic evaluation of the various alternatives in planning for future conditions 
is only part of the over-all evaluation that must be made, 

CONCLUSIONS 

In discussing the role of economics in power system planning, many topics and related 
subjects enter in. These include such important areas as the effect of inflation and the 
evaluation of the cost of system losses, These and other interesting topics have been 
covered by other authors.10,11,12 This paper has been confined to a simple discussion of 
the place of economic evaluation in power system plarming. It has been illustrated by a 
transmission economics problem that the economic choice between several alternatives is 
that plan which has the lowest present worth of all future revenue requirements. Further, 
it has been shown that the engineering economic evaluation consists basically of two 
relatively simple steps; estimating the annual costs and calculating the present worth of 
these annual revenue requirements. | | 

APPENDIX 

Simple Financial Mathematics 

The relationships, nomenclature, and derivations presented here are essentially the 
same as those given by Grant in "Principles of Engineering Economy." All of these rela- 
tionships are concerned with and based on the concept of interest.. Interest is the cost 
of money or, to be more verbose, interest is the return obtainable by the productive 
investment of capital. | 

For a nomenclature let, 

= the interest rate expressed as a decimal 

= the number of interest periods 

a present sum 

Oo WV Sp: 

il 

= a sum equal to P at the end of n interest periods with interest rate i, and 

See 



-~-Q- 
| | | LO 

R = annual payment in a uniform series continuing for n periods. . 
S=R+R(1l+i)+R(1+ i)* +. ee tRI1L+ qyrt 

At the end of a single period, a single investment, P, is worth 
, 

= P (1 + i) 
| GAA to | £ Ors 

Now, a simple computation will show the value of a present investment left at compound 

interest for n periods. Therefore, 

S(1+i)=R (a +i)+(1+ eG + (1 + i)? #9 pan i" ) 

seR(l+Q+aeara?s, Pee ee in) 

Value of Investment and subtracting this from the previous equation gives, 

QO (now) : O This may be seen to be equation (3) of the paper. 

1 period Bae = REFERENCES 
2 periods ps i. P(E + a) 

7 , so ‘ 3 | 
3 periods i alla PRN: 1. "Long Range Planning Essential," H. L. Melvin and P. E. Gourdon, Electrical world, 

Oct. 3, 1955, pp. 98-99. 

; ae 2. "Annual Carrying Charges in Economic Comparisons of Alternate Facilities," P, H. Jeynes, 
n periods |  A.ILE.E. Transactions, Vol. 70, 1951, pp. 1942-1953. 

3. "Operating and Maintenance Costs for Use in the Kconomic Comparison of Alternative : 

That is, Facilities," W. £. Slemmer, A.1I.E.E. Transactions, Vol. 70, 1951, pp. 1954-1955. 

S = Pl + i)” 
4. "Some New Mathematical Aspects of Fixed Charges," C. W. Bary and W. T. Brown, A.I.E.E. 

! Technical Paper 57-152. : | 

gives the value of P at the end of n periods. ) 
5. "The Criterion of Economic Choice," P. H. Jeynes and L. Van Nimwegen, A.I.E.E. 

Now, for a uniform series of investments at the end of each interest period, a similar Technical Paper 58-115. 
tabulation will show the total value of the investment at the end of n periods. | mt 

. , , | 6. "Present Worth, or the Time Cost of Money, as a Factor in the Economic Comparison of 
Alternative Facilities," P, H. Jeynes, A.J.E.E. Transactions, Vol. 70, 1951, 

pp. 1956-1962, | 

Time : | 
| End of inate Value of Investment | (cf 
| Period at the end of n Periods 

Number 

"Principles of Engineering Economy," (Book), E. L. Grant, The Ronald Press Co., 
New York, Third Edition, 1950. 

8, "Economics of Long-Distance A-C Power Transmission," S. B. Crary and I. B. Johnson, 
A.I.E.E. Transactions, Vol. 66, 1947, pp. 1092-1099. 

9. "An Economic Study of High Voltage Transmission," J. M. Henderson and A. J. Wood, 
A.I.E.E. Transactions, Vol. 75, Part III, 1956,’ pp. 695-700. 

10. "Hvaluation of Energy Differences in the Hconomic Comparison of Alternative Facilities," 
A. P. Fugill, A.I.E.E. Transactions, Vol. 70, 1951, pp. 1854-1860. 

11. "Economic Studies Applied to Industrial Power Systems," H. B. Backenstoss, A.1.E.H, 
Transactions, Vol. 75, Part II, 1956, pp. 61-70. 

12. "Economic Evaluation of Industrial Power System Reliability," W. H. Dickinson, 
The total value is obviously the sum of the values of each individual payment. That is, A.I.E.E. Transactions, Vol. 76, Part II, 1957, pp. 264-272. . j 
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ZERO-SEQUENCE CURRENT DENSITY IN THE EARTH 

Marion &. Forsman 

Many authors have published articles concerning the zero-sequence impedance of 

transmission lines with ground return, but few, if any, have been concerned with the 

distribution of current in the earth under the transmission line. Since this distribution 

of current is a major factor in the variations in impedance, a more thorough knowledge 

of its behavior should contribute to the general understanding of transmission line theory. 
It is therefore the objective of this paper to develop an equation for this current density 

and to determine the zero sequence current density in the earth under a three-phase 

transmission line twenty meters high with ten meters between conductors. The earth is 

assumed to be homogeneous with a conductivity of 0.01 mhos/meter. | 

Carson! developed the equations for determining the impedance of transmission 

lines with ground return as well as the electric intensity in the ground. This derivation 

for the three-phase transmission line follows the method introduced by Carson. 

While it is recognized that the ideal case assumed does not yield results whichare 

representative of installed transmission lines, it is shown that current flow at some dis- 

tance from the transmission line cannot beneglected. Additional investigations assuming 

a nonhomogeneous earth should be made in order to determine the effect of low con- 

ductivity layers beneath the surface, 

The current density in the earth under a transmission line is dependent on the 

characteristics of both the earth and the transmission line. A better understanding of 

transmission line characteristics should develop if the physical phenomena associated 

with short circuit current flow in the earth is better known. This paper is intended to 

develop the equations of the current density in the earth and, by example, show the dis- 

tribution of zero sequence current in the earth under a three-phase transmission line 
with ground return assuming ideal conditions. The derivation used here follows the 
method developed by J. R. Carson, 

The determination of the zero-sequence current density under a transmission line 

is dependent on the configuration of the line. A general configuration would assume each 
conductor at a different height above the earth and no two equal spacings between con- 
ductors, Since the general configuration is not often used, the derivation of equations 
will be made for a less general case. Figure 1 is the cross-section of the transmission 
line which will be used for derivation. 

The following assumptions were made: 

1, The earth is a homogeneous conductor of conductivity ¢ 

ie 

4. The permeability,” u, of the earth is equal to that of free space and the apache 
vity is not greater than 30 times that of free space 

3. In the earth all current flow is parallel to the axis of the transmission line 
4, All voltages and currents are sinusoidal and contain the CApOUE RE 

_ot-yz) 
Oe The transmission line is perfectly transposed 

6, The free charge density in the earth is zero, 

The wave equation for the electric intensity is: 

ye 
V E = -jwop(-08 + jw@)E. (1) 

The symbols are defined in the Symbols and Units. 

| (jwt - yz) 
From assumption 3, E = E = 0 and from assumption 4, E = | ,le -e 

| Z 

Thus: 2 
2 JB. ob. dE. } 

E=—+— + —. 
= 24° 2 | (2) 

ox ay oz 

Since zis constant, 

2 an : 
ae, - @ 

Vee +. ey, _ 
Ox ay : 

Substitution of equation (3) into equation (1) yields 

2 an, ee, 
ae : 2 = jop(-F + Jwé JE, , (4) 

au oy 

1f2& is less than 0,01, 

ductivity of the earth to be 10 pmhos/meter and the frequency to be 60 cps, 

we _ 120n(10) (30) _ 9. 1 = (5) 
. 36m(107) | 

the term Jwe may be neglected. Assuming the minimum con- 

Therefore the wave equation may be written 

2 2 
o-E.- 6) latgeet 

sm a i = jwpdE, x (6) 

ox 2 Day 

for the assumed conditions, 
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A general solution of equation (6) with the electric field symmetrical. about the x- 

axis may be obtained from the infinite integral 

E, = -fo F(a) cos(xu) e¥¥™) du F(u) is finite aco | (7) 
W(u) is finite and positive , 

a HA 
- 

After evaluating the functions F(u) and (u) 
tions, equation (7) may be written 

: , : 

No + jwud -hu | 
E aan ee do et costae of [cos(x + s)u | 

i kee” + janie ee es) | (8) 

+ cos(xu) + cos(x-s)u] + 

by applying the proper boundary condi- 

ave Sate sin(x + s)u + sin(xu) + whale - s)u] nie: 

Applying the proper trigonometric identities yields 

_ _jwpl pao e~ (hu - yNu + joo ) cos(xu) [2cos(su) + 1]du E, = = re: (xu) [ (su) ] 
We: 3 

~NuS 4+ jJouo + u 

-(hu - Nu“ + jw o) © (afs2 > te ( y jou Sosr > + jou u)e 

cos(xu) [2cos(su) + 1]du. : | : (9) 

Let 

(10) 

and substitute into equation (9). This substitution will not change the limits and therefore 

E=- - Op SO (J é a7 (Dv = Ny? + j) cos(Xv) + j - v) | 

(11) 
[ 2 cos(Sv) + 1]dv. 

Equation (11) gives the electric field intensity in the earth in integral form. A solu- 
tion to this equation, when multiplied by -d, will give the current density as a function of 
x, y, h, ands. A general solution for this equation was not available and attempts to 
solve it by series expansion were not successful, 
for particular values of s and h would be made. Since the IBM facilities available could 
Solve only problems involving real quantities, the integral was put into a form which 

It was decided that a numerical solution 

! 

7. 
* 

contained a real'term and an imaginary term, 

The fee v“ + jis the only term in the equation which is complex and the angle 
associated with the term is always less than 90°, Assume that 

vo + j= 5 + jp (12) 

where & and £ are real numbers and positive, 

The solution to equation (12) gives” 

5 = |v + 2 ae (13) 

2 stig 

1 l 
D fig ere (14) 

2 ML pw pt -[Dv- — (m+ 4)] | E | = as So [ = (m + =) -vle : m’- cos(Xyvy) 

[2 éos (Sv) + 1]dv. | — (15) 

| : | : * 

Since i, = -OE | and since this solution is restricted to y = 0, 

m 
: _ W dI fe @) | -(Dv + ly|— 
ij (R) = is So ane cos(Sv) + Ljcos(Xv)e : 

iy (16) | 1 
a - v) cos. wp . ae sin ly | 

V2 Bee As mN2_ 

t(D sae 

ie) = SEF pO [2 cos(sv) + 1] cos(xvjeY * 
| ‘ (17) 

cos yt -(—=- v) sin hat di; 
Ni 2 wine v2 mNZ y | 

Where | 
[y| = absolute value of Y 

i, (R) = real component of current density 

i, (@) = imaginary component of current density. 



Simpson's Rule? was used to obtain numerical solutions for a conductor height of 

20 meters and a conductor spacing of lO meters. The error? involved inusing Simpson's 

Rule was calculated in order to determine the proper intervals between ordinates fora 

given accuracy. 

The IBM general purpose CPC system used for the calculations was known as the 

SEMAC (Series Evaluated functions, Mixed decimal, Arithmetic Computor). The mach- 

ine was capable of processing about 80 to 100 cards per minute and required between 15 

to 120 minutes to evaluate equations (16) and(17) for a single point P (x, y). The SEMAC 
had sufficient storage capacityto obtain the solutions to both of the equations at the same 

time. The length of time for the evaluation depends on the rate of convergence of the 

integrand as well as the rate of curvature. The details of programming the problem on 

the IBM punch cards and the method of operating the machine willnot be discussed. The 

data obtained with the IBM facilities are plotted on Figures 2, 3, and 4 for o = 0.01 

mhos/meter. 

The true accuracy of the calculations is not known, however, the error due to 

Simpson's Rule was less than 3 per cent. The error caused by the substitution ofa 

finite upper limit for the infinite limit in equations (16) and(17) is also not known. Cal- 
culations were carried on until the value of the ordinate calculated was less than 5 per 

cent of the sum of the ordinates for small values of Y and less than 1 per cent for large 

values of Y. Errors in obtaining the value of the integrals near zero were probably quite 

large because of the finite value used for the upper limits. 

It should be noted that the solutions may be used for other values of Ss, h, wo, ando 

provided the values of S and D are not changed and the ratio s/h is held constant. 

The curves shown in Figures 2, 3, and 4represent the zero-sequence current dis- 

tribution in the earth under the three-phase transmission line assumed for this study. 

The real component of current density shown in Figure 2 is the determining factor in the 

value of the zero-sequence reactance, A method for calculating this reactance is indi- 

cated in Appendix II, 

Figure 4 shows the magnitude and phase angle of the current density and was 

obtained from Figures 2 and 3. The magnitude of the current density may be used to 

determine the resistive component of the zero-sequence impedance. A method for this 

determination is shown in Appendix II, The zero-sequence impedance value obtained 

using these data is compared withthe value obtained using Carson's method in Appendix II 

also. 

Figure 3 shows the reactive component of current density. At the surface of the 

earth directly under the transmission line this component leads the real component. 

This is in contradictionto Rudenberg's derivation* although this difference in phase angle 

——— ee 

age 

alone would not change the magnitude of impedance obtained using his method. The fact 
that the impedance for eachtube of current inthe earthvaries inaccorddnce withits loca- 
tion has a much greater effect on the total impedance than the phase angle difference at 
the surface. 

The data presented indicate that the earth must be homogeneous for a vertical dis- 

tance in excess of 2 to 2.5 km and a horizontal distance in excess of 3 to 4 km to obtain 

accurate calculations of the current density. 

Since the assumptions made in deriving the equations do not represent the true con- 

dition existing in the earth, it might appear that the results of this study are not valid. 

However, the conditions assumed are not different from those assumed when solving for 

the transmission line impedance using the accepted methods. Certainly the current density 

willvary with conductivity andthe nonhomogeneous earthwill not allow the current toflow 

in straight smooth lines. A layer of highconductivity soil over a mass of low conductivi- 

ty rock could distort the current distribution considerably. Without investigating the 

particular case, it is impossible to predict the results. 

A continuing investigation of this problem should include the two layer earth. 

Before a complete understanding of the current density is obtained, considerable addi- 

tional research is necessary. 

———Eae— eee 
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APPENDIX I 

The derivation of the axial electric intensity in the ground: The wave equation for 

this paper has been written 

(see Eq. 6) 

A general solution of this equation with the electric field symmetrical about the x- 

axis may be obtained from the infinite integral. 

a F(u) is finite (18) E = ae F(u) cos(xu) evy&) du. 
o : 

W(u) is finite and positive 

y< 0. 
Substituting (18) into (6), 

ee) 

$ Oo uF (u) cos(xu) ev (a) du 

: se F(u) cos(xu) [w(u)]° eI du 

+ jwpo ff = F(u) cos(xu) e94™ ge = 0 (19) 

or 

pe F(u) cos(xu) at [ué = w(u)? + jwuo] du = 0, (20) 

Since equation (20) is identically zero for all values of x, andy, 

W(u) = Nu“ + jJwHo . (21) 

Therefore 

2 es 
ba | y + JW E. = in F(u) cos(xu) e du. (22) 

Since 

eee teat ak oHy 

VALE s.dsgge i daggmitsmi Gage tb i-gpl- (23) 

ao 

og, 
——_— OS jour, 

oy | 

ek : (24) 

a ee jouH . 
ox y 

Substituting equation (22) into equation (24) gives 

l fore) 2 
=a 

id . re H ponies & F(u) Nu™ + jwop 

. (25) 

yN fe june 
cos(xu) e? “" JORO du 

and 

J Seige 
Oo 

H.= ee 4 is uF (u)sin(xu) A pag art du (26) 
Y joy fo) 

In the dielectric above the surface ofthe earth, the magnetic intensities maybe writ- 

ten 

PL pS So ES oe aS oe +. Ag (27) 

Re ya yb yc ys 

where the subscripts a, b, and c indicate the magnetic intensities due to the conductors 

a, b, and c as shown in Figure 1 and the subscript g indicates the intensity due to the 

current in the earth. ; 

Assuming that the current flow in the conductors has a radial symmetry, that the 

total current, I, divides equally between conductors, i.e., applying assumption 6, and 

recognizing that ¢d = 0 inthe dielectric, the magnetic intensities due to current flowing 

in the wires may be written | 

H = west 

ar 63 Pe 

| n= a, by « (29) 

H is uae sin On 
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where (see Figure 1) 

J (x + 8)” + (y - he tf, = 

mig N x2 + (y - h,)* (30) 

? 2 2 

ro = 2 a + (y - h,) 

and 

ny ey 
cos a = r, 

4. 

Ta | (31) 

: = 
gin O, = rb 

X- S58 
sin 8. = a el e 

The magnetic field intensity in the dielectric due to the current in the earth may be 

obtained from the infinite integral 

: — -yu a ‘ies | Hyg = + if G(u) cos(xu) e du “y= 0 (32) 

baat. ei hex Gi sinter) = lo a ae (33) 
ys oO : : 

At the surface of the earth where y = 0, the magnetic intensities may be written” 

ape! 
xa 6n 

ae 
co 6 -h,u 

f e cos(x + s)u du 

4 P 

= — & cos(xu) du (34) 
ro) 

H 
xb 6qr 

oo -h,u 
e cos(x - s)u du 

Oo 
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and 

H 2 1 be a ae eed = ee e 81N{X. sju au 

ya 67 oO 

I A H = tala J e sin(xu) du (35) yb 6 1 6 | 

00 -h.u 
H = —L | e ® gin(x -sjudu . 
he 6 tT re) 

Combining equations (32) and (33) for y = 0 with equations (34) and (35) respectively, 

yields : 

H,, = je J cu) cos(xu) + ate Ca cos(x + s)u 
w , 

| (36) 

+ ght cos(xu) + his cos(x - s)u] } du 

a I “hau H = -G(u) si +— | i(x + 8) - si f (u) sin(xu) va e | sin(x + s)u 

(37) 
Pi -hiu ! 

+e ie sin(xu) + e ?~ sin(x - su] } du 

From assumption 2, the normal and tangential components of magnetic intensity are 

continuous across the boundary at the surface of the earth. Therefore, the values of 

and H. of equations (25) and (26), with y = 0, are equal to H, and Hy of equations (36) 

and (37) respectively. Thus 2 

ass a + jwyo F(u) cos (xu) - G(u) cos(xu) 
jop 

! [ ~hau ~hyu | 
* ae ee cos(x + s)u + e cos(xu) 

| (38) 
¢ g igt cos(x - s)u] = 0 

and I -h,u 
— F(u) sin(xu) + G(u) sin(xu) - ra [ee *  gin(x + s)u 
jop T 

(39) 
aa a sin(xu) + sua" sin(x - s)ju] = O . 
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Simultaneous solution of equations (38) and (39) gives 

ou a JOU 1 ~h 
F(u) = he Naar eater ade Sao [e val cos(x + s)u 

i u~ + jonpo + u cos(xu) 3 

~hpu h a 
"3 cos(xu) + e @° cos(x - s)u] 

as: ® See hpu 
sin(xu) 

-hau 
: sin(xu) e sin(x + s)u + e 

+ eau sin(x - su) } (40) 

and 

aA ee . 1 G(u) = re (1 2 )—_—_— 

\u2 + jwno + uu sin(xu) 

-hgu = 
[e “* sinfx + s)u te hp sin(xu) - 

hau 
| #. eta sin(x - sju ] - z ( e ) 

1 -hau -hpu 

ooteay be conte + shy 46° conta) | | 
(41) ha : 

+ e * cos(x - sju] . 

Substituting the value of F (u) into equation (22) gives the value of E, in the earth, 

yNu* + joo x oO TATE 
— I JOP, _-€ cos(xu) { 1 

BE LAO Re Oy oles 
| uo + jouo o. tou cos(xu) 

-hau -h ia | 
ie. = cos(x + s)u + e bu cos(xu) + e nae cos(x - s)u] 

1 -hau 2 ——— [e o” sin(x + s)ju + e abe sin(xu) 
sin(xu) 

+ ar ae sin(x - s)u 1} du. (42) 

There are two general configurations which are in common use in three-phase trans- 
mission line construction, For one configuration ha < hy while for the other h, = hy a . 

For the remainder ofthis derivation as sume that h, %s hy = h.: Substitutin g this value into 
equation (42) and applying the proper trigonometric identities yields a 

cos(xu) | 

- 2 Hi 
| ut jopo + u 

[2cos(su) + 1] du 

2 - day be oe (hu - y uss + jw) 

Zz 3rr 

(43) 

This is equation (9) in the article. 
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APPENDIX II 

Reactance and Resistance Calculations fror Figures 2and 4 

In order to check the validity of the calculated current density, the impedance of 

the transmission line was determined, using conventional methods, and compared with 

the results of this investigation. 

The reactance calculation may be made assuming that the earth may be divided 

into a finite number of conductors of circular cross section with each conductor carry- 

ing a particular portion of the current. For this calculation, only the real component 

of current density was considered because the imaginary flux linkages are zero, Figure 2 

was used to determine the currents and distances to be used in the equation for the 

reactance and was divided into the assumed conductors by drawing circles between 

current density lines tangent to the curves and the adjacent circles, The currentcarried 

by each assumed conductor was determined by drawing a line from one current density 

line to the next through the points of tangency of the adjacent circles, measuring this 

area with a planimeter, and calculating the current using an average value of current 

density. The average value used was not an arithmetic average but a value obtained by 

assuming the curves to be conic in shape and therefore dependent on the square root of 

the sum of the squares of the radii of the bounding curves, 

Summing the reactance of the assumedconductors in the normal manner gives the 

totalreactance. This calculationyields atotal reactance of 2.00 ohms/mile/phase which 
compares well with the 2.04 ohms/mile/phase obtained using the method of Carson and 

others. 

Calculation of the resistive component may be made using either Figure 4 or Fig- 

ures 2 and 3, This calculation consists of a graphical integration of the I2R lossesand 
then dividing the total power loss by the square of total current, The incremental areas 

used were those included between the constant current density lines, and the average 

value of the current density was computed in a manner similar to that used for the re- 

actance calculations. A resistance value of 0.270 ohm/mile/phase obtained by this 

method compares with 0.272 ohm/mile/phase calculated using the method of Carson. 
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Figure 1. Transmission 

Y= dy | line conductor spacing 
| | and location of images. Figure 2, Constant current density 

a? = WN | | | plot of the real component of zero- | 

| | sequence current density inmicroamps j 

y = attenuation constant, per meter per square meter per amp of zero- 

ey sequence current per phase. Conduc- | 

6.B= real positive constants tor height 20 meters, spacing 10 meters | 
| | | ivity 10 micromhos i 

f = dielectric constant of free space ; | and earth conductivity : / t 
| | meter. | 

Oo = conductivity of the earth, mhos/meter - | \ } | | 
| | 

w = angular frequency, radians/second | > 4 © | 

| | | 
. = permeability of free space | 7 1 | 

P= radial distance from transmission line, meters 
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_ MAGNETIC LOOP CONTACTS 
FOR OUTDOOR GROUP-OPERATED SWITCHES 

Eugene Gorin 

INTRODUCTION 

| Higher generating capacities and the use of larger single generating 
units result in an enormous concentration of power and danger of highly 

} Sie ais short-circuit currents on switches, buses, and allied equip- 
ment. 

Present NEMA Standardsi for air switches specify momentary current 
ratings up to 50 times the continuous current ratings. The growth of 
power systems has already made the NEMA momentary ratings inadequate in 
some cases, and continued growth will certainly necessitate higher momen- 
tary ratings in the near future. 

The jaw contacts of air switches are most vulnerable to the destruc- 
tive effects of high short-circuit currents. When these contacts are 
subjected to a current beyond their limit, failure usually occurs for 

one or both of two reasons: s 

1. The metal of the contacts is literally melted by the I’R loss 
or | | 

2. The contacts are blown open by electromagnetic forces. 

An obvious method of increasing the ability of switches to withstand 
momentary current is to reduce the heating at the jaw contacts and to 
@liminate or greatly reduce the magnetic forces tending to move the blade 
with respect to the stationary contact members. 

Fige 1 shows a single pole of a group-operated switch with magnetic 
loop jaw contacts. The loops utilized the magnetic field created by 
short-circuit currents to increase the contact pressure and maintain the 
blade in its normal position. Loop contacts have large heat radiating 
capacity. 

DESCRIPTION OF MAGNaTIC LOOP CONTACTS 

Practical application of magnetic loop contacts for 600, 1200, 1600, 
and 2000 amp vertical-break switches are illustrated in Fig, 2, 1, 3, and 
li, respectively. Fig. 5 shows a typical application for 161 kv, 1200 amp 
horizontal double-break switch. The continuous current ratings and 
corresponding numbers of loops are given in Table I. | 

Bach loop, Fig. 2,-is formed from a relativeiy tlexible beryllium- 
copper strip into which is brazed a solid copper block faced with a 
rolled silver contact strip. The beryllium-copper loop applies conven- 
tional high pressure contact and radiates heat during normal operation. 
The copper block absorbs heat during shortecircuit conditions, and the 

. Silver contact provides low contact resistance. 

ee 
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During short-circuit conditions, magnetic forces tend to expand the 
loop against the restraint of the blade, with a resulting increase in 
contact pressure. With loop contacts, the magnetic field around the 
blade tip is symmetrical with respect to the centerline of the loops and 
locks the blade in the central position. 

THEORY 

The magnetic Loop contact is shown schematically in Fig. Gj. ne secas 
in the center represents the switch blade; the two loops on each side are 
the magnetic loop contacts; Sj and So are the fixed jaw supports of the 
Switch. , | | 

The paths of current are indicated by the heavy arrows. Note that 
each loop provides two current paths (one up and one down) from the blade 
to the fixed jaw supports and that the currents in the two sides of the 
same loop flow in opposite directions. This produces a magne tic fiewd 
around each loop, as indicated by the symbols (+) and (°). 

The magnetic lines will be uniformly spaced on the straight portions 
of the loops. There will be twice as many inside as outside (the sum of 
the magnetic lines produced by each leg). Inside the curves there will 
be a considerable concentration of magnetic lines. Consequently, the 

denser magnetic field inside the loop will push the free side of the loop 
toward the center of the jaw where the field is less concentrated. 

Naturally, the loop will also be affected by the proximity of the other 
‘currents, such as the opposite loop and loop supports. 

The total effect of the momentary current on the loops is determined 

by the vectorial sum of all forces produced simultaneously by the action 
between the loop and all other paths. 

Contact pressure, which is the horizontal component of this above 

vector, will increase with the square of the current as indicated by 

equation (1): | 

re -6 
P260+ 1.56 (Ij)” x10 Lbs (1) 

Fig. 7 gives the relationship between contact pressure and momentary 

current per pair of loops in the case of a 1200 amp assembly, as calcula- 

ted in Appendix A. | 

Magnetic Blade Restraint 

Conventional "offset" jaw contacts transfer current from the blade 

to the jaw (or vice versa) in such a way that the current must "turn a 

90 degree corner" as indicated in Fig. 8. This action sets up an elec- 
tromagnetic field which is more dense around the inside of the "corner" 

and less dense around the outside of the "corner." The blade tends to 

move towards the field of minimum density. It has been demonstrated 

that during high short-circuit this motor action may be of sufficient 

magnitude to blow the blade out of the jaw contacts. Even when the blade 

movement is less drastic, an undesirable "commutation" effect usually 
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damages the contact surfaces to some degree. Attempts have been made to 
avoid this blade movement by the use of mechanical latches, but these ‘ 
have proved ineffective or, at best, undesirable. : g 

Magnetic loop contacts eliminate or greatly reduce the above- 
described blow-out effect by splitting the current at the "corner" into 
two paths, 180 degrees apart, as indicated in Fig. 9. This configuration 
produces a symmetrically balanced electromagnetic field which tends to 
magnetically lock the blade in the center of the jaw during short-circuit 
conditions. 

To better understand the locking effect of the magnetic field pro- 
duced by loop contacts, it is necessary to return to Fig. 6 and assume 
that the blade is located above the horizontal centerline of the loops. 
The impedance of paths A,B,C, and AsBsCo (upper portion of loops) will 
decrease, while the impedance of paths A,D,C, and Ap D2gCe (lower half ofthe 
loops) will increase; thus currents going up (I; and I';) will become 
greater than the currents going down (I) and I!) and create a denser 
magnetic field above the blade. The resultant magnetic force will be 
directed down. The opposite will happen if the blade is placed below the 
centerline of the loop. | 

The above theoretical condition can be closely associated with 
"in line" loop contacts (practical application Fig. 3, h, 5). In case 
of "offset" loop contacts, the symmetrical pattern of current paths is 
partially disturbed by jaw supports, and no general theory applies. How- 
ever, the practical effects of the secondary field produced by currents 
in the jaw supports appear to be insignificant. This was demonstrated in 
a test (Table II, Test No. 12) to destruction in which the blade remained | 
in the center of the contacts even after it had burned free of the loops C) 
as indicated in Fig. 10. | 

Contact Temperature 

The contact temperature rise of any switch, during normal conditions, 
is a function of the I*R loss per unit of area of heat radiating surface. 
The maximum current per loop circuit for magnetic loop contacts, Table I, 
is 100 amperes for switches rated up to and including 2000 amperes. This 
maximum normal current of 100 amperes is transferred from the blade to 
each loop circuit through wiping silver-to-copper contacts having a nomi- 
nal pressure of 80 pounds. Each loop has a heat radiating surface of 33 
square inches, exclusive of supporting structure. The resulting maximum 
temperature rise of the loops measured on a continuous heat run test was 
approximately 20 C. 

During short-circuit conditions (defined as 10 cycles for momentary 
current rating ), the elapsed time is too short for the heat radiating 
surfaces of the loop to have any significant effect on the temperature 
rise, but three other factors combine to limit the temperature to an 
extremely low value: 

1. The multiple loop circuits subdivide the current and 
effectively reduce the I*R loss; e.g., a 1200 ampere 
contact passes a 96000 ampere short-circuit with only 
8000 amperes in each of its 12 loop circuits. 

=~ 

2. The mass of the copper contact blocks act as a 
heat sink." 

3. Contact pressure is greatly increased by magnetic 
forces. 

The calculated maximum temperature rise at the end of 10 cycles with a 
90000 amp momentary for a 1200 amp assembly is only 26,5 co, 

TESTS 

Temperature rise tests conducted on 1200, 1600, and 2000 amp 

switches demonstrated that magnetic loop contacts have a maximum tempera- 

ture rise of between 18.); and 20 C when carrying rated current (above 
ambient of 2l C). 

The results of a series of short-time current tests are given in | 

Tables II, III, and IV. These tests were conducted on completely assem- 

bled single-pole switches, including insulators, connected to the source 

of power with a split return to simulate adjacent phases under service 

conditions. The spacing of the return conductors was calculated by the 

equation (2): 
Bx CG 

A 252 (2) bd 

where A ~ normal phase spacing 
B - near return spacing 
C - far return spacing 

For the 161 kv switch assembly, for A =108", B = 18", and C= 21.6". 

The return conductow was 2" I.P.S. copper tubing located approximately in 

the same horizontal plane with switch blade in closed position. 

Observation during the short-circuit tests and examination of con- 

tacts and final results fully confirm the theory of the behavior of mag- 

netic loop contacts: 

1. Contact pressure increased considerably with current-- 

as evidenced by slight pressure marks on the contact 

surfaces of the silver inlays (Fig. 2 and 3). 

2. Short-circuit capacity of the loop contacts is much 

higher than that of conventional contacts. Results 

indicate the possibility of loop contacts being used 

for higher momentary currents than presently specified 

by NEMA. 

3. Fig. 10 illustrates a 600 amp assembly tested to 

destruction. Note that burned portion is limited to 

the original position of blade. This indicates the 

effectiveness of magnetic lockingszeven after blade 

burned free of the loops and was no longer held by 

friction, it remained on neutral centerline. 
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Ice Test e AFPENDIX A 

The flexibility of contact loops best explains why heavy ice incrus- | 2 To illustrate the relationship between contact pressure and current, 
tations shatter when the switch is operated. The following photographs a specific example of 1200 amp switch jaw assembly is analyzed below: 
taken during the ice test of 161 kv, 1600 amp switch illustrate this | 
point: 3 } Contact pressure F, Fig. 6, on blade is a combination of mechanical 

and magnetic forces applied to the loop. The mechanical force, same as 

Fig. 11 - jaw assembly frozen with switch open. in a conventional design, results from deflection of contacts. In this 

| specific case it is 80 lbs (F 9) per loop. This is the initial pressure 
Fig. 12 - shows the action of the blade coming down. Note how | which insures safe and effecient operation with silver-to-copper contacts 

ice shattered by the blade springs away due to loop ! at rated currents. | 

deflection. | 
The electromagnetic force exerted between two current-carrying con- 

ductors is a function of current, its decrement rate, shape and arrange- 
ment of conductors. In the case of two parallel conductors, the 
electromagnetic force is expressed by equation (3): 

O65, 137,12 

D x 10 

Fig. 13 - illustrates the same jaw after blade was brought 
down to fully closed position. Note that contact 
surfaces are now completely free of ice. 

Fig. ly - same switch is again shown solidly frozen in closed 
position. Fy=M«KaL x 2) 

Fig. 15 - illustrates the opening of the blade and the crumbling 2 Be | 

of the ice. where F force in lbs 

M multiplying factor depending on shape of current wave 
which, for a completely offset wave, is the square of 
the ratio between crest and rms value, or M = 8. 

Fige 16 - a close-up photograph of jaw assembly when blade 

reached fully open position. Note that contact por- 

tion of the loops are free from ice. 

K "shape" factor in case under consideration using | 
methods and curves suggested by H. B. Dwight varies 
between 0.96 and 0.98 and for practical purposes is 
assumed to be unity. / 

CONCLUSIONS 

| 1. Magnetic loop contacts operate at a lower temperature than 

conventional contacts: | Ij& Io short-circuit currents in amps in two conductors 

(a) During normal conditions because of multiple current paths under consideration. 

and large: heat: nadtacine supesess: D spacing between centerlines of conductors in inches. 

(b) During short-circuit conditions because of multiple current 
paths and greatly increased contact pressure. L dength of parallel conductor in inches. 

The total electromagnetic force acting on a loop is the resultant of 
individual electromagnetic forces produced by each individual current path 
under consideration. Referring to Fig. 6, the following components are 

| 
| 

| | 

| 2. Loop contacts, because of their elastic nature, shed ice 

promptly. Therefore, they are particularly suitable where heavy 

| 

ice formations are prevalent. . | involved: 

3. The electromagnetic field around loop contacts effectively Locks | Force Fj on Aj By. Between A, B , and By Cj 
the switch blade in the closed position and prevents it from : ’ meron Seg te aN i AG elt tae See Mate be fe 

being blown open during short-circuits. | Distance between center of conductors D,= 1.26". 
i 
1 

the loop. Therefore, conductors will be forced apart. 

| 4. Switches equipped with magnetic loop contacts have greater abil- 

| ity to withstand higher momentary current than switches utiliz- 

ing conventional contacts. 

Current I> flows in opposite directions in two opposite sides of 

5. The jaw contacts of switches in service may be replaced with 

magnetic loop contacts and thereby extend the useful life of old 

switches installed in growing power systems. 

Force Fy on leg A,B] is directed from left to right, or positive. 

Substituting in equation (3): I, 2 =i: L,= 3.5" length of half 

loop; F ) will become: | 
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Between A, Dy and So (right jaw support) 2 
F = 3.5. 8 x O45 (1t)¢ 2 10 x 107° (rz )2 Force Fs on Ay Dj - 

1.26 x 10! | a and Io are in the same aides ae Ee is from left to right, 

| | or positive. 

Force Fo on Aj By- Between Aj By and Ad Bo. | 1 11 ni | : | Io = en1yz De ee, Se 
Current ii and i are in the same direction. Magnetic force is } 
attraction betweén two paths and the direction of Force 5 is 
from left to right, or positive. 

i ais because of symmetry of loop contacts. 

= 5,5" Lo= 35" 
<= — 

8 Sg 5 (2,12 t+) = | 

= 3.24" 123.5" | 5.5 x lof 
Substituting in equation (3) 

Total horizontal force acting on free side of loop BAD will become: 

eee a: 0.986907 (e)- ce tees Fo= Fo + 2 (FR + Fo -F3) -FKy + Fo or (9) 

Force F3 on Aj Bj. Between Az By, and Bo Go. | i ee Soe ar {2 (W600 -** 0.388 -0628)°s1.11 4 0 a: x 1076 = 

(1) 
: | i =6 1,2 

I? = iz D245" 7 Lys 3.5" -_ = 80 + 1.56 x 10 (rt) 

In this case currents are in opposite directions. Force will be 
repulsion and direction will be negative. For 1200 amp assembly 1 =a I 

O 
IZ 

8 x 0.45 (12) ~6 
Pee Lv 

P32 “305 x Beas SS -0.28 x 10 (Iq) (6) Blade Current (amp) Loop Circuit (amp) | Contact Pressure (lbs) 
r xX 1 

din Ay F 

Force a on Aj Dj. Between A, D, and S; (left jaw support) See eean are 
9 @ 

11 7 000 000 104.9 
Since Ij; and Ij} are in the same direction, Fy, will be directed 0,000 5,000 119.00 
from right to left, or negative. | 72,000 6,000 135216 

1 ti 1 Veer | 8h,,000 7,000 156.44 
ty wig ye ede: ty = ly 96,000 8,000 179.84 

= onto” Lis Fs 

8 x 0.45 (2 r+ x I) 20 
Fy, 35-365. > 3 i ea? de a dae ee 6 (71 )2 (7) 

2526 “x76 | 
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| APPENDIX B r’ 

| The temperature rise at the end of 10 cycles, assuming no heat TABLE IT 

| dissipation, may be determined by the following equation: 
ees SHORT-CIRCUIT TEST - TYPE R-15 SWITCH 

69 KV, 600 AMP 4-LOOP ASSEMBLY 
NEMA MOMENTARY RATING 40,000 AMP T 

G x he7hxA’e 10? x 103,500 logy 
| 1. Te ae 23u | 
| i = eee oe | ~—s- Test Current Amperes Duration 
| t | No. rms at Half Cycle Cycles Observations 

| 1 15,800 LO No effect 

| where Ty initial temperature assumed 0 C. : “ee - ne ee 
| ; 

| To temperature at the end of 10 cycles. 5 eee # rh ~ ee 
7 se 9 

A cross section of loop = 0QO.102 sq. in. : Ae ooo fs eee t 
9 

= 0.16 conds. 8 535500 LO No effect 
: ae ea 9 apes 10 Slight mark on contact 

| t ductivity I.A.C.S.=46% LO: 2 Q, 000 : LO Slight mark on contact G Poe ee : y | | 11 68 , 000 10 Definite mark on contact 
for If = 90,000 amp, Ij = 7500 amp. 12 755200 Tha LO Destroyed «| 

# rms current effective for duration of test. 

substituting in equation (10) 

ACKNOWLEDGMENT TABLE III 

SHORT-CIRCUIT TEST - TYPE R-15 SWITCH 
161 KV, 1200 AMP 6-LOOP ASSEMBLY 
NEMA MOMENTARY RATING 61,000 AMP 
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guidance. | | | i 
Test Current Amperes Duration ca aie 

| No. rms at Half Cycle Cycles Observations 

TABLE i | 1 47,000 10 No effect 
eae 2 pee 3 2hs No effect 

CURRENT DISTRIBUTION IN JAW WITH LOOP CONTACTS 5 0,200 LO No effect 
| Ties hy 68 , 500 in 2 0) No effect | 

5 78,500 10 Slight mark on contact 
Amps/ Assembly Number of Loops Amps/Loop Amps/Loop Circuit 6 83,500 nth Definite mark on contact 

600 © mM 150 75 | | * rms current effective for duration of test. . 

1200 6 200 100 o | O | | 
1600 8 200 100 | 

2000 ee oper 200 100 
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TABLE IV 

SHORT-CIRCUIT TEST - TYPE R-15 SWITCH 161 KV, 1600 AMP 8-LOOP ASSEMBLY NEMA MOMENTARY RATING 70,000 AMP 

| Test Current Amperes Duration 
| No. rms at Half Cycle Cycles Observations 

2 eS 47,000 10 | No effect 2 8,100 10 No effect | 3 0,500 i 10 No effect | bh 70,200 10 No effect 5 72,000 «x Lu No effect : {70900 | 10 No effect 
: LO | | _ Per as | ae 8 83,500 LO eo aeeect | | — y Fig. 3. Jaw Assembiy after Momeuteary 9 89,000 LO No effect 3 _ : 7a | Tests Table IV, 10 95,000 10 Slight mark on contact — aoe 97 » 900 LO Slight mark on contact ; 

%* rms current effective for duration of test. | ' Fig. 1.7 34,5 RF aeoo Amp. Switch : | @ with Loop Contacts. 
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SUMMARY 

CRITICAL-PATH PLANNING AND SCHEDULING 

>>>o>> <<<<< 

During the past three years a new technique for project planning, scheduling, 

and cost control has been developed, tested and applied. It is called the 

Critical-Path Method. . 

Significant results have been obtained by applying the method to the design, 

procurement and fabrication functions of a variety of project types. The 

following list of applications is merely suggestive: : 

1) Alltypes of construction and maintenance 

2) Retooling programs for high-volume production 

3) Low-volume production scheduling 

4) Missile countdown procedures 

5) Budget planning 

6) Mobilization planning 

7) Strategic and tactical planning 

8) New product launching, marketing 

9) Assembly and testing of electronic systems 

10) Utility billing procedures 

The Plan 

The first major departure of the Critical-Path Method from traditional 

techniques is the separation of the planning and scheduling functions. As 

is easily perceived, the building blocks of any project are functions, activities 

and jobs. For example, in projects concerned with construction we have 

- jobs like building forms, pouring concrete, erecting steel, etc., as wellas 

the activities of procuring the materials and equipment required. These 

activities have one underlying characteristic - they must be performed ina 

well-defined order. Planning consists in stating the project activities and 

the order in which they are to be performed, while scheduling is the act of 

putting the plan on a calendar timetable. Traditional methods attempt to do 

both simultaneously. oe 
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The plan of a project is formed by listing all the jobs in the project and 

determining the order in which they must be performed. This process 

is done graphically by representing each job by an arrow which depicts its 

existence and the direction of time-flow (time flows from tail to head). 

The arrows are then interconnected to show the sequence in which the jobs 

must be performed. 

This graphical form of the project provides planners with several benefits: 

1) It provides a disciplined basis for planning a project. 

ey i provides a clear picture of the scope of a project 

that can be easily read and understood, 

3) It provides a vehicle for evaluating alternative strategies 

and objectives. : 

4) it tends to prevent the omission of jobs that naturally | 

belong: to the project. 

5) In showing the interconnections among the jobs it pine 

points the responsibilities of the various operating 

departments involved. 

6) Itis an aid to refining the design of a project. 

7) %Itis an excellent vehicle for training project personnel, 

Time and Cost 

Based on operating knowledge and experience, upper and lower bounds on 

elapsed time for each activity are determined. A point of diminishing 

returns fixes the upper bound. The lower bound is set by the minimum time 

in which the activity can feasibly be performed. : : 

The cost of an activity, which varies with its fas eas is estimated for each 

of the two bounds. The cost at the upper bound represents normal operating 

procedure; cost at the lower bound reflects overtime, changes in method, 

and possibly premium rates for obtaining materials and is certainly greater 

than for normal operation. These costs are direct costs and include every 

thing except overhead and distributives. 

The technology of the method enables a selection of solutions of different 

durations for each job. By means ofa specially developed mathematical 

procedure, the durations of certain jobs in the project are changed. Starting 

with a schedule in which each job is done in the normal fashion, the project 

time is.decreased by expediting certain jobs so that the project cost goes up 

by the least amount. The result is a breakdown which gives minimum cost 

schedules for each of the various project durations. 
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What You Learn 
en emeaieaal 

Management thus comes into possession of a spectrum of possible schedules, 

each with an engineered sequence, a known elapsed time span, and a known 

cost. At this point, the indirect costs for each computed schedule are pre- 

pared and added to direct costs. The result is the total investment required 

for each possible project completion date. 

Management is now ina position to select one schedule from many alternatives - 

a luxury unavailable from traditional methods. Which schedule is selected 

depends on many factors. For example, if the project objective is to launch 

@ product in a rising or falling market, maximizing return on inve Suneeh is 

the criteria. 

- Once a schedule is selected on an objective basis, it becomes necessary to 

furnish the entire organization with a detailed working schedule that conforms 

to the management decision. Knowing the project completion date and the 

elapsed time for each job, the Critical-Path Method indexes all apg jobs - 

those for which any slippage will delay the entire project. : 

In an Pi aitical way all delivery information, including limiting deliveries, is 

computed. : 

Just as some jobs are critical, others have more time available to do them 

_ than they require. Timing information about these jobs is also provided, 

In effect, the method determines who needs what detail when. Itis so 

designed that it is a simple matter to reflect progress, delays and changes 

at any level of operation or organization. | 

Cost Control 

Each fob ina project is assigned a cost account number. With this data a 

structure is set uP for accruing costs against proper accounts as the project 

proceeds. 

Since each job has costs associated with it, estimated individual job costs are 

computed for each computed schedule. This gives management and supervision 

the basis for project cost control. As actual costs are incurred, they can 

be compared with estimated costs and analyzed for exceptions. 

‘With the Critical-Path Method costs are always accrued so that they are 

easily identified and apportioned to the proper facility. This expedites 

- closing the project to capital investment accounts. Similarly, the method 

me 
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makes it easy to estimate in advance capital expenditures for labor, equip- 

ment and materials. This can mean many dollars in savings by efficient 

capital usage. , | 

Computer Usage 
a ines 

The Critical-Path Method has been programmed for several data processing 

systems,both medium and large-scale, However, significant portions of 

the technique can be used without the aid of computers. The size of the 

application and the extent to which the technique is applied dictate the require- 

ments for various-sized computing facilities for economical processing. 

What You Can Expect 

Significant accomplishments have been demonstrated by the practical appli-e 

cations of the Critical-Path Method: Personnel can readily be trained to 

_ collect pertinent data and develop consistent and detailed project schedules 

faster than it normally takes, Entire projects consisting of hundreds of 

activities can successfully be depicted in their proper technological sequence 

by means of arrow diagrams, This diagramming technique has been extremee- 

ly helpful, not only by giving a visual representation of a project, but also 

for indicating important revisions in project design, defining goals and fixing 

responsibilities, The mass of detailed information required for large projects 

can be processed with dispatch by a computer, and by such means, schedules 

can readily be updated. The output from the Critical-Path Method is far more 

accurate and useful than that obtained from traditional methods. There isa 

high correlation between the forecasted direct cost of a schedule and that 

actually experienced. Current experience indicates that the savings which 

‘accrue from the use of the method far outweigh any investment required. 

James EF. Kelley, Jr. 
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This table shows the present standard practice with respect to system nominal, trans- cormer secondary and motor voltage. It should be noted that without use of taps excessive ' voltage to 265/460-volt secondaries could be expected when using the overhead type on over- head systems. Also as the same rating utilization equipment is served from both overhead 
and network systems a lower network primary voltage would. be required to provide the same utilization voltage, which is obviously undesirable. Although not shown in the babie,* 10 is interesting to note that on 7200/1270 network Systems both the primary and secondary 
ratings are 5 per cént higher than system nominals. -In other words, the transformers are rated 7500/13000 to 125/216 volts, which is the same transformer ratio. 

CONCLUSION 

It is recomended that if and when the 240/16 volt three-phase and the 240/480-volt 
single-phase systems are made standard that the - following voltage ratings be adopted: 

System 
Nominal 

120/240 
_ l-phase 

120/240 
3-phase 

120/208 
3-phase 

265/460 
3-phase 

120/208 — 
3-phase 

265/460 
3-phase 

‘Transformer secondary 

Utilization Equipment 

SINGLE-PHASE NOMINAL 240/480-VOLT SYSTEM 

Item Nominal or Nameplate Voltag 

240/480 volts : 

2h0 volts, 2-wire* Utilization Equipment | 

*Design Voltage may remain 230 volts 

THREE-PHASE NOMINAT, 240/416-VOLT SYSTEM 

| 240/416 volts Transformer Secondary | 

240/416 volts 3 or 4 wire 

TABLE I 

TRANSFORMER AND MOTOR VOLTAGE RATINGS 
7 7620/13200Y NOMINAL PRIMARY SYSTEMS 

Transformer iNet Nec Re {7 ok Wo ES 
~~ | pa maps Secondary Size Motor 

_ lype Voltage | Rating Kva Voltage 

OH 7620 120/240 5 to 500 115, 230 1-phase 
Single | 230 3-phase 
Phase 

OH 7620/ 120/240 5 to 500 115 and 230 
Single 13200 1l-phase 
Phase : 

OH 7620/ 120/208 112,150 208 and 220 
Three 13200 225,500 3-phasé 
Phase 

OH 7620/ 277/180. 225,500 - 44,0 
Three © 13200 3-phase 
Phase 

Network — 7620/ $25 (2 300 to 208 and 220 
Three 13200 | 1000 3-phase 
Phase | 

Network 7620/ 277/480 500 to 440 ° 
Three 13200 2500 3-phase 
Phase 
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VOLTAGE NOMENCLATURE - SECONDARY .AND UTILIZATION SYSTEMS 

AS Anderson, Fellow AIFE Ebasco Services Incorporated 

INTRODUCTION 

The greatest obstacle to standardization of utilization equipment and distribution 

equipment particularly transformers is in the voltage designation. The evolutionary change 

from 110 volts to 115 volts to 120 volts in secondary systems is the basic reason for the 

present variations in not only utilization voltage nomenclature but in the voltage nomen- 

clature of both secondaries and primaries of transformers. The situation as it now exists 

is the result in many instances of choosing on the basis of immediate expediency. 

In the evolution of utilization system voltage change it was mecessary and economical 
to manufacture and use incandescent lamps rated for each voltage. In most other equipment 

it was neither necessary or economical to do so. For some equipment design voltages were 

changed. For others it was not. The three-phase motor rating of 220 and 440 volts is an 

example of the latter. . | 

In ‘the process of evolution there finally developed an example of voltage nomenclature 

which is the ultimate result of a process of expedient solutions without a long range plan. 

The example is the present situation with respect to the 265/460-volt system. The motor 
rating for this system is 440 volts and the secondary transformer rating is 277/480-volts. 

PURPOSE 

A large part of the utility industry favors the nominal 240/416-volt system for 
service to consumers. This system is not standard and neither are the motors or three- 
phase transformers to serve them. However, because of its great advantages and the 

seriousness with which it is being advocated, it seems timely to consider the rating of 

transformer secondary and the motors for use with the 240/416-volt system. 

The present pattern of voltage ratings for motor, transformer and system for the 

non-standard 265/460-volt level is an evolutionary development and not the result of 
planning ahead. The purpose of this presentation is to recommend voltage ratings that © 

seem more logical and will cause less confusion than now exists. 

DISCUSSION 

System Nominal Voltage and Voltage Range | 

The nominal voltage of a secondary supply system is a value used for the purpose of 

convenient designation. It is generally recognized that the actual value of voltage at 

any time or at any location may not always be of this value. Most utility supply and 

consumers! wiring systems are designed and operated so that the voltage at the point of 

utilization is not less than 90 per cent of nominal or more than 105 per cent of nominal. 
These limits are within the fayorable zone as listed in EEI-NEMA "Preferred Voltage 

Ratings for A-C Systems and Equipment" ASA C84.1-1954. 

Transformer Secondary Rating 

As indicated above the maximum utilization voltage to be expected is 105 per cent of 
nominal. There hardly seems need to use a transformer secondary voltage rating of 105 

per cent of nominal because: 

—— "I 
— aie -—=  — 

1. According to ASA C57.12-00.411 “transformers shall be capable of delivering rated out- 
| put kva at 5 per cent above rated secondary voltage without exceeding the guaranteed 

temperature rise. This requirement applies to load power factors of 80 percent or 
higher." re | 

He According to ASA C57.12-00.412 "transformers shall be capable of operating at 10 per 
cent above rated output voltage at no load without exceeding the guaranteed tempera- 
ture rise." | 

3. According to ASA C57.12-00.414 "The foregoing requirements apply to rated voltage and 
rated kva for any tap." 

Two reasons have been given by others to support their feeling that a secondary rating 
of 5 per cent above nominal is required. 

(a) To avoid excessive core loss. 

(b) To keep the noise level lower. 

This approach does not recognize that the ASA. requirements would have the effect of 
limiting core losses to practical values that are encountered for the varying loads and 

voltages on a primary feeder. In the case of network transformers it may be desirable to 

operate at lower core losses and noise level in some situations. Rather than change 

primary and secondary voltage ratings of all network transformers to accomplish this, it 
would seem more desirable to design another line of transformers for these special 
applications. | 

Nameplate Voltages - Utilization Equipment 

Utilization equipment is marked with either the design voltage or the nominal voltage 

of the system on which it is to be used. In the case of the 208-220 volt three-phase motor, 
the first value indicates that it is usually satisfactory to operate the motor on a 208-volt 
system. The second value is the design value of the motor which may be operated on 240-volt 
nominal systems. : 

It would be preferable that as a general principle utilization equipment should be 

marked with the system nominal voltage for which it is designed. Motor nameplates should 

also carry the design voltage and be so identified. . 

Motors have a satisfactory operating range of plus and minus 10 per cent. Since 

utilization voltages have a lesser range than this, it seems appropriate that the motor 

voltage as shown on the nameplate be the same as System nominal. It is claimed by many 

that the system nominal should be 5 per cent higher than a motor rating to assure adequate 

starting torque. Another claim is that motors should generally be operated on undervoltage 

because of better economy. While these are conflicting reasons, neither would seem to be 

a good reason for having a nameplate designation other than system nominal. Proper design 

and correct motor application will avoid the need for having other than system nominal 
voltage on the nameplate. 

The Existing Situation 

It is not necessarily intended in this presentation to indicate that anything should 

be done in the present situation. However, an example of conditions now existing is shown 
in Table I in the interest of encouraging the use of a. simpler system when the 240-volt- 
to-neutral systems are adopted. . : | 7 : 
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This table shows the present standard practice with res 
cormer secondary and motor voltage. It should be noted that 
voltage to 265/460-volt secondaries could be expected when using the overhead type on over- | head systems. Also as the same rating utilization equipment is served from both overhead _ | and network systems a lower network primary voltage would. be required to provide the same & utilization voltage, which is obviously undesirable. Although not shown in the table, it _is interesting to note that on 7200/12/70 network systems both the primary and secondary 
ratings are 5 per cent higher than system nominals. In other words, the transformers are - rated 7500/13000 to 125/216 volts, which is the same transformer ratio. 
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CONCLUSION 

It is recomhended that if and when the 240/416 volt three-phase and the 240/480-volt 
single-phase Systems are made standard that the -following voltage ratings be adopted: 

SINGLE-PHASE NOMINAL 240/480-VOLT SYSTEM 

| [tem . Nominal or Nameplate Voltage | | 

Transformer Secondary 240/480 volts | | | 

240 volts, 2-wire* 

VOLTAGE NOMENCLATURE - SECONDARY AND UTILIZATION SYSTEMS 

J a Utilization Equipment 

A. S. Anderson : 
Fellow AIEE q 

Ebasco Services Inc. 3 | 

New York, N. Y. 

*Design Voltage may remain 230 volts 

THREE-PHASE NOMINAL 240/416-VOLT SYSTEM 

240/416 volts Transformer Secondary | | | | 

240/416 volts 3 or 4 wire | | | “Utilization Equipment 

TABLE I 

| 7620/13200Y NOMINAL PRIMARY SYSTEMS 

| 
| 
| 

TRANSFORMER AND MOTOR VOLTAGE RATINGS 3 | : | | 

i 

Phase 

Transformer 
System ~-feimary Secondary Size Motor 
Nominal _ Type Voltage © Rating Kva Voltage 

120/240 OH 7620 120/240 5 to 500 115, 230 1-phase 

i pee oti ee Be i | A paper recommended by the AIEE Transmission and Distribution Committee 
3 : for presentation at the AITEE Summer General Meeting, Atlantic City, 

120/240 OH 7620/ 120/240 645-500 115 sad 230 N. J., June 19-24, ae Manuscript submitted March 22, 1960; made avail- | 
3-phase Single 13200 1-phase able for printing May 4, 1960. | 

Phase | 3 | 

120/208 OH 7620/ 120/208 112,150 208 and 220 . | | 3-phase Three 13200 225,500 3-phasé Price: $ 50 To Members ign 
; $1.00 To Nonmembers American Institute of Electrical Engineers | 

, ican | 33 West 39th Street, New York 18, N. Y. ; 
(5¢ per copy additional if Litho in USA | 265/460 OH 7620/ 277/480. 225,500 ~ 440 first class mailing desired) Maeve | 3-phase Three | 13200 3-phase | is | 

Phase i” 

120/208 Network ——-'7620/ 125/216 300 to 208 and 220 = | 
3—phase Three 13200 | 1000 3-phase | | 

Phase } Paper No. CP | 

265/460 Network 7620/ 277/480 500 to 140 60-842 
3-phase Three 13200 2500 3-phase 



Fig. 1. Typical isolated-phase 
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THE USE OF THE ELECTROLYTIC TANK FOR DETERMINING 
EXTERNAL INDUCTANCES OF ENCLOSED CONDUCTORS 

L. L. Mankoff R. H. Brealey, Jr. & 

INTRODUCTION 
A knowledge of the impedance of the bus is of value in applying 

enclosed conductors of the isolated-phase bus type. Lengthy equations for 
calculating inductances may be found in the literature for some conductors 
Such aS square-tubular and double-channel conductors. However, the methods 
of calculation found in the literature did not include the effects on 
inductance of non-magnetic, conducting sheaths Surrounding conductors of 
these shapes. 

A new, rapid technique, using the electrolytic field analyzer (1), 
has been developed and applied to determine the external inductances of 
isolated-phase bus for all types of current flow, balanced three-phase 
current, and all possible fault current conditions. The new method was 
also applied to determine the voltages induced by the electromagnetic 
field between sheaths of isolated-phase bus. This method may be used to 
determine the voltage induced in a loop external to isolated-phase bus. 
For the case of a closed, conducting loop, this technique of determining 
the flux through the loop, plus a knowledge of the impedance of the loop 
to current flow, would make it possible to approximate eddy currerit flow 
in the loop. | 

The manner in which this new technique was applied assumes uniform 
current distribution within each of the bus conductors. For the case of 
isolated-phase bus, (Fig. 1) where conductor Separation is large compared @ 
to conductor size, and where the individual sheaths tend to shield each 
conductor from the field effects of the other conductors, this assumption 
dis reasonable. In addition, the analysis assumes that the sheaths of the 
isolated-phase bus are of high conductivity aluminum and of a thickness 
consistent with current practice. | 

GENERAL DESCRIPTION OF THE TEST TECHNIQUES 

For years we have employed the electrolytic field analyzer (flux 
plotter) to determine the inductance of a Single-phase configuration with _ translational symmetry (1). To do this it is only necessary to make a 
Scale model and measure the resistance between electrodes. The induc- 
tance per-unit length is: , 

L = wu. = | (1) 

ll relative permeability of the medium 

Wrx107! - henries/meter 

resistance between electrodes - ohms 

resistance per square of the electrolyte = Gina 

where u 
ss 

ae 

Rs 

By definition, L -2 for a single-turn circuit. Therefore, @, the 
total flux per-unit length, is merely: | 

ace 

ee wu, x or & = ee ae flux per-unit current (2) 

The quantity 9g, the total flux,is necessary to determine the flux 

distribution for purposes of finding induced voltages in the flux field. 

The same analogy which relates water resistance to inductance pro- 
vides a potential distribution in the water equal to the relative flux 
distribution in the device under consideration. Hence, for the single- 
phase case, inductance may be obtained directly and flux distribution 
may be obtained easily by combining the total flux with the relative flux 
distribution obtained from the potential distribution in the water. 

The extension of this technique to three-phase conditions presents 
additional complications. Three-phase power at 1000 cps, (the field 
analyzer frequency) is not readily available. Three-phase measurements 
in the field analyzer often require the measurement of phase angle in 
the analyzer, a more difficult problem in instrumentation. The concept 
of total flux is not easily applied for three-phase conditions where 
non-symmetrical arrangement of conductors produce a total flux linking a 
conductor which is not exactly in phase with the current in the conductor. 

The approach used in this new method makes use of simple, single- 
phase measurements combined vectorially to provide resuits produced by 
balanced three-phase currents. The total flux and the relative flux 
distribution for each phase is studied in turn in the field analyzer 
between the conductor and an electrode in the analyzer which represents 
infinity. Infinity is accurately represented by means of a small cylin- 
drical electrode in the lower half of the double-tank setup (2). The flux 
distribution is determined from potential measurements and the total flux 
by a resistance measurement from the conductor to "infinity" and by using 
equation (2). By properly combining the quantities obtained for each 
conductor, remembering that they are 120° apart, the desired results are 
achieved, inductance or induced voltage. In essence, we represent three 
balanced three-phase currents at infinity. Each is a return current for 
a Single-phase current in one of our three conductors. These currents 
at infinity must cancel and consequently produce no net effect on the 
flux in question (3) 

EXAMPLES OF APPLICATION OF THE METHOD 

External Inductances 

A. External Inductance Per Phase of Three-Phase-Isolated Phase Bus. 

The inductance of a conductor is defined as the total flux linking 
the conductor per-unit current flowing in the conductor. To find exter- 
nal inductance it is necessary to add all the flux linkages starting at 
the conductor boundary and extending to infinity. 

The electrolytic field analyzer was set up as shown in Fig. 2. The 

geometric parameters set to scale in the analyzer were: | 



> 6" diameter sheath was used in the analyzer. The water resistivity 
was 2170.ohms per square for each level. The potential of the conductor 
was 100% and the "infinity" electrode was at 0% potential. 

The data obtained are shown in Table I, below: 

Table I. Electrolytic Field Analyzer Data for Determining the External 
Inductances of a Three-Phase, Isolated-Phase Bus. 

| Conductor Percent Potential at Sheath Average Value of 
Position Resistance Between 

Conductor and “Infinity 

2357 Ohms 

The inductance per phase with balanced three-phase currents is cal- 
culated in the following manner. 

1. Percent total flux linking conductors A or C. 

By symmetry, the magnitude of the total flux linking conductors A or 
C must be the same. To reduce errors resulting from slight imperfections 
in the tank such aminor variations in level or the wax bottom, the data 
for conductors:A and C are averaged. 

The percent of the total flux from conductor to "infinity" linking 
a conductor, for example conductor A, is called LO linking A. Also, for 
purposes of calculation I, is assumed to be at 0°, Ip at 120° and Ic at 
240°. Then: 

Average Value %@ Linking 4% Linking 
A C 

%% Linking A 
due to I, = 100 

100% 100/0° 109240° 
20 Linking C 
due to I, = 100 

To determine the @% linking A or C due to Ip we must look at the 
data of Table I. With the conductor in position B, 76.2% of the total 
flux of conductor B is between the sheath of A and “infinity." It is 
assumed with good approximation that no flux from conductor B. penetrates 
sheath A (4). In other words, the sheath is a perfect conductor. Conse- 
quently, 76.2% of the total flux of conduttor B links conductor A. Then: 

® 

= tO 

Dp = 1.38x10— 

2 

Average Value 4@ Linking 8 Linking 
A C 

€@%@ Linking A 
due to Ip = 76.2 

76.2% 
@0 Linking C 
due to Ip = 76.2 

O re) 7623s 16.2786 

The remaining component of flux is the @@ from conductor A linking 
conductor C and vice versa. By the same method described above: 

@% Linking A due to Ig = 67.5 a4o?s 
%0 Linking C due to Ip = 67.5 /0°. 

The total external flux linkages for conductor A or G will be: 

@% Linking A (total) = 100/0° + 76.2/120° + 67.5/240°, 

$0 Linking C (total) = 100/240° + 76.2/120° + 67.5/0°. 

Combining vectors we obtain: 

4% Linking A (total) = 29.2/15.0°, 

$6 Linking C (total) = 29.2/225.0°. 

2. Percent total flux linking conductor B 

Using the same approach as was used for conductors A and C, the 
fluxes linking conductor B are: 

€% Linking B due to I, = 74.4/0°, 
$8 Linking B due to Ip = 100/120°, 

$6 Linking B due to Ig = 74.4/240°. 

Combining vectors we obtain: 

%0 Linking B (total) = 25.6/120°. 

53. External Inductance 

The total flux @p is determined by means of equation 2 and the 
resistance data from Table I, using an average value for Re. 

Re : é - oe, | a 1O-T 255 

6 I weber/meter. 

Combining Zp with the various 4% (total) we obtain: 
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an } O 0.403 x 10 Ty weber/meter /15 , @ Linking A = 

@ Linking B = 0.352x107° I, weber/meter /120°, 

-6 . : Ree 
@ Linking C = 0.403x10 Io weber/meter (225: 

Since inductance is defined as total flux linking the conductor divided 
by the current in the conductor, , 

6 L, = 0.403x10°~ henry/meter, 

Le = 0.352x10~° henry/meter, 

Lo = 0.403x107° henry/meter. 

B. External Inductances for’ Phase-to-Phase and Phase-to-Ground Faults 

During phase-to-phase or phase-to-ground faults, single-phase 
current, flows. For this condition inductances may be obtained in the 

field analyzer either by means of direct resistance measurements (1) or 
by the use of the return at "infinity" technique. The latter method was 
used since data obtained for three-phase calculations was applicable to 
the single-phase cases. 

1. Phase-to-Phase Faults 

a. Fault current flowing in the center phase and an outside phase 

From the data in Table I, the percentage of flux due to Ig 
between conductors A and B is, 100 - 74.4 = 25.6. 

The percentage of flux between conductors A and B due to Ip is, 
100 - 76.2 = 23.8. Therefore, 

AP sotal (A-B) = 25 .6 + 23.8 = 49.4, and 

= 1.38x107° 6 

6 

x 0.494 = 0.681x10 ~ henry/meter, or AB 
= 0.341x107 

L 

L henry/meter per conductor. 

b. Fault current flowing in outside phases 

From the data in Table I, @% ,_, due to I, = 32.5 

and 2% ,_« due to Ip = 32.5. 

-6 Then Ly (loop) = 0.895x10 ~ henry/meter, or 

L = 0.448x10 © henry/meter per conductor., 

2. Phase-to-ground faults 

The latest design of the authors' company of isolated-phase bus 
utilizes the sheath of one of the outside phases for a continuous ground. 

= 
€ 

~6S 

Therefore, any phase-to-ground fault will consist of current in any of 
the three conductors returning in one of the outside phase sheaths 
Table I contains all the data required to find the relative flux distri- 
butions. The total flux for current in a sheath returning’ at "anfinity" 
is slightly different than that for the conductor. The resistance 
between sheath and "infinity" was measured and found to be 2108 ohms 
This is a reduction. by 2108 or 0.897 total flux from the grounded sheath Sige Spore s 3s | | 
compared to the total flux from a conductor. 

a. Fault current flowing in an outside phase conductor and 
returning in the other outside phase sheath 

From Table I, the average percent flux between an outside phase 
conductor and the other outside phase sheath is 352.5%. The percent 
flux between outside sheaths due to current in a sheath of an out- 
side phase is the average of (88.4-67.5) and @8.1-67.5), or 20.75. 

Then $2, 421 = 32.5 + (20.75) (0.897) = 51.05 

6 
And as before G = 1.38x10 ~I x 0.5105 = 0.705x107°r weber/meter, 

6 or L = 0.705x10°~ henry/meter 

b. Fault current flowing in the center phase conductor returning 
in an outside phase sheath 

From Table I, the percent flux from conductor B to sheath C 
‘(or sheath A) is 23.8%. The percent flux between sheath A or C and 
sheath B is 13.7 or 14.0, an average value of 13.85%. Then 

9B ota, = 23-8 + (13.85) (0.897) = 356.2, and 

Y) 1.38x107°r x 0.562 = 0.499x107° 

L 

I weber/meter, or 

0.499x107° henry/meter. 

c. Fault current flowing in an outside phase conductor returning 
in the sheath of the same phase 

For this case, coaxial current flow, all the flux between con- 
ductors is that produced by conductor C or A to the internal bound- 
ary of its sheath. From Table I, 

G9 = 11/9 or LL.6. = 11.75 (average). 

p 

L 

Then 

0.162x10-© I weber/meter, or 

0.162x107° henry/meter., 

VOLTAGES INDUCED BETWEEN SHEATHS 
cence nrg ae EP ac A ESSE TTC 

As an example of the application of the electrolytic field analyzer 

to determine induced voltages, consider the open loop formed by two 



ea nai 
-T[- 

von | | | ? anes Pe sheaths of isolated-phase bus and the single ground connection for the a Then Vj, (sheaths) = 122x10 ~ I volts/meter at 79.8°, and three sheaths per sheath section. Isolated-phase bus design provides | & 6 | 6 | 
insulation at intervals between sheaths of different phases. Vac bate cans) =z 122x10 ~ I volts/meter at 339.7°. 

: nduced voltage for balanced three-phase currents | | 
phon : ; ; B. Induced voltages for phase-to-phase and phase-to-ground faults. 

It 1s apparent from symmetry considerations for sheaths of high 
conductivity that the voltage between sheaths A and B and between sheaths 
B and C must have the same magnitude. As before, average values will be 

1. -Phase-to-phase faults 

used to minimize the effects of any tank inaccuracies. From the data of ps2 me ee current flow between the center phase and an outside Table I, | phase 

: | _ From above, 8 between A and B or B and C due to I, or In is Average 22 no | bbc 13.85%. Similarly the flux due to Ip is 11.64. a : Value | 

%% between sheaths A and B due to I,=13.7 Then 2D + tal = 25.45 and, for 60 cps, 

%% between sheaths B and C due to I,=14.0 > 15.85 (13.850 13 85/240 | . : ,-6 | | Viet hg | VaB or BC (sheaths) = 132x10 “I volts/meter. 

Hf betwesh: SheAton a. ane 2 > egies ete nee 11002220 #202120 The other voltage induced for a phase-to-phase fault is small | %8 between sheaths B and C due to 15> 11.6 | compared to that induced between the sheaths whose conductors are | ; | _ involved in the fault. In other words for a fault between phase | $8 between sheaths A and B due to I,= 6.9 3 | A and phase B, the induced voltage between sheath C and B would an 
%% between sheaths B and C due to = 6.9 6.9 6.9/246 6.9/0 be found by using 11.6% - 6.9% or 4.7%, or 24.5x10-61 volts/meter. 

i b. Fault current flow between outside phases ‘ 
From Figure 3, it is apparent that, 

%2,,(between sheaths) 2D (due to I,) f,,(due ee 13) £$,.,( due to Ia), 
4 From above, the contribution to flux between sheaths A and B i 

@ O or B and C are, : 

22 otal = 15.85 + 6.9 = 20.75. and | | | | 7 % 

hen V = ° 223, ( between sheaths ) ~,,,( due to Iq) 29, (due to I,) $9,,,(due to I,)- ng AB or BC (sheaths) 108x10 ~ I volts/meter (for 60 cps) 

Combining vectors we obtain, ; ieee eons faults — a 
" | | a. Fault current flow in an outside phase conductor returning in 

PP ne (between sheaths) ~ 23 .5£-10.2, the other outside phase sheath : : ra, | | S 

2250 (between sheaths) ~ 23 «3/2N9<2: | } | hiss (sheath)? 2 cotal - AP (vetween Sheaths due to Ty) 

As before g = x @, where = 1.38x107°r weber/meter, and | ney aa ee T T 449 7 | . | ~ as | (between sheaths due to ground Paz = 0.324/-10.2° x 10 “I weber/meter, and | return in sheath C). 
Dao ra 0.324 /249 .9° x 107°r weber/meter. | | | From previous calculations, 

By Faraday's Law, V = -2f or, | $2. ota1 = 13-85 + 6.9 (0.897), or 

V jw@ = J377TH (for 60 Cpsii. | ig a we 20.04. 

© 

\ X 

. SS 
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poem V 104x107°r volts/meter for 60 cps. 
AB (sheath) ~ 

For Vac (sheath), PP + otal = 22 (petween Sheaths due to I,) 

+22 (between sheaths due to ground 
return in sheaths). 

From previous calculations, 

PD + ota] 2 O-9e+ 15.850(0, 697) 

AP total = 19-3 

Then V, = 100x107°r volts/meter for 60 cps. C( sheath) 

b. Fault current flow in the center phase conductor returning in 
the outside phase sheath 

For Vao (sheath)? 2D + ta ih 22( vetween Sheaths due to I) 

+ 2P (between sheaths due to ground 
return in sheath C). 

From previous calculations, 

€2 + otay = 11.6 + 13.85 (0.897) = 24.0 

Then V = 125x107 °r volts/meter. BC (sheath) 

Simidarly for AB( sheath) 

0D -o4q1 = 11.6 - 6.9 (0.897) = 5.4, and 

Vap (sheath) = 28.2x107°7 volts/meter. 

ec. Fault current flow in an outside phase conductor returning in 
the sheath of the same phase 

It is obvious that no voltage will be induced between sheaths 

since the total current is arranged in coaxial flow. 

CONCLUSIONS 

1. <A new technique utilizing the electrolytic field analyzer has been 
devised and applied to determine the external inductances of isolated- 
meose bus for all types of current flow. 

-l10- 

2. This method also provides a Simple means for determining induced 

voltages. As an example, the voltages induced between: sheaths are deter- 
mined. 

3. This method of determining external inductances and induced 
voltages for a single-phase or three-phase electromagnetic field is 
applicable to any bus configuration with translational Symmetry. The 
present development of the technique requires the assumption of uniform 
current distribution within the conductor. In addition, for isolated- 
phase bus studies it is necessary to assume high conductivity sheaths. 

REFERENCES © 

1. Some Engineering Applications of Electrolytic Field-Analyzer, 
H. K. Farr, W. R. Wilson, AIBE Technical Paper 51-240. 

2. An Electrolytic Tank for the Measurement of Steady-State Response, 
Transient Response, and Allied Properties of Networks, A.R. Boothroyd 
E.C. Cherry, R. Makar, Proceedings, Institute of Electrical Engineers 
Volume 96, Part 1, Number 99, May 1949, Pages 163-177. 

F 

3. Electrical Transmission of Power and Signals (book) E.W. Kimbark. 
J. Wiley and Sons, Inc., New York, N. Y., 1949. | : 

4. Short-Circuit Forces in Isolated-Phase Buses, W. R. Wilson 
L. L. Mankoff, AIEE Transactions, Vol. 73, Part III-A, 1954, 
Pages 382-390. : 



Fig. 1. Typical isolated-phase 
bus xo | 

INFINITY 
CONDUCTOR pao ELECTRODE 

2) OO 
PHASE PHASE PHASE. 

A 8B C 

a eee 
RQ QQ eee 
GLASS | INFINITY ELECTRODE 

Fig. 2. Field analyzer set-up 
of isolated-phase bus 

PHASE A PHASE 8B PHASE C 

Fig. 4. Flux pattern between 

sheaths of isolated-phase bus 

pone aN he > hei ~~ -~ 

Conference Paper —— 

THE USE OF THE ELECTROLYTIC TANK FOR DETERMINING 

EXTERNAL INDUCTANCES OF ENCLOSED CONDUCTORS 

bo te rMenkot? 
Associate Member AIEE ) Both of: 

General Electric Co. 

R. H. Brealey, Jr. Philadelphia, Pa. 

Nonmember AIEE 

Submitted in abstract or outline form only to the AIEE Special Instru- 
ments and Auxiliary Apparatus Committee for presentation at the AIEE 

Winter General Meeting, New York, N. Y., January 31-February 5, 1960. 
Manuscript submitted November 25, 1959; made available for printing 
December 14, 1959. 

Price: $ 50 To Members — All Rights Reserved by the 
a ae. American Institute of Electrical Engineers 

AS ae ape 33 West 39th Street, New York 18, N. Y. 
(5¢ per copy additional if | Litho in USA 
first class mailing desired) 

Paper No. C P 

60-176. 



District Conference Paper 

Pe 

MEASUREMENT OF FLICKER RESULTING FROM LARGE ARC FURNACE OPERATIONS 

D. E, Simmons 

13 Associate Member AIEE 
bt | Houston Lighting and Power Co., 
: Houston, Tex, 

A 
A 

Submitted in abstract or outline form only to the AIEE Transmission and 

Distribution Committee for presentation at the AIEE Southwest District 

Meeting, Houston, Tex., April 4-6, 1960, Manuscript submitted January 

(28, 1960; made available for printing February 10, 1960. | 

( Price: $ .50 To Members All Rights Reserved by the 
$1.00 To Nonmembers Beem American Institute of Electrical Engineers 

. 33 West 39th Street, New York 18, N. Y. 
(5¢ per copy additional if © =. Litho in USA 
first class mailing desired) E | 

VED | 
MA PP fT py j a 

a . 1969 ; “ 

; A\, Fp 
Tway ct TF  T14 
HTN & SHE 8 

AASNMATMe EZ ZUE 2 



MEASUREMEME CF FLICKER RESULTING FROM 
LLRCE ARC FURNACE OPPRATIONS 

D. Be Simmons 

Whenever a large arc furnace is considered f prolate ape eCr uuiaee ae 
there is always the question of how much voltage ficken Sat ait sGsorerie Wie 

or limiting devices may be pao Se eee i tks weoant of weltaee ec ane, 

a n ati e mac ites 

ee oe ee tok ae to allow for variables such as Se 

Lee resistance of furnace electrodes and steel in the current Peaet - eae tte 

into consideration these rather sndeterminate factors it Sea! ee to 

to establish some correlating factor to apply to the Saree oe aoe Eoaait Por 

obtain a value more closely approximating the actual flicker wnic or wal 

different operating conditions. This paper will show how Lee sic ae I eocaat pin 

determined and how it was used to predict the amount of ae whie 

future additions of large are furnaces at one particular locatione 

Electric are furnace loads are eS conetenae te aI car, the = 
ie he vet nLeg ead factor wn Ss Sig } o 

were eee eats ete of the arc furnace causes tee oe in ae 
ictce  h eeede interchange, and voltage which must be corrected Seopa Mage a 

er oth not be objectionable to other customers on the system. The ireq Nf Beta 

Let: i ‘ ed deviations can be corrected with modern high speed load~frequency : 

mee mont, Velen variations usually can be kept within acceptable linits o eae 

jceien of Ganon and utilization of auxiliary devices such as prea ws a eect 

ae ug condensers, and capacitors. It is the responsibility of the uti i oe 

ats tis customers from obiectionable veriations in the electric et ge Ee A eta 

To do this there must be some method used to accurately predict the effec 0 
AC : a 

furnace installations and determine the necessary auxiliary corrective equipment requi 

aide “wes the purpose of the tests to be deseribed in this paper. 

TEST DETATLS 

The particular location considered here 1s a steel mill served ye is 

Iichtine @ Power Company from two 69 KV lines. The two arc furnaces pee a ae eae 

soe) mall are each Paved (7. ene o mmeearers arc, three phase, Wi00 auve ee den 
sane i Pica e one shows the errengement of serving these furnaces including Me re 

ade oS lesen condenser. Arrangements were made to vary the reactor es ae ite 

Cae Poe out of service when required, and to vary generation on Houston tig 
nae tout ee system. Tests were then made under the following conditions: 

S 
Synchronous 

ee eee Condenser oystem 
jumber 5 

1 15% On Normal 

Out On. Normal 

Pe 

Out Off Normal 

Reduced 

i Out On Generation 
Reduced 

? a ae Generation 

\ 

} 
, 
t 

——S 

Sou, 

Various parameters were recorded at the Deepwater, Greens Bayou, and Steel Mi11 e KV 
busses, but the only one to be considered herein will be the oscillogr aphic voltage records 
taken at these three locations. The oscillograms were made with a voltage biasing circuit 
shown in figure two. This arrangement permits greater sensitivity and resolution by re=- 
cording only the tops of one half of the voltage waves. Figures three, four, and five 

_ show portions of the oscillographic voltage records obtained during these tests. Both 
furnaces were in operation on the highest voltage tap of 430 volts when the oscillographic 
records were made. 

Since only one oscillograph was available for this test it was not possible to get 
simultaneous oscillograms at different locations. Consequently this is one of the lim 
itations of this test and comperisons of the oscillograms between locations cannot be made 
directly. Examination of the oscillograms shows varying amounts of voltage flicker under 
different conditions. 

CORRELATION FACTOR DEVELOPMENT 

Calculations were made of predicted voltage flicker at the three locations under 
consideration. -These calculations were based on known impedances of transmission lines, 
equipment, and the system. By obtaining the division of load between the two suvplying 
stations on a DC network analyzer the current flow from each station was determined. The 
voltage drop from each of the busses back to the system then was computed to arrive at 
the calculated voltage flicker. These calculations were all based on single furnace 
operation. To obtain the flicker for two furnace operation a factor of 1.20 was applied 
to the single furnace voltage flicker value. This is in accordance with Ramsaur and 
Treweek who advocate that a factor of the fourth root of the number of furneces in opera- 
tion should be applied to single furnace flicker to obtain the value for multiple furnace 
operation ~e A tabulation of both calculated and test values is shown in table one. 

In order to develop a correlation factor, the ratio of test to calculated flicker 
values was determined and is shown as follows: 

Study Number Steel Mill Greens Bayou ‘Deepwater 

a 63 °68 083 

fo 030 038 oDh 

3 037 039 oDR 

L se ms 668 

5 : - .78 

Examination of these values shows that studies 2 and 3 resulted in ratios much less 
than the other studies. This indicates that the test values were not obtained at times 
of worst flicker. On this basis these values were disregarded. The average of the re- 
maining ratios is .72 with a maximum of .83. Taking this into consideration it was de- 
cided to use a correlation factor of .80 for predicting future voltage flicker conditions 
due to arc furnace operation at this location. This factor was utilized in predicting 
voltage flicker for additional furnace installations at this steel mill served with 
different arrangements from the Houston Lighting & Power Company system. 

CYCLIC FLICKER 

Examination of the oscillograms obtained during thesé tests confirmed the contention 
that these furnaces were producing "cyclic flicker". This is defined in the ATEE sub- 
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committee report as voltege variations at a rate greater than one per second. ‘The 

experience of other companies indicates that the tolerable level of voltage flicker in- | A 4) 

this eyelic range may be as low as one half to one fourth that which may be permitted & ¢ 

at slower retes.“9 4 Restrictions have been placed on these furnaces so that operation _.GREENS BAYOU 69KV B 

over a prolonged period of time will not permit more than one per cent voltage flicker 

: at the utility substation bus. This is considered a border line value particularly for 

| teyelic flicker". It is believed that voltage flicker greater than one per cent will 

produce some voltage flicker complaints. GALV 

CONCLUSTONS 
STEEL MILL 69KV BUS ELEMENT 

BS 

\ Analysis of oscillograms taken during these tests showed that "cyclic flicker" was 
POTENTIAL” POTENTIAL POTENTIAL 

vresent. This will require continued caution to protect other customers from objection- 

able voltage flicker. 

2 
* neu 

ees 3 7 86 VOLT 

-” My 4. = 4. : e e 

COND. 
: 

+ BATTERY 

| By comparing the measured flicker as determined on the oscillograms with calculated 

| flicker values for the same operating conditions a correlation factor was developed for | 
| 

application to calculations for additional furnace operations under different system 
Fig. 2. Oscillograph voltage biasing 

conditions. It is felt that the use of this correlation factor has permitted a more 
Circuit. | 

realistic evaluation of auxiliary corrective equipment required to serve future furnaces 

while also assuring other customers of adequate protection from objectionable voltage 

fitekers. 
, 

» P VVA rR OOK s 

Fig. 1. Method of serving arc furnaces 
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STEEL MILL PERCENT FLICKER VOLTAGES 

STUDY SYN. 13.8KV NO.OF 69KV BUS 69KVBUS 69KVN. 

NO. SYSTEM CONDITIONS COND. REACT. BUS VOLT. FURNACES STEEL MILL GB.38&4 BUS D/W 

|. NORMAL TRANSMISSION LINE ON = I15% = 79.3% | L723 0.53 0.61 

ARRANGEMENT-G.B. 3 & 4 WITH 2 2.06 0.63 0.73 

BOTH UNITS ON -D/W N. BUS TEST VALUES—> 2 1.30 043 0.61 

WITH NO.4 GEN. ONLY ON. 

2, SAME AS STUDY NO. 1 EXCEPT ON ok 4 86.2% A 2.7 | 0.77 1.01 

NO GENERATION ON D/W N. BUS. 2 3.22 0.92 1.20 

3 TEST VALUES—> 2 0.96 0.35 0.65 

3. SAME AS STUDY NO. 2. OFF 0% B10% | 4.02 1.33 1.68 
2 4.78 1.58 2.00 

TEST VALUES—> 2 1.75. 061 1.04 

4. NORMAL TRANSMISSION LINE — ON 0% 86.2% | 2.82 15 1.30 

ARRANGEMENT -GB. 3 & 4 WITH 2 3.35 1.37 1.54 

ONE UNIT ON - D/W_N, BUS TEST VALUES—> 2 — a 1.04 

WITH NO GENERATION. - 7 

5. SAME AS STUDY NO. 4. OFF O% 80.4% — | 4.27 1.68 1.88 
EACH DIVISIO! . 

2 8, 20 2.24 
{SECON ees 

TEST VALUES—> 2 — 1.74 

Table Ie Tabulation of calculated and 

test voltage flicker values. 

Figs 3e Voltage oscillograms obtained 
at Greens Bayou Substation. 
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THEORETICAL MODEL FOR VOLTAGE STRESS AND 

PUNCTURE STRENGTH OF PORCELAIN DIELECTRIC PLATES 

Ronald H. Lester 

ABSTRACT 

Recently a new porcelain composition, #25B, was developed. One unique 

characteristic of this composition is an exceptionally high dielectric strength. 

In an effort to explain this phenomena, a model for internal voltage stress has 
been devised. This report presents the theory and gives data which supports a 

dielectric constant stress distribution as the main cause for dielectric failure - 

of the matrix material in electrical porcelain. 

INTRODUCTION 

Standard electrical porcelain (740-1 body) consists of quartz bonded in a 
matrix of glass and mullite. The percent of quartz added to the composition is 20H. 
by weight, some of which is dissolved in the matrix during firing. The matrix is 
made from 30% feldspar and the balance clay. The dielectric strength of this body 
at a thickness of .22" = 230 v/mil. The high strength composition (304 body) con- 
sists of alumina bonded in a matrix of glass and mullite. The alumina content is 
LO% by weight and is substantially inert in the firing operation. The matrix is 
made from 2™% feldspar and the balance is clay. The dielectric strength of this 
body at a thickness of .22" = 220 v/mil. | 

The 25B composition consists of fractionated quartz bonded in a matrix 
of glass and mullite. The percent quartz added is 30%.and because of its interme- 
diate particle size, little loss occurs in firing. ‘The matrix is similar to the 
304 body and is made with 25% feldspar. The dielectric strength of this composition 
at a thickness of .22" = 311 v/mil. 

The matrix of the 304 body and the 25B body is very similar and the volume 
fraction of filler (quartz or alumina) is approximately the same. Why then is the 
25B composition so much stronger electrically? In considering the improvement of 
the 25B composition over the 740-1 body, an additional factor is the slight dif- 
ference in matrix. The matrix in the 740-1 body has fissures caused by the cracks 
Surrounding the quartz grains and also differs in that 5% more glass forming feld- | 
Spar enters the composition, With the former in mind, the following theoretical 
model was established: | E | . 

Alumina : 

60.7 or Matrix 
65 kv o) Quartz i 

Lhe dielectric is considered to be made of two capacitors in series. One 
capacitor represents the alumina or quartz filler and the other capacitor the matrix 
or glass and mullite. | | 7 

The voltage stress is considered to divide itself according to the capaci- 
tance of the alumina, quartz and matrix. The thickness of the capacitors is based 
upon the volume percent of the phase present. , 
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PROCEDURE: 

needed: 

In order to make the required calculations the following information was 

7ThO-}1 Body: 

304. Body: 

25B Body: 

The information des 

Quartz 

Alumina 

Matrix 740-1 Body 
Matrix 304 Body 
Matrix 25B Body 

Quartz 

Alumina 

Matrix 740-1 Body 
Matrix 304 Body 
Matrix 25B Body 

Matrix 740-1 Body 
Matrix 304 Body 
Matrix 25B Body 
740-1 Body 
304 Body 
25B Body 

Density of 

Density of 

Dielectric 

Dielectric 

Dielectric 

Dielectric 

Density of 

Density of 

Dielectric 

Dielectric 

Dielectric 
Dielectric 

Density of 

Density of 

Dielectric 

Dielectric 

Dielectric 

Dielectric 

DENS TTY 

= 2.65 Reference: 
= 3.80 Reference: 

= 2,42 
= 2,42 

= DO 

DIELECTRIC CONSTANT 

4.8 
Jed HOU 

uu ti 5.8 

DIELECTRIC STRENGTH 

uuu aw ai 

245 v/mil. at 
Assumed equal 
269 v/mil. at 
230 v/mil. at 
220 v/mil. at 
310 v/mil. at 

Page 2 ~ 

quartz 

Matrix 

constant 

constant 

strength 

strength 

alumina 
matrix 

constant 

constant 

strength 

strength 

quartz 

matrix 

constant 

constant 

strength 

strength 

ired was obtained as follows: 

Measured in Ceramic Laboratory Procedure #12 
Measured in Ceramic Laboratory Procedure #12 
Measured in Ceramic Laboratory Procedure #12 

Reference: 

Reference: 
Assumed equal to 25B because K of 7h0-1 body = K of 258 
Assumed equal to 25B because matrix similar 

Measured in High Voltage Laboratory 

-22" Measured in High Voltage Lab. 
to 25B body because matrix similar 
22" Measured 
622. 

22" Measured 
22" Measured 

7-22-60 

for quartz 

for matrix 

of matrix 

of 740-1 body 

for alumina 

for matrix 

of matrix 

of 304 body 

for quartz 

for matrix 

of matrix 

of 25B body 

Handbook of Physical Constants 
Geological Society of America 
Special Papers No. 36 

Handbook of Physical Constants 
G. EE, Insulation Handbook 

in High Voltage Lab. 
in High Voltage Lab. 
in High Voltage Lab. 
in High Voltage Lab, 

Measured 
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CALCULATIONS : 

y 

740-1 Body 

60 
65 kV/ 

1) 

2) 

Verv2h = £ 

3) .186 x .0975 = 

k) 814 x .0975 = 

5) Griint = .22k9 ( “oii 

(Metrix = 

6) fe = L + eR 
11.65 3eece 

Bae ed 

T * 19% 
BOO x 2.52 

65000 
10.5 x 10° i 

7) Lt = 

8) : ae 

y gee 1012 

P) Xe Flint = 2g = ILO 

10) E Plint 

HE Matrix = 

11) The dielectric strength of 

Pua pe ae ee 

one eLlT79 5 

20% flint at density = 2.65 gm/cc = 
80% Matrix at density = 2.42 

and 

4.8 x ,4ke 

oo x o4hO 
229 Pree 

65,000 - 14,100 = 
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tcity, ae G2! 

eA 
S10. 

MATRIX 

ELEC7/ICO DE 

ELECTRODE 

18.6% by Vol 
em/cc = 81.4% by Vol 

in diameter and .22" thick 

qQ// 522 = 
eO181 

erie 

e0975 cue inches and Area = .4he 

= .Ohl inches = ts 
eL79 inches 0792 _ 

° a efe inches = 

)-= 11.65 we 

b= Rene muted 

14.87 
3.22 x 11.65 

10.5 x 1082 

618° x ions 

ms 2.28 x 16°: 

= ,618 x 107" x 2,08 x ww? . 14,100 volts 

50,900 volts 

the 740-1 Matrix = 2h5 v/mil. at .22" or 54 kv 

breakdown voltage of matrix hh kv 

56.2 kv= Breakdown voltage of porcelain 
= 256 volts/mil : 
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304 Body | 

1) 406 A103 at density = 3.8 gm/ec = .29.6% by Vol 

60% Matrix at density = 2.42 gm/ec 1 70.4% by Vol 

2) Volume of. cylinder - 3/4" in diameter and .22" thick = .0975 cu.inch 
Area of 3/4" electrode = 442 sq. inch : 

3) 1296 x 0975 = :0289 ond 3p = 1065 inches = te 
| ee | 0686 | | 
4) .7Ok x .0975 = .0686 and “Wp = «0° 155s inches = tm 

a 

5), A1p03 = 2249 (228 tt) = US unbe 

(228 x ne) ‘is Matrix = o22h9 155 = BeTR san fe] 

S27 1 L 18.22 . 
Ge In eat OMe oe ee ae 

6. es 2.96 ae, 

z die 1012 
7) Le = | BOLO x 2.06 = | 8. 95 x 1082. 

65000 se < 
8) Ty ess rere re S126 #10 + 

who 1012 a 

9) Xe Alp03 = BOO x15 = 163 x 108 

10) Eaipo, = 1-63 x 10° x .726x 10" = 13,300 Volts 

i Matrix =3 65,000 oo 13> 300 = HL, 700 VYoits 

11) The dielectric strength of the 30) Matrix = 269 v/mil. at .22" or 59.2 kv 

ae x = 41.7 kv Breakdown voltage of Matrix 
222 oly | 

het Oe ce ALYY y = 52.5 kv Breakdown voltage of porcelain 
Say. = 238 volts/mil. | 



i 1) 30% Flint at density = 2.65 gm/ee = 27.9% by Vol 

: ae | 70% Matrix at density = 2.42 gm/ec HG 72.1% by. Vol 

2) Volume of capacitor = .0975 cu. inch and area of electrode = .442 sq. in. 

ts 
.0272 and weeds... .061. inches = ts 

ite 

3 “S102 * Lease aie a 
‘Matrix = .22 

Se 
oe” Tae Fee 

: es at | oan  erete 

8) Ib = +606 x 10%y 

3 ee 3.40 x 108 

3.40 a ee = 20,600 Volts | 10) hn 

‘ ‘EMatrix = 65,000 - 20, 600 Mh, 490 Volts 

1) The dielectric strength of. the 258 Matrix = - 269 v/a. at 2a" ox. 39.2 kv = 

59. ; “ ay i. : x = 42.8 kv ‘Breakdown of Matrix 

o 62.7 kv Breakdown. of Porcelain 
= 285 velte/mtl. | : ag il 
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SUMMARY: o 

-ThO-1 Body 

Voltage Breakdown 
Distribution Mils. Voltage Voltage 

Quartz 298 v/Mil. 41 12,200 56.0 kv 
Matrix } 2h5 v/Mil. 179 43,800 ash v/Mil. 

Alumina 167 v/Mil. 65 10,800 =|’ 52.5 kv 
Matrix | 269 v/Mil. 155 41,700 238 v/Mil. 

25B Body 

Quartz 326 v/Mil. 61 19,900 62.7 kv 
Matrix | 269 v/Mil. 159 42,800 285 v/Mil. 

DISCUSSION: 

The dielectric strength of #304 body is inferior because of the decreased | 
quantity of matrix material and resulting higher voltage stress on the matrix. This 
is the result of the high capacitance of the (A103) alumina oxide phase. The capaci- 
tance is high because of the high dielectric constant of Alp03. 

The dielectric strength of 25B body is high because of the lower capacitance 
of the quartz phase (caused by increased quantity of flint) and because of the higher 
dielectric strength of the matrix composition. | : “ | 

The results of this study indicate that the weak link in the electrical 
strength of porcelain is the matrix and that this is so because the greater quantity 
of material present is matrix. This is seen by considering that the voltage is divided 
according to capacitive reactance; i.e., directly as the thickness of the chemical 
phase present and inversely as the dielectric constant. It is apparent that since 
K deviates from 5 to 6 only in the case of Alumina (9.5), that the voltage distribu- 
tion in an alumina free body is according to the volume fraction of the chemical 
phase present. any | s 

Note that in the summary table that the quartz can withstand only 298 | 
volts/Mil. in the 740-1 body but 326 volts/Mil. in the 25B body. It is apparent 
that the limiting factor is not the quartz but the matrix. Only limited data is 
available on matrix dielectric strengths and for a better understanding of the 
dielectric strength of porcelain compositions, the dielectric strength of the matrix 
composition should be measured. In this study the dielectric strength of the matrix 
was measured at a thickness of .22 inches. For a more accurate analysis, the dielec- 
tric strength should be measured on a plate of matrix having the same thickness as 
the matrix in the dielectric plate of porcelain. For example, a plate of 740-1 body 
2220/ inches in thickness has a matrix thickness of .159 inches. It is to be noted 
that the term matrix is defined as the mixture of glass, mullite, and voids with 
their gas or partial vacuum. It is impossible to make an exact replica of the 70-1 
body matrix because of the reduced number of thermal cracks which are generated by 
the large quartz grains which are bonded in the matrix, These cracks caused by | 
differential expansion will lower the dielectric strength of the actual matrix fron 
the value obtained on the synthetic matrix. This will be in part the reason the 

3 
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740-1 composition made with fractionated flint will have a higher dielectric strength. 
than that made with standard flint. 

A further correction which should be made in the ‘oaiowln liane is that for 
the loss in weight of the matrix batch. For example, | in the 740-1 body the follow- 
ing is rr 

Batch | : After Firing New Wt. % 

Clay ‘gh by Wt. ss eee 
“Spar 31% | eee 

Quartz 20% | 20% ii 21.3 

It may be accned that the capacitance model is not correct and that the _ 
materials do not behave as two capacitors in series; however, I offer the following 
as further proof, of a series capacitor arrangement: 

740-1 Body 

1) CPlint = 11.65 ~« fa 
Matrix = 3.22 
Cfotal = 2.52 

2) Cair = .22h9 ( 

This value agrees with the value of K reported on Euctusdetog ( Characteristic 
Sheet No. 1520; i.e., 5.6. 

304 Body 

1) Algo, = Uh Mage 

CMatrix = 3.72 

Cy = 2.96 
2 ) Chan = 0452 fA Ad 

3) K = ae = 6.5 
Again this value agrees with the value of K reported on Engineering 
Characteristic Sheet No. 1521; i.e.) Ooh. | 

It is possible to refine the model used to include the Loss factor and 
additional phases. The following model is offered: 

Crystal Crystal Matrix 

ae” pols 

‘2B 

| -Req-Shunt Bt 5 
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Since the crystals are almost true capacitors and the matrix is the lossy material, 

the above is believed to represent the actual conditions. The imperfect matrix 

capacitor is resolved into a perfect capacitor and an equivalent shunt resistance 

equal electrically to the internal resistance of the capacitor. a: 

In closing the writer wishes to express his appreciation for the testing 

performed by B. Kingsbury and his staff and of the help of R. Gregory in fabrication 

of the test specimens used in the investigation. aM | 
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NINE INCH SUSPENSION INSULATOR E1763 

J.-Kaminski, Jr. 

PURPOSE: 

Design and develop a nine inch suspension insulator utilizing 

electrical characteristics equivalent to the standard ten inch (1840) 

suspension insulator. 

Prior to the time this initial prototype tests were completed, 

it was established by tests on Lapp Insulator Company units of 

equivalent design that the mechanical strength of such insulators 

were substantially in excess of the advertised 14,000 1b. M& E 

rating assigned to their insulator. Consequently, a competitive 

insulator must meet the performance of the Lapp units. | 

CONCLUSIONS: 

The investigations covered 740, 304 and 21R (fractionated flint) 

type bodies and all shells were made by the jiggering process. The 

21R (fractionated flint body) provides the best opportunity to meet 

the performance of Lapp equivalent units. The 740 body strength is 

insufficient from a mechanical strength standpoint. The 304 body is 

inadequate from a dielectric strength standpoint and is estimated to 

be at least twenty cents per shell more expensive than the. 740 body. 

Maximum mechanical strength was exhibited by insulators utilizing 

a single step pin, thereby necessitating a ball bolt design having a 

reduced shank under the cement line. Further improvement in mechanical 

strength is expected by increasing the pinhole diameter permitting the 

use of a ball bolt with an increased shear plane. 

PROCEDURE: 

All shells were made as per drawing E1763A by the jiggering pro- 

cess. The basic shell revisions when compared with the head of a 
standard six inch shell provided an increased external and internal 

radii at the top of the head section as well as a reduced sidewall 

thickness. 

All tests were standard except steep wave front and M & E and 

ultimate. On M&E test, all insulators were loaded rapidly to 

9500 lbs. then at 4000 lbs. per minute to failure. 

All insulators were assembled with 16583KF forged steel caps 

nominally used on six inch suspension insulators. The ball bolts were 

machined from standard 5/8 inch 92674 ball bolts. 
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Puncture Under Oil, KV 

740 Body 304 Body 21-R Body 

120 Head 112 Head © 120 

12600 £Oa.8 0 126 

139. 2" 120. Bf. 134 

Bel) eek 117 Head 140 

be Sa Lae ie 
123 | 1B | 

Average 123.8 115.4 128.4 

Must meet 110 KV minimum. 

to provide acceptable values. 
The 304 body puncture values are too low 

Impact, Inch-Lbs. 

740 Body 304 Body 21-R_ Body 

90 170 No Break 130 

70 170 No Break 140 

80 170 No. Break ~ 100 

90 170 No Break . —-80 

: 23 170 No.Break 120 

Average /7/ 114 

Standard rating = 55 inch-lbs. 1 The 740 body exhibits marginal 

impact performance. : 

M & E.and Ultimate, Lbs. 

740 Body | 304 Body 

(B) | (A) | (C) (D) E) (F) 
1 Step Pin 2 Step Pin 1 Step Pin 2 Step Pin 1 Step Pin 2 Step Pin 

M&E UIt. M&E  Ult. MSE Ult. ME&E ULE. M& EE ULE. MSE le. 

12500 12500 13250 13250 17650 17650 16100 16100 18150 18150 17350 17350 

13900 14400 14150 14150 17650 17650 $15850 15850 18600 18600 17150 17150 

13900 13900 15300 15300 16300 16300 16000 16000 18200 18200 17500 17500 

14500 14500 14350 14350 18000 18000 13800 13800 17000. 17000 #£=17050 17050 

13000. 13000 14700 14700 15600. 15600 15100 15100 18850 18850 17950 17950 

14450 14450 12650 12650 

Average: | 
13708 13791 14066 14066 17040 17040 .15370 15370 18160 18160 17400 17400. 

(G) 
M& E Ult. 

12900 12900 

12900 12900 

13750 13750 

AV 13183 13183 



Groups A, B, C, and D assembled with standard six inch insulator 

cement. Groups E, F, and G assembled with 10 inch insulator cement. 
Four out of five insulators in Group A failed electrically simultaneously 
with mechanical failure. All of group D and F breakdowns resulted from 
pin pull-outs. 

Steep Wave Front Impulse 

All insulators were subjected to five impulses with energy input of 

7000 watt seconds at approximately 500 kv and an estimated surge current 

of 7000 amps. A tensile load of 2000 lbs. was applied continuously 
during impulse test. All units remaining intact were then subjected to 
puncture under oil test. 

740. Body 304 Body 21-R_ Body 

Punct. 2nd Impulse Punct. 4th Imp. | 100 KV - Head 
120 KV - Head | Punct. 3rd Imp. 132 KV - B.C. 

Punct. 3rd Impulse _ Punct. 3rd Imp. 146 KV - B.C. 

130 KV - B.C. Punct. 3rd Imp. 140 KV - B.C. 
142 KV - B.C. Punct. 4th Imp. Punct. 5th Imp. 

The performance of the 21-R body appears. to be equivalent to the 
normal expectancy of the 1840 insulator using the 740 body in this. same 
test. 

Sixty Cycle Dry Flashover, KV 

Sample 6 made from 304 body, all other samples 740 body. 

Sample No. 1 ie aes 4 3 6. Bar. 29.97 
80 78 81 80 82 80 D.B. 75°F 
78 78 $2 80 80 80 W.B. 69°F 
78 76 eee 78 78 Vap. 0.647 
i Se 75 79 79 78 79 Hum. 0.987 
se 7/ 7/ 78 81 82 Rad. 1.002 

Av. Uncorr. 77.6 76.8 79.2 79 79.8 719.8 

Av. Corr. 76 73.8 78.2 78 78.7 78.7 

1840 Rating = 80 KV 



Sample 

No. 

Corr. 
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Sixty Cycle Wet Flashover, KV 

All samples used were 740 body shells. 

Sample No, 1 e's a. a& 2. Bar. 29.86 
47 45 50. 47 46 BB... 75, Se. 
45 48 50 48 48 Rain Fall 0.19"/min. 
4.8 47 49 46 45 Resistivity 7590 ohms 
46 44 48 48 48 per cubic inch 
Ab 46 50 45 45 Pressure 37#/sq. in. | 

R.A.D. 1.000 | 

Av. Corr. 46.4 46 49 46.8 46.4 | 

1840 Rating = 50 KV 

Impulse Test, KV 

Samples 1, 2, 3, 4, 5, 304 Body. Sample 6, 740 Body, 

Sample No. 1 s 3 Bar ¢ 3602": 

Pos. Neg. Pos. Neg. Pos. Neg. W.B. 68°F 

D.B. 81°F 
Uecursected 111 124 114 130 116 140 VAP. 0.54 ~ 
Corrected 113 126 116 .132 118 142.5 Pos. Hum, 1.013 

Neg. Hum. 1.011 

1840 Rating = 125 KV Pos., 130 KV Neg. R.A.D. 0.995 

Insulators cleaned with Trichlorethylene. 

i ale 3 4 5 6 
Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. 

LL? 132 a9 132 116 134 bao 136 118 140 118 #4140 
Lapa 13/.9 123.5. 137.5 1290.5. .439.9 -117.5° T4l.5 122.5140 122.5146 

Bar. 29.99" | Pos. Hum. 1.043 
W.B. 64°F Neg. Hum. 1.037 
DAB. 80°F R.A.D, 0.996 
VP. 6) 422 

| It is apparent that the single unit does not meet the rated flash- 
over of the 1840 insulator. 

Physical Characteristics 

Arcing Distance -.7-3/8", 7-5/8". 

Leakage Distance - 11-1/8" 

Insulator Weight: 740 Body - 7 lbs.-8 oz., 7 lbs.-2 0z., / lbs.-/ oz. 

304 Body - 8 1bs.-8 oz., 8 1lbs.-3 oz., 8 lbs.-3 oz. 
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Estimated Costs of New Insulator 

Per 100 Based on Use of Malleable Iron Caps. 

Material Labor Material Labor Material Labor 

Shell 13.61 7.940 La.21 °° 37g 29.86 7.940 
Ball Bolt 16.77 292 16.77 292 16.77 1992 

Cap A 25 1.055 47.25 1.055 Ay 28 1.055 
Assembly 2.78 5.300 A 5.300 2.72.) 23.300 

Sub Total 80.35 14.59 $1.95: 14,59 98.60 14.59 

Wage Adj. 62% 

Sub Total BO,35. 23.64 81.95 23.64 98.60 23.64 

TOTAL - Labor 
and Material 103.99 105..59 122.24 

Miscellaneous 

740 21-R 304 

Packing Materials ed Gael 9.00 9.00 
Qutgoing Freight | 224.30 22.50 25.50 

31.50 31.50 34.50 

©] 

Comparative Evaluation of Factors Effectin Costs 

740 21-R 304. 1840 

Total 135.49 137.09 156.74 166.61 
Below 1840 Costs 31.12 29.52 9.87 

The 1840 body shows the most favorable cost reduction when compared 
to 1840 insulators. Should it be necessary to furnish a forged steel cap, 
the margin between 1840 and nine inch suspension insulator costs should 

be reduced by at least four cents. 

‘SUMMARY OF RESULTS: 

These tests have shown the cement strength and ball bolt design to 
be a critical factor in thea mechanical strength of the smaller head insu- 
lator. Insulators assembled with six inch insulator grade cement produced 

unfavorable results, The two step ball bolt shows a clear tendency to 

shear cement with pin pull-outs, a common occurrence. It is doubtful that 
the top step of the pin contributes anything to the strength of the 
assembly. Since the pinhole area proved to be the highest stressed area 
improvement in the insulator strength should result from increasing the 

cement bearing area of both the pinhole and the pin. The steep wave 



front impulse results indicate the inherent dielectric strength weakness 

of the 304 body. The M& E and impact strength tests demonstrate the 
incapability of the 740 body to meet minimum requirements. It is 
expected that a plunged . shell will exhibit greater impact strength then 
the jiggered shell, but there is no evidence to support any significant 
improvements in the M & E strength since our 16583 strength is substan- 
tially the same as that obtained on insulators used in these tests. 
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Living and working within a few short feet of wires humming 

with live power has produced a breed that fears nothing, but 

that has a quiet respect for a high voltage line...the linemen. 

It is our good fortune that there is a rich photographic lit- 

erature of linemen at work, dating back to the very beginning 

of high line maintenance and repair. The slides you are about 

to see have been prepared from old photos, Polaroid snapshots, 

sets of color slides, and even from 16-mm movie film. They 

have been selected as being typical of the eras they represent, 
so that I might show you, by means of a series of slides, the 

linemen using their unique tools on high voltage lines and _ 

heavy conductors in the past and at present. Then I will offer 

you some ideas of possible future developments in the high line 

tool industry. 

YESTERDAY 

By comparison to many other industries, electrical trans- 

mission and distribution is almost a new field. In 1882--only 

80 years ago--power was being transmitted at 110 volts, DC. 

Four years later the first AC system was put into operation, 

and by 1888 alternators were delivering 1100 volts. One of 

the first electric plants was built in 1893 in Monticello, 

Slide l=2 

Georgia. As the story goes, this plant, which supplied power. 

for street lights at a flat rate, operated on what was called 

a "moonlight schedule." If there was a bright moon shining 

down on Monticello, the street lights were turned off and — 

Mother Nature provided the illumination. And, by the way, you 

might have noticed that even back then the power house gang 

had their "pin-up girls." 

From the very beginning, the electrical industry was on 

the go, growing almost too fast to follow. By 1902 transmis~ 

sion voltage was up to 80 KV. Ina short 20 years it jumped 

to 220 KV; and 30 years later, in 1952, a 330 KV line was put 

into service. 

In spite of how well the engineers design electrical sys~ 

tems, there has always been a need for line maintenance. Parts 

failure, the forces of nature--such as lightning and storm 

damage~-and vandalism can cause interruptions of service that 



must be restored as soon as possible. To keep the lines in 

service, there has grown up in the power industry that highly 

specialized sort of maintenance man, the lineman, with his 

equally specialized working equipment, high line tools. 

Here is one of the early linemen. 

slide 1-3 

This gentleman, a Mr. Robert Hamilton, started out in the | 

electrical industry in the days when Ulysses S. Grant was 

President. Working alone, he patrolled an area that could be 

covered by walking--and pushing a wheelbarrow. Over his right 

shoulder he carries what looks like an instrument for ringing 

out lines. Safety strap and tool belt are over his left shoul- 

der. In the barrow there are rolls of wire and insulators; 

hammer, Saw, ladder, and brace and bit. Yes, back in the days 

of low voltages, the tools used were about the same as in any 

other trade. High line tools, made special for the lineman, 

had not yet come into existence. 

Handpowered trouble shooting wagons were popular around the 

turn of the century. 
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It was lineman leg power that sent this rig and its crew of 

four there and back on trouble calls in the Chambersburg, 

Pennsylvania, area many years ago. The roll of wire looks 

like Weatherproof No. 2 solid copper, and with that solder 

pot by Junior's foot, you can be sure there are no compression 

Fittings in the cart. 

Between 1900 and 1910 there occurred two important devel- 

opments that were to have a strong influence on the growth of 

transmission and distribution lines. Wet process porcelain 

waS available by then, and in 1907 the first flexible suspen- 

Sion insulators were put to use. Now that high voltage insu- 

lation was practical, lines to handle high voltages were being 

worked on, and in 1910 ACSR made its appearance. 

. Along with higher voltages, the length of transmission 

lines increased beyond the distance that a crew on foot could 

cover. 
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So the crew of linemen was provided with a horse and spring 

wagon. Old Dobbin was considered a member of the crew. He 



was very well cared for; the crew took as much pride in him 

as was taken in the fire engine horses in the good old days. 

Why? Well, they had a saying, "Spare the horse, but not the 

man." You could hire a man, but you had to buy a horse. 

Slide 1-6. 

By its very nature, electricity is a "natural" for those 

classes of service that would be most seriously hurt by a 

power interruption. From the beginning, operators and linemen | 

have realized that power lines had to be worked “hot" so that 

there would be the fewest possible number of outages. Elec- 

trical transmission and distribution wires can be worked on 

while they are energized provided that the tools that are used 

put an adequate barrier of insulation between the lineman's 

hands and the conductors he is working on. 

At the start, wood was the only material used for the poles 

and handles on power line tools. Wood has certain natural qual- 

ifications for this duty: It is readily available; it is mod-_ 

erately lightweight and strong; and, so long as it is dry, it 

is a reasonably good insulator. Not totally dry, for a wood 

pole robbed of all its moisture is quite brittle. It will fail 

in cantilever. Tests have shown that a moisture content of 6% 

to 7% is the most desirable, as this amount provides maximum 

strength with the least sacrifice of dielectric properties. 

To preserve these dielectric properties of wood poles, certain 

routine precautions are necessary: Tools are stored in heated 

drying enclosures. All scratches, nicks, and scars on the sur= 

face are promptly repaired. Poles are cleaned whenever they © 

are dirty, damp, or greasy. | 
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Here is a copy of the earliest known picture of a set of 

insulated tools. They were made of dried and seasoned hardwood, | 

and used for insulator and crossarm changeouts. The "Christmas 

tree" in the center of the picture is a telescoping tool for 

lifting all the wires of a three-phase system at the same time. | 

The lower end was lashed to the utility pole, and blocks were 

used to raise the triple yoke which picked up all three phase 

wires on its way up. Judging from the spacing, which is about 

2% feet between center and end phase wires, it looks iike this 

tool was used on a 22 KV line. The "push-stick" at the right 

is a hardwood pole with a porcelain insulator fastened on the 



top. These, and the other tools shown in the picture, were 

stored in the big box in the background. Taking care of tools 

even so crude as these was important; they had to be kept 

clean and dry--otherwise brush discharge would cause them to 

become "fuzzy" and be unsafe for use. In fact, these uncoated 

wood—pole tools were sometimes called "fuzz sticks" for that 

very reason. Even though they were homemade, these tools were 

ingenious, and certainly did the job they were intended to do. 

The worst that can be said about them is that they were heavy 

and clumsy, so that rigging them took a lot of muscle power. 

In 1918 the first high line tool maker began to manufac-— 

ture hot sticks, some of which are shown in this picture. Here 
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are hand poles, lift poles, and insulated links that look very 

much like the ones used today. The rigging=-lifting out one 

phase at a time with poles and blocks=--—also has a familiar 

look. So, at the time of this picture-~30 years after the 

first transmission line started into operation--—specialized 

tools for the lineman had been devised and were being put to 

good use. 3 

Of course, high line tools improved with each passing 

year, but the main change was in the quality of the tools. 

You will notice very little difference in their appearance. 
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A picture taken in the 30's shows the same sort of job as in 

the previous slide--an insulator changeout, again on a 22 KV 

line. The same style of rigging is used, but with refine- 

ments. Notice the lever lifts on the lift poles for the outer 

phases, and the pole saddles supporting the stick that holds 

the top phase aloft. Those are modern screw-type clamping 

heads on both the hand poles and the lift poles. This picture 

shows very clearly the two basic purposes of hot sticks: to 

provide an insulating support for conductors, and to isolate 

the conductors from each other as well as from the lineman. 

In another picture taken in the 30's, a typical hotstick 

crew of those days poses with their working equipment. It is 
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the combined maintenance and line crew that re~insulated the 

McCammon, Idaho, to Downey, Idaho, line from 11 KV to 44 KV. 



The crew consisted of foreman, three linemen, and three 

groundmen. Théir tools were of modern design and fully ade- 

quate for the job; only by the age of their line truck is it 

apparent that this is a hot line crew of a quarter of a cen-= 

tury ago. 

Replacement of damaged insulators is, by far, the most 
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common job of high line maintenance and repair. This is true 

of both pintype insulators and suspension strings. Designing 

tools to do this job has offered a constant challenge to the 

high line tool industry. Many clever tools have been made and 

tried out; some few of them are still in use. Here is a set 

of tools that allows the lineman to take out a faulty insula- 

tor "bell" from a suspension string without removing the rest 

of the string. It is a heavy duty utility deadend tool being 

used on a 220 KV line. Being suspended from the tower arm, 

it lifts the conductor, taking all the down strain off the 

insulators. With the tension removed, it is possible for the 

lineman, with his insulated tools, to reach the cotter keys, 

and uncouple the ball and socket joints between bells, so that 
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the faulty unit can be removed. A closer look at this opera- 

tion shows the lineman's view at the time the faulty insulator 

is being lifted out. The strain relieving lever system of the 

deadend tool is seen to be spaced by the reach bar that Pec 

pivots on. The rope block in the foreground takes up the 

Slack. To keep the lower section of the insulator string 

from leaning over, it is held upright by a braced pole having 

an end that is shaped like a forked scoop. Meanwhile, a line- 

man is removing the defective insulator with a tool called a 

Disk Insulator Tong. 

A different approach to the same maintenance problem is 

seen next. Working off a double circuit 3-way tower, the 

lineman has rigged a platform that makes it easy to get to 

Slide 1-13 

the insulator string with his hand tool. The insulators are 

cradled in a heavy duty deadend tool which takes the place of 



the insulators in supporting the conductor while the insulator 

string is being repaired. At the time this picture was taken, 

there were several spectators in the tower watching the job. 

The line superintendent stands at the top of the tower. Two 

of his linemen are right below him watching the job. 

Double string insulators presented another problem. What 

kind of tool would take the strain off one set of insulators 

while allowing the set next to it to remain in suspension? A 

tool was devised, and here it is. As you know, double insu- 
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lator strings are massive; the lines are heavy; the tool must 

be strong enough to bear the conductor load and insulator 

weight, yet not so massive or clumsy as to hamper its instal- 

lation or to interfere with working through and around it. 

This group is inspecting the double string deadend tool fol- 
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lowing the demonstration of an insulator changeout on a 230 KV 

line. Lightweight aluminum castings combined with insulated 

poles make up the tool. The yoke on the left can be adjusted 

along the poles to match the length of the insulator string. 

Take-up screws going through the yoke on the right are tight- 

ened to take the strain off the insulators. Since they are 

removable, the two yokes can be interchanged to make the tool 

either left-handed or right-handed. Hookeyes on the two yokes 

allow the entire cradle assembly to be positioned by clamp- 

sticks. This style of tool is the forerunner of today's double 

string insulator and deadend tools. 

TODAY 

In the early 50's an event occurred that gave a tremendous 

boost to the quality of hot sticks. A usable pole made of 

epoxy—bonded glass fibers was developed and made available 

to the field. This Fiberglas pole is stronger and lighter 

than an equivalent wood pole, especially in. the smaller dia- 

meters. Fiberglas, by its nature, will not absorb moisture, 
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and therefore requires less special care to maintain its volt— 

age rating. However, the accumulation of surface moisture 

still must be avoided because of the leakage paths it can 

cause. Fiberglas is a better insulator by 1/3 than wood; 
consequently, the published test ratings of poles jumped from 

75,000 to 100,000 volts per foot (based on 5=—minute tests). 

Because of its smooth non-porous finish, the Fiberglas pole 

is easier to keep clean; and since it is tougher than the 

surface of a wood pole, it is less likely to be damaged in 

handling and use. Surface scuffing can be repaired with a 

suitable epoxy cement, but a pole with damaged glass fibers 

cannot be satisfactorily repaired. There are a few more steps 

in fastening tool heads to Fiberglas poles, but once they are 

attached, they are on for good--the two-component epoxy cement 

used hardens like porcelain. Live line Piberglas poles consist 
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of a core of expanded plastic (unicellular polyurethane) on 

top of which there are formed several layers of glass fibers 

and epoxy sealer. Layers of glass fibers lying lengthwise 

on the core are alternated with layers wound around the core, 

giving great strength to the finished pole. The outer layer 

is wound spirally on the pole and sealed with the resin binder. 

The binder has a characteristic color generally selected to 

make the hotstick clearly visible even under conditions of 

obscure light. The finished pole is smooth and glossy; it has 
a very high electrical resistance, approaching that of air; it 

is not affected by most solvents, creosote, or petroleum pro- 

ducts such as gasoline, oil, or grease. 

Except for certain applications, wood poles and handles 

are going out of the picture. Some day they will all be 

replaced by 'Fiberglas. Both mechanically and electrically 

the Fiberglas pole is better than the wood pole, and is 

competitively priced. 

At the present time, ideas for high line tools and work 

methods often come from a cooperative effort among operators, 

linemen, and tool demonstrators. In some instances, a line- 

man's idea for a new and useful device will be taken by a tool 

demonstrator to his company...and a new tool is born. Working 

the other way around, the tool demonstrators often take proto- 

types of a proposed new tool out into the field to find out 

from the. .linemen's reaction how well the tool will do the job. 



And in yet another direction, a tool company will undertake 

to manufacture some tool developed by a power company. Every- 

one benefits from this type of cooperation, and I know I speak 

for the entire tool industry when I say that we are willing 

and anxious to work with the power companies in this way. 

An interesting project handled cooperatively between the tool 

company's demonstrators and a power company back in 1955 in- 

volved an insulator changeout on a 345 KV line, worked entirely 

from inside the tower structure. A custom-made tool-~good for 

suspension insulators only, and that could be rigged in place 

by hotsticks alone--was made for this job. Fortunately, 

several excellent slides were obtained at the time the tool 

was demonstrated. The first one shows the string of eighteen 
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insulators selected for the trial run. 

The suspension insulator change-out tool is a combination 
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of stock items and parts made special for the job. The Fiber- 

glas reach poles and the jack screws are standard, but the 

metal assembly was tailor-made to this particular tower arm, 
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and probably will not fit most other towers. An installing 

tool, having a roller which rides along the far-—side upper - 

beam, is used to position the insulator tool. The roller is 

not visible in this view; it is behind the lineman. The 

installing tool also is a special item made just for this 

job, and is not catalogued. (However, let me mention here 

that the manufacture of "specials" like this can be worked 
out to fit the needs of any operating company.) The installing 
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tool gives excellent control over the suspension insulator 
tool which can be easily rolled out alongside the insulators, 

swung around, then positioned over the string. Observe also, 

at the ends of the reach poles, the hooks that will pick up 

the conductor. | 



The final maneuver to set the tool in place in the tower 

‘arm is shown here up close. The roller on the installing tool 
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is just visible. The hand line on the roller block helps to 

keep the installing tool and its load from running downhill 

too fast along the tower beam that acts as its track, while 

the insulator tool is being worked into position. 

Tower work can sometimes be exasperating because it is 

so hard to find a place to hang the insulator tool on the 

tower arm. And, since for best results the tool should be 

fastened directly in line with the insulator support on the 

tower arm, it is almost always necessary to build a custom- 
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made cross head to fit the design of the tower arm. This 

one has several interesting features. It hangs solidly on 

the tower arm in the best position for relieving the insu- 

lator strain--right above the insulator string. Both reach 

bars are on pivots so that the conductor will be free to swing 

or sway. Alongside the top of the crosshead there is a bar 
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that the installing tool grabs. Notice the eye ring Located 

on the square handle of the installing tool. The roller is 

fastened here when the installing tool is used to retrieve 

insulators, or in the eye ring farther back on the handle 

(where it now is) when the tool is used to work reach bars. 

The purpose of the big hook is now apparent; it hooks onto 
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the tower arm at a V-joint, giving an unusually sturdy hang- 

ing support for the insulator tool. At the base of the hook 

there is a (RLOek that sits solidly on the end of the tower 

arm. 
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The crosshead bracket-and=hook are the heart of this 

tool. The bracket is made approximately 20 inches long so 
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that the reach bars hanging down from it will just straddle 
the insulator string. Bracket and hook together wéigh about 
35 pounds. They represent the major weight of the tool as 
the 2" diameter Fiberglas reach poles are very light. 
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When the suspension insulator tool is solidly in place, the 

installing tool can be uncoupled from it and rigged to hang 

below the tower arm, then rolled out to engage a bell in the 
insulator string. Being fork-shaped, it can pick up a single 
bell, or the entire string, as required. 
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The final slide of this series shows the tool fully rigged. 

The safe working load rating of this tool is 10,000 pounds, 

which is more than adequate for suspension insulator change- 

outs on most lines. 

As the size of conductors increases and spans get longer, 

there is the problem of how to grab the wire to relieve the 

strain on the insulators, particularly at deadends. A Cuma- 

long is not always adequate for the heavy weight to be handled, 

and it is not advisable to grip the deadend shoe. Any grip-. 

ping tool that scars the conductor encourages corona discharge. 

It would be ideal if there were permanently placed between the 
end bell and the deadend shoe a link having a hook, a knob, or 
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a stud that could be engaged by the deadend tool. Tests of 

several such links have proved them fully satisfactory. Not 

only do they offer an easy way to grip the conductor, but 

also support the weight of the deadend shoe and the deadend 

jumper without the need of any extra rigging. They have the 

enthusiastic approval of the power companies that have seen 

them in use. | 
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Here are some Polaroid pictures of a conductor grip that has 

met with considerable success. Called a bullnose clamp, it 

is placed over the conductor with a clampstick, so that it 

butts up against the deadend shoe. Its far side is rounded 
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and provides a knob that can be gripped onto. On the end of 
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the deadend tool there is a slotted bracket or socket (also 

called a bullnose, because of its shape). It fits around the 

clamp on the conductor forming a sort of ball-and-socket joint. 

In this view, the bullnose is being put in place. The conduc- 

tor grip is being tried out at a deadend on a 230 KV line. 
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After the reach bars are located, a cradle is swung under the 

insulator string and fastened in place. A chain around the 
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power line pole serves as an anchor for the eyelet of the 

insulator tool. The lineman can work from a convenient loca- 
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tion on a platform to tighten the jack screws on the reach 

bars, relieving the strain on the insulators. To complete 
the story, we must borrow a picture from another installation. 
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At this stage, the insulator bells have been removed, and the 

conductor load is being carried by the reach bars. This 

point-blank view clearly shows how the bullnose socket grabs 

the conductor fitting. Although this particular clamp and 

socket do afford a workable wire-gripping means, it is easy 

to see how much better it would be to have a fitting made 

especially for gripping purposes that would be put between 

the deadend and the insulators, as part of the original power 
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line installation. The location of the bullnose socket ‘way 

out on the end of the deadend tool can be seen in this picture 

of its use in yet another application. In this instance, the 

bullinose was not the conductor grip; instead a pair of hooks 

on the same casting with it holds the conductor in suspension. 
The hooks will take rodded conductors up to 2-1/8" diameter. 
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To illustrate the versatility of the deadend tool, it is 

shown here being used on a 230 KV tower at a running corner. 
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Unlike the changeout shown earlier as being handled from in- 

side the tower structure, this one is being worked with the 

help of an insulated ladder. At the stage shown, the cradle 
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for the string of bells has been placed under the reach bars. 

The lineman at the right of center holds a hand line that is 

to be tied to the top of the string of insulators. The final 
slide of this operation shows how the bottom bell is coupled 
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or uncoupled from the conductor clamp by the man on the ladder. 

The four examples shown so far have been of individual 

tools for high voltage work. Much of the experience gained 

from them has gone into the preparation of a complete tool 
set designed for one of the major utilities; it is capable 

Slide 2-4 

of taking care of single and double insulator string work on 

their 230 KV lines. Being a complete working set, many of 
the tools are, of course, standard. But the ones of main 

concern are the semi-custom-made types. Some of these are. 

relatively simple; others are multiple assemblies. A few 

are quite new and unusual, and it is these which reflect 

current engineering trends in high line tools for high volt- 

ages and heavy conductors. 

In those cases where the build of the tower arm inter- 

feres with using a top-mounted reach bar, an underslung | 
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insulator tool is used. It consists simply of a cast alumi- 

num crosshead that will take either the U-bolt yoke pulses on 

it or the one below. 
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Quite often, when using a new tool whose appearance is 

out of the ordinary, linemen will give it a nickname that is 

both colorful and descriptive. They call this one the "milking 

stool." It has several unusual features. It puts no bind on 
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the conductor it is supporting during changeout. The cross—_ 

head is free to slide back and forth in its supporting tube 

far enough to accommodate conductor movement, and the con- 

ductor pick-up hooks are swivel-mounted to allow for the tilt 

of the conductor. The length of the reach bars can be adjusted 

to match up with the number of bells in the insulator string. 

Taking a closer look at one of them, it is seen that the end 
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of the inner pole has a drilled hole that can be aligned with 

any of the holes in the row on the outer sleeve. The adjust- 

ments are in 2—inch steps and cover a range of 2 feet. At any 
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particular adjustment the inner pole and the outer sleeve are 

held together with a locking pin that goes through both. It 

is one of the gquick-operating types that is released by push- 

ing on the button in the center of the handle, which allows 

it to be pulled straight out. 

The "milking stool" drops over I-beams or inverted L's, 
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then two bars are bolted to the bottom of it, clamping the 

tool tightly on the beam at the desired spot. As shown at 

the lower left, the barrel can also be used with suitably 

formed yokes for hanging the tool below tower arms. At the 

lower right, almost out of the picture, is a barrel with 

U-bolts for attachment at swinging corners. With such an 

assortment of fittings, the insulator tool can be rigged on 

almost any type of structure. On the hollow tubular tower 

now Showing on the screen, a heavy conductor is being held 
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in free-floating suspension while one String of insulators 



14 

from a V-configuration is being chamged out. A U-bolt yoke 
over the tubular arms clamps the crossbar in place immediately 

above the conductor. A typical application of the "milking 

stool" tower arm clamp is shown next. 

Bise 211 

These last two slides were taken from 16—-mm film frames. 

When the insulator string must be eased down from an 

angle, such as at deadends and swinging corners, a tool 

designed to cradle the string is easier to handle; also it 
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reduces changeout time. The carrier that hauls the cradle 
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out into place is held onto the cradle by cushioned -hooks. 

Both carrier and cradle are built up on lightweight Fiberglas 
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poles. The use of aluminum end castings is essential so that 
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the tool can be rigged with hotsticks. Observe the casting 

at the lower end of the cradle--it has a shoulder that fits 

around the insulator skirt, holding the string from acci- 

dentally falling out. At the top of the tool are two studs 

that can be grabbed with hotsticks, keeping the cradle under 

precise control while it is being swung in. The cradtie is, 

as you might imagine, fully adjustable, and is usually set 
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to the length of the insulator string before being lifted 
into working position. For all its size, the tool weighs 

only about 75 pounds and can be raised with a hand line. 
In this view of a deadend string, the insulator cradle lies 
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inside of a deadend tool that is carrying the conductor strain. 
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A tower boom controls the tool as it is swung with its insu- 

lator load back to a tower position or lowered to the ground. 

As an example of the way that a technique which proves 

successful in one application is modified to fit others, the 

reach bar installing tool previously shown being rolled along 

a tower beam inspired the tool that is shown in the next 
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sequence. It is called the monorail; it is a tool for grasp- 

ing anc Heuling in. a string of insulators. . The “rail” itself 

is a 24" Fiberglas pole. Its outer end is attached to the 
tower arm in a position above the insulator string. Its inner 
end is firmly anchored by a tower saddle. A pulley wheel 
rides the rail; suspended below it is a long-handled scoop. 
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The tool is used here to change out a suspension string on a 

230 KV tower. In this view, reach bars are being put in 

place, and the monorail is coming up the side of the tower. 
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Looking down the tower arm, one can see the rigging for the 

monorail and how the scoop is cupped under the insulator bell. 

Notice the reach bars and their supporting yoke hooked into 

the "Vv" at the end of the tower arm. 

Slide 2-21 

At' the lower end of the string, reach bars support the con- 

ductors. Hotsticks are in position to uncouple the bottom 

insulator from the conductor clamp. 
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There are 13 fog=type insulators in the string. At this stage 

the top bell has been loosened from the tower arm and the mono- 

rail tool is justcabout to be set into motion. The scoop can 
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be engaged under either the top insulator or the one below it. 

In this case, it was more convenient to reach under the second 
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bell. A curved flange on the scoop surrounds the skirt on 

the insulator so that when it is tipped at even a greater 

angle than is shown here, there is no likelihood of the string 

falling out. The almost negligible bending of the monorail 

with a heavy string of insulators at the midpoint shows very 

well the strength of the Fiberglas rail pole. This is the 

most unusual tool of the set shown earlier, and has been 

received with great enthusiasm by linemen and operators be- 

cause @f simplicity of rigging, the excellent control of the 

insulator string, and the speed and ease of changeout. 

Quite a few of the tools I have shown you are bigger and 

‘bulkier than they need to be only because they must include 

an apparatus for tower arm attachment. Actually the tools 

are not complicated, it is just that so many fixtures, adap- 

ters, and connectors are needed. The tool does not exactly 

fit all towers, and rigging it is invariably time-consuming.. 

It has been felt for some time that modern towers themselves 

‘should have a built-in means for attachment of conductor and 

insulator tools. Here are two examples that show how easily 

that could be done. 
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It is possible to design into a suspension tower arm a bracket, 

such as the channel section shown here in red. At the ends 

there are two holes spaced far enough apart so that reach 

bars run through them will properly clear the string of insu- 

lators. With these built-in yokes at each suspension point, 
a pair of reach bars are all that is needed to relieve the 

strain on the insulators, and a monorail tool could finish 
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the changeout quickly and efficiently. At deadends, a differ- 

ent sort of approach would be required...some device that could — 

be set to the angle between the deadend string and the tower 

arm. A two-piece fixture is shown here. ~The stud would be 

a permanent part of the tower arm. On it, the tubular fitting 

would be placed, positioned toward the insulator string, and 

bolted down tight. Through the tubular portion would be 

attached the yoke of a deadend tool. 

Both of these drawings of tower arm attachments have 

been made in a style intended simply to illustrate the principle. 
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To our way of thinking, including the reach bar yoke and the 

deadend stud on tower arms, and installation of the wire grip 

link shown earlier, as an integral part of the tower and line 

installation, would represent a notable advance in high line 

maintenance procedure. 

TOMORROW 

Right now, technical advances are so rapid that to estimate 

or guess what trends high line maintenance will follow must 

surely fall short of reality. A steady flow of new materials, 

devices and processes is being made available and is being 

used by our engineers. Breakthroughs), are as prevalent in 

this industry as in any other. So, to be realistic, it is 

best to limit our discussion to developments in the near 

future as indicated by present-day experimental effort. 

Every increase in transmission voltage and every increase in 

conductor diameter has allowed more electric..power to be 

delivered more economically. One wonders if there is any 

technical or economic limit to transmission voltage and con- 

ductor size: 
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At the Extra High Voltage Laboratory set up by the Ontario 

Hydro-Electric Power“Commission, one mile of bundled con 

ductor is under test, operating at voltages from 460 KV to 

600 KV. The northern half of the line consists of a bundle 
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of four conductors, each 954 MCM;and the southern half mile 

is also a 4—conductor bundle of 397.5 MCM conductors. Indi- 

vidual’ conductors are at the corners of a 16" square. The 

phase spacing is 32 feet. Each phase has its own transformer: 

and voltage regulator. Suspension insulators of German manu- 
facture are used because they were the only kind available 

with measured losses. 
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The test line was built on wood poles for cost economy. The 

lines are 80 feet above the ground. Even at that distance, 
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the static field produced by the conductors at around half a 

million volts causes hair on a man's arm to stick straight up 

when he walks under’:the span. All line trucks in the area 

must be grounded so that workmen will not get a shock when 

coming in contact with the body of the truck. A lineman work- 

ing on an insulated platform acquires a capacitive charge that 

must be discharged slowly. High voltage experts estimate that 

if the lineman is discharged gquickly--as, for instance, by 

coming into contact with a tower member--the shock can be fatal 

when the charge was accumulated from lines having a phase-to- 

phase voltage of 400 KV or higher. ss 

About a year after the Coldwater project's lines were 

energized, experimental methods of suspension and deadend 

insulator maintenance were put to test. It was realized that, 

for safety, the lineman had to be kept at ground potential 

while at work. For the insulator changeout at this steel tower, 
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a ladder covered with grounded bronze mesh was rigged for a 

lineman to work at the conductor end of the insulator string. 

The linemen working on the top of the tower have a leg brace- 

let that is attached to a trailing ground. With reach bars 

in place, the man on the ladder uncoupled the insulator string 

from the conductor spreader yoke. The string was then swung 

up to tower position by reach bars. As the lower bell moved 

away from the conductor yoke, a loud hissing noise, audible 

on the ground below, was heard. Aside from the grounding 

safety measure, this changeout was performed in a routine 

manner. | : 

So that the regular test line would not be disturbed, a 

separate line was erected for the purpose of a deadend insu~ 
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lator changeout. A ground wire was run up the side of the 

pole for attachment of the trailing wires from the metal bands 
worn by the linemen. A lead from the ankle bracelet worn by 

the man:-on the platform can be seen nearby his feet. In climb- 

ing the pole, the linemen reported that when they were not 
grounded they received a distinct shock at each step upon 
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coming in contact with the pole ground wire. Again, in this 

instance, the change was accomplished without incident, using 

the newer type of insulator tools. } 

As part of the procedure of keeping the lineman at ground 

potential, the platform was covered with steel mesh. It was 
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also found that linemen on this platform tended to remain at 

ground potential when wearing leather soled shoes, while those 

wearing shoes with rubber soles attained a potential which 

caused a slight sting each time they came in contact with 

ground or with a person wearing leather soles. 

Another device for keeping the lineman grounded is. these 
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coveralls which they called the "monkey suit." It has bronze 

mesh sewed on front and back. You can see the bonding wire 
and ground rod near the lineman's left hand. | 
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The suit was fitted with tabs for the attachment of an electro- 

static voltmeter. A lineman wearing the "monkey suit" was posi- 
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tioned on an insulated platform at a specified distance from 

the Line conductor, while another lineman read a meter which 

had been placed on a smaller platform nearby. Readings were 

compared with those taken with the lineman wearing normal 

clothing. Typical test results showed that the lineman wear- 

ing normal clothing acquired a potential of 114 KV at a dis-~ 
tance of 12 feet from the conductor, while the lineman with 

conducting clothing and shoes remained at zero potential with 

respect to ground. | Hs 

Although these tests firmly established the effectiveness 

of the "monkey suit," it was believed that other grounding 
methods would stand a better chance, since the linemen found 

that the conducting suit was uncomfortable and hampered their 

free movement . 
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Heavier conductors require stronger tools; higher voltages 

require safer tools. Both»the materials and the experience are 

available for manufacturing products to fit these requirements. 

There are, on the drafting boards, designs for tools with great 

strength, and with configurations that lower corona breakdown. 

There are under test several hydraulic and pneumatic take-up 
devices for use in those jobs where conductor weight rules out 

the use of ordinary blocks and jacks. Indeed, the range of 

materials and designs for tool manufacture is so vast that 

there is often the question of which to use, especially when 

there are several equally good ones to choose from. In effect, 

it all boils down to what kind of tool does the power company 

require. "Let us work with you to build the tools needed to 

do the job safer and better," is the present-day attitude of 

high line tool manufacturers. | 

It is the goal of the tool manufacturers to turn out the 

most efficient, useful and safe products possible for hot line 
maintenance work. Safe methods of insulator, tower, pole, and 

crossarm changeouts, repair of conductors, armor rodding-~in 
fact, all kinds of maintenance on 230, 345, and 725 KV lines 

are being devised~~using hot line tools. Progress in this 
sort of tool development is most rapid when there is close 

cooperation between the power companies and the COOL 2. = 3 

manufacturers. 
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RATNFALL RATE AND RESISTIVITY AT EAST PITTSBURGH, PA, 

| D. L. Whitehead 

SUMMARY 

A new type of rainfall gauge has been built to 

read instantaneous rates of rainfall and resistivity. 

Construction details are given. Maximum rate of rainfall 

recorded during the period May=-November, 1961 at East 

Pittsburgh was 0.07 in./min. The minimum resistivity 
was 1500 ohms/in. cube and the maximum resistivity 40,000 
ohms /in. cube. These values are to be compared with 
standard wet test values of 0.2 in./min. and 7000 ohms/in. 
cube. 

INTRODUCTION 

The wet flashover characteristics of outdoor insulation is influenced to a 

considerable degree by the rate of rainfall and by the resistivity of the rain 

water. Tests 1, 2 have shown that the flashover voltage of some types of insulation 

may be reduced 50% by decreasing the resistivity of the water used in a wet test 

from 10,000 ohms per inch cube to 2000 ohms per inch cube. Likewise, increasing 
the precipitation rate from 0.1 in./min. bosOee in./min. in a typical case may 

reduce the flashover voltage 25%. This immediately raises the question of the 

appropriateness of our wet test standard resistivity of 7000 ohms / Ln. Jcube..and 
Ose in./min. rainfall rate. To measure the resistivity and rate of natural rain- 
fall a gauge has been designed and installed on the roof of the new High Power Lab= © 

oratory in East Pittsburgh, Fig. 1. This gauge is designed to record rainfall 

resistivity and rate continuously throughout a rainfall period. This offers con- 

siderable advantage in the amount of information gained over the conventional cup 

method of sample collecting, which gives only the average values for the period 

involved. 

RAINFALL GAUGE 

The standard laboratory method of measuring rainfall rate using a cup and 

stop watch gives average rate over the interval of time measured. It was thought 

that more information would be gained if a gauge were used that would measure in- 

stantaneous rates. To achieve this result a gauge was designed to record instantan= 

eous rainfall resistivities and rates. 3 

The gauge consists of two collection trays, one of four square feet and one 

of one square foot surface area which drain the rain water into an open ended U-tube. 

The two trays are connected in series with an electrically operated valve for div- 

erting the flow from the larger tray during periods of heavy rainfall. The U-tube 

has three holes drilled at different heights as shown in Fig. e. The holes act as 

metering orifices whose discharge rates are proportional to the height of the water 

in the tube. The height of the water is measured electrically by probes in the tube 

wall as shown in Fig. 3. As the water rises in the tube the 96 ohm resistor sections 

are shunted which changes the current through the meter element of a series connected 

ac recording voltmeter. The recording instrument will indicate a step change at the 

time the probe is shunted, consequently it is not necessary GO. ee 2 precision record= 

ing instrument. The change in water resistivity has no influence on the gauge cali- 

bration, since such a change simply changes the height of the OO aaa To 

provide sufficient sensitivity for very low rates of rainfall and s $i have suf- 

ficient capacity for the highest rates encountered, it wae ee O he 

electrically operated valve, V Fig. 3, that diverts Oa sO ee pei ' 

when energized through relay SG which operates when the ae ae rll e top probe 

in the U=tube. The scale change valve could be eliminated if sutiic space were 

available to permit the use of a U-tube of greater length. 

‘ i ‘tted to the collecting trays and adjusted 
librate the gauge, water is adm. a a. 

to a a ee at one of the probe positions. The recording eee 1s noted 

and the discharge from the U-tube is collected and weighed for a measured time 

— rm = 

—— 

. interval. 

a a 

2S 

From the known surface area of the trays, the rate in inches per minute 
can be calculated. The procedure is repeated for different rates until calibration 
for each probe position is obtained. 

The rainfall resistivity is measured by using a glass funnel fitted with 
platinum electrodes as shown in Fig. 4. It was found necessary to enclose the 
resistivity gauge in a dust tight box to prevent contamination. A rain sensing dete 
ector such as used to raise unattended convertible automobile tops has been included 
as shown in Fig. 3. The detector requires 6 V. d.c. for operation which is supplied 
by Ty; through a small full wave rectifier. A single raindrop on the detector will 
energize R,, and SG), which will open the lid of the box and start the recording 
instruments. After the rain has stopped, a small heating element under the detector 
quickly drys the detector, causing the lid to close and the recording instruments to 
stop. To further insure freedom from contamination, each day the guages are cleaned 
with distilled water and blown dry. 

RESULTS 

The results of 34 rains during the period, May to November 1961 are summarized 

in Table 1. Although a number of the rains appeared to be very heavy, the highest 

rate recorded was 0.070 in./min. , about 1/3 of the rate used in standard tests. The 
lowest resistivity recorded was 1500 ohms /in. cube and the highest resistivity was 

40,000 ohms/in. cube. In all cases the initial rainfall had a low resistivity which 
increased to a very high value if the rain was prolonged. It was first thought that 

the gauge was being contaminated between rains, however, a program of daily mainten- 

ance insured that this was not the case. It became apparent that the initial rain 

contained considerable contamination that was gradually removed as the rain progressed. 

It is planned to move the rain gauge to the Trafford High Voltage Laboratory 

in the spring of 1962 in order to obtain data in a second location. It is hoped that 

other investigators will make similar measurements throughout the country to provide 

additional data for a realistic evaluation of our present standard rainfall rate and 

resistivity. | | 

SUMMARY 

Initial rainfall resistivity was measured as low as 1500 ohms/in. cube.: The 
highest rainfall rate measured was 0.07 in./min. The resistivity at the beginning 

of rainfall was in all cases the lowest value observed. The low initial resistivity 

usually prevailed only a few minutes and then increased gradually to as high as 

40,000 ohms/in. cube. The’ rate of increase in resistivity.can bée-.2eughly.correlaved 
to the rate and duration of rainfall during the period. It is believed that the raine 

drops are initially formed about conducting dust particles as nuclei and as the rain 

progresses the dust is gradually washed from the atmosphere. This would explain the 

initial low value of resistivity with improvement as the rain progresses. Based on 

the results from this station which is located in a heavy industrial area, it is be- 

lieved that for such locations wet tests made with 7000 ohm water are highly optimis-= 

ic, whnereas:the 0.2 in./min. rate is quite pessimistic. This also emphasizes that 

insulation designed to meet standard conditions may be quite adequate for most loca= 

tions but may be deficient when located in areas of heavy air contamination. 
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Rainfall gauge located on roof 
of the new High Power Laboratory at 
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Fs Fig- Le 

Table I. Rainfall Rates and Resistivities Measured at East Pittsburgh, Pa. 
during the period May-November 1961. 

Date Min. Resistivity Max. Resistivity* Maxe Rate ee. 
ohms/in. cube , ohms/in. cube in./min. : pa ; Nove 

: 
inne 

55-61 2,100 7 2004 - - 
5-8-61 3,400 7 5200+ _ a*q 
5=9=61 1,500 (200+ - Nylon oy) z3 3,400 7 200+ 0.046 Bushing 5-16-61 2,900 7 »200+ 0.070 
5025661 3,800 7 200+ 0.007 PROBE DETAIL 5-26-61 { e0es 7 ,2004 0.007 PICK-UP TRAY 
5-29-61 3,400 7 ,200+4 0.057 
6-6-61 7 ,200+4 7 ,200+4 0.007 | 
6-8~61 6,400 7 ,200+4 0.046 SCALE CHANGE Secu ad 
6-9-61 3 ,800 7 ,200+ 0.008 Whi Ts RESISTORS 6-14-61 (11:00) 7 ,200+ 7 ,200+ 0.015 oy; e=1 ie 6-14-61 ( 2:00) 7 ,200+4 7 ,200+4 0.005 2 | as 6el4e61 ( 3:00) 7 200+ 7 ,200+ 0.012 COPPER TUBE | i 
6-21-61 30,000 30,000 0.052 * gia 6-23-61 3,600 20 ,000 0.029 | , , ee _ 7-13-61 2 ,800 15 ,000 0.029 NO. 47 = IK ists, legs 2 
717/61 9,000 13 ,000 0.002 2 eae 
7-19-61 6 ,500 9,000 0.029 . Pa 
7-21-61 2,500 Tee 0.015 | —, 
[a2 61 6 ,O00 17,500 0.015 | d 
7-28-61 3,200 7,500 0.009 | 1 ——I7 7st abl 3,500 3500 0.011 SCALE CHANGE : f 206 
8-2-61 4 500 13 ,000 0.050 f —— et 84-61 3,500 4.500 0.015 ‘\ | a 
8-11-61 4 500 11,000 0.002 : enn) aan: 
QuleoGil 4. 000 14,000 0.052 /\ | 
9-14-61 5 ,000 22 ,000 0.030 4 
9-20-61 | 4 ,800 22 ,000 0.014 lt pa 

10<2=61 3,300 40,000 0.002 7 
10-13-61 3,700 40,000 0.004 ne 0 
10-27-61 p2 000 6 ,200 0.004 DIMENSIONS 
11-3-61 , 000 13,500 ~ ) 
11-6-61 2 dA 17,500 0.005 IN INCHES 

] PIPE PLUG 
y CLEAN-OUT 

*7200 ohms maximum that could be read until meter was changed to read Fig. 2, U-tube rainfall rate gauge 
maximum of 50,000 ohms on June 21st. 
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Fig. 3, Schematic wiring diagram for 
rainfall rate and resistivity gauges 
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Measuring 
Probes 

Fig. 4. Resistivity gauge with 
platinum electrodes 
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ELECTROMAGNETIC AND ELECTROSTATIC. TRANSMISSION LINE 

PARAMETERS BY DIGITAL COMPUTER 

M. Harry Hesse 

SUMMARY. This paper describes a versatile digital computer program for calculating 
electromagnetic and electrostatic parameters for an untransposed section of overhead line. 
Applications to current distribution, electromagnetic and electrostatic unbalance, voltage 
gradients on conductor surfaces, and other problems are discussed. A technique for estab- 
lishing upper and lower bounds for Carson's earth-return correction and a modified symmetri- 

cal component transformation are introduced as new concepts. The flexibility of the pro- 
coe computer program offers a means for solving a large variety of related electromagnetic 
problems. 

INTRODUCTION 

Of increasing significance in the design of modern EHV systems using series capaci- 
tors and bundle conductors is the question of the possible adverse effects of electromagnetic 
and electrostatic unbalance of untransposed line sections. The results of previous work 2710 
indicate that a greater accuracy is required in the analysis, particularly for EHV systems 
where line sections of a hundred or more miles in length are common and where the use of 
bundle conductors makes it desirable to avoid transpositions except at existing intermediate 
stations. Furthermore, adjacent rights-of-ways are becoming increasingly loaded with larger 

numbers of canductors. As a result, the calculation of line parameters becomes a laborious 

and time-consuming problem. To facilitate the determination of these parameters, a large- 
scale high speed digital computer program is desirable. : 

During the initial formulation of the proposed computer program, consideration was 
given to the many problem areas which are closely related to the determination of trans- 
mission line constants. Among these were included such problems as current distribution 
among conductors, subconductors, and neutral ‘returns; charge distribution among the con- 

ductors and ground wires; voltage gradients on the surfaces of conductors and ground wires; 

reduction of a large multi-circuit configuration to a single- or reduced multi-circuit © 

configuration; neutral current return in lead sheaths and in adjacent conducting surfaces 
by conductor simulation techniques; zero sequence impedance of aircraft feeder cables 
adjacent to conducting surfaces. 

As a consequence, the proposed digital computer program combines high speed of calcu- 

lation with considerable versatility. The basic concept of matrix analysis underlies the 

entire program. The complete impedance and potential coefficient matrices, as well as their 
inverses (admittance and capacitance coefficient) for an untransposed section containing up 

to 110 conductors are calculated and printed. The calculations are performed in three 
Stages. In the first stage, every conductor, sub-conductor, and ground wire retain their 
identities. The corresponding admittance matrix, for example, allows for the determination 
of current distribution among each conductor. In the second stage, sub-conductors are 

combined and ground wires are eliminated mathematically to obtain a single equivalent con- 
ductor per phase per circuit. By proper coding, for example, several parallel circuits 

may be reduced to a single equivalent circuit also. In the first two stages, the problem 
need not be restricted to a three-phase system. In the third stage, the symmetrical 

component parameter matrices are calculated. Here, for example, the availability of all 

mutual elements in the output matrix allows the determination of negative and zero sequence 
currents flowing due to non-transposition of the line section. 

The direct matrix inversion technique used in this program is the same as that 
described in references 11 and 12. Considerable computer time is saved by using this 

method and by taking advantage of the matrix symmetry which exists in the first two stages 

of the calculation. Since the conventional symmetrical component parameter matrices are 

not generally symmetrical, a modified transformation is introduced which attains the 

«Ja 

desired matrix symmetry while maintaining the identities of the conventional symmetrical . 

component elements. Consequently, only triangular matrix outputs are necessary. 

The corrections applied. to the impedances to reflect the influence of .earth-return. 

are generally limited to considering the first term in Carson's infinite series.~- It is 

often desirable to determine the error involved by neglecting the remaining terms in the 

series. A convergent alternating series is introduced from which an evaluation of the 

first term leads to one bound, and evaluation of the first two terms leads to the other | 

bound, and where the answer obtained by evaluating the entire infinite series lies between 

these tWo bounds. A code input calling for the first order correction leads to the 

correction most generally used in calculations, A code input calling for a zero order 

correction causes no correction to be applied as this may be desirable in:other areas as, 

for example, aircraft power system analyses. , e - : 

And finally, provision has been made to insert external series impedance into the. 

line representing loads, transformers, generators, series capacitors, etc., after the final 

stage of the symmetrical component impedance calculation. The program will invert the 

modified impedance matrix from which a more realistic value of electromagnetic unbalance 

can be obtained. 

The calculations have been programmed and tested for a 32,000 word IBM digital 

computer (FORTRAN II) with punched card input and tape output. Only a few minutes of 

computer running time are tequired to obtain all twelve outputs for an average multi- © 

circuit configuration. 7 , fh | Peer og | Peel Ke | SES 

Since the process of computing capacitance coefficients is analagous to that for’ © 

computing impedances, only the latter will be outlined. — The voltage equations for a_ 

system of conductors is conveneintly expressed in matrix notation e = Z- i whereby Z 

represents an impedance matrix. The impedance matrix for a physical system is square 

with a row and column for each conductor and it is symmetrical about the main diagonal. 

Therefore, only a lower or upper triangle, including the main diagonal need be computed. 

The conventional symmetrical component impedance matrix is not, however, symmetrical 

about the main diagonal. A related symmetrical matrix can be formed by means of an 

artifice as will be shown later. = 

The physical location of each conductor above ground (and its image below ground) 

is described by x and y coordinates, the former being the horizontal distance in feet 

from an arbitrary vertical reference line, the latter being the conductor height above 

ground in feet. The effective conductor height is computed by thé program as the height 

at the tower minus one-third of the sag. The off-diagonal terms of the Z-matrix are 

logarithms of the distances between conductors, the main-diagonal terms being the self- 

impedances of the conductors as obtained from’the input cards. This is illustrated in — 

Fig. 1. In the computer memory, the upper triangle of the matrix area is reserved for the 

Z-matrix, the lower triangle for the P-matrix. Thereby, logarithmic terms which are 

common to Z and P (including earth-return corrections) can be stored simultaneously and 

need be computed only once. The main diagonal terms for P and Z are stored in separate 

columns until needed in the triangular matrix. ps ieee 

According to coded input, three choices for earth-return corrections are possible 

(see Appendix I). This correction is then applied to the previous Z-matrix and the 

resultant matrix may be printed out. This may be followed by a matrix inversion 

(according to Appendix III) which may also be printed out without disturbing the original 

Z-matrix. In the second stage, bundle-conductors are combined into a single equivalent 

phase conductor as shown in Appendix II. Also, the rows and columns corresponding to 

gréund and neutral wires are eliminated. This results in a Z-matrix for an equivalent 
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conductor configuration containing only one conductor per phase for each circuit which 
may be printed out. This may be followed by a matrix inversion, without disturbing the 

original matrix. The first two stages are not limited to three-phase systems. Provided . 
that consecutive phase sequence of phase canductor input is observed, any single- or 

multi-phase system-Z-matrix can be computed. Furthermore, there are no system frequency 
limitations except those-~imposed by the restrictions on Carson's correction terms and the 
validity of the assumed voltage equations. Particularly where there is no earth-return 
this program will be-satisfactory for aircraft power system frequencies, ground power 

“supply frequencies, etc. : 

In the third stage, the Z-matrix for the physical equivalent configuration is trans- 
formed oe ee ae components. In terms of matrix notation explained in Appendix II 
Zo = S Z,S"* represents the conventional spinor transformation and Z, is no longer symme-— 
trical. This leads to the problem of non-reciprocal mutual impedances in symmetrical 
component networks representing untransposed and unsymmetrical trans missi 
This problem can be overcome in two ways: a x beh 

1. Choose a different set of coordinates, i.e., a different transformation. 

2. Force symmetry by means of an artifice. 

The first approach, that of defining a new transformation for each configuration 

is physically and mathematically the most elegant. For example, a determination of [a 

eigenvalues and eigenvectors for the general Z,-matrix will establish the characteristic 

coordinates and the natural modes of operation for the system of conductors. Stated 

simply, the resultant component Z-matrix has only diagonal terms and no reciprocal mutual 
impedance problems exist. There is no coupling between the component networks and model 

network techniques are practical. Except for special studies ,4 this approach would result 

in new terminology and in serious data correlation problems. 

The second approach, as used here and discussed in Appendix III, has the advantage 

of maintaining the well-known symmetrical component terminology. Although the resultant 

symmetrical matrix is used to advantage in the present computer program, mutual resistance 

and negative resistance terms which appear in the matrix do not lend themselves to model | 
rage except in special cases where these terms may be small enough to be neglected | 

entirely. | 

In the third stage, therefore, we perform Zg = S Z.S/3 and we may print out the | | 

lower triangle of the resultant Z,o-matrix. If the rows and columns of the output are . 
properly labeled, the conventional symmetrical component impedances may be found directly | 

The conventional form Z. may also be readily formed by completing the upper triangle of 

Zs, cutting out and interchanging columns 2 and 3, 5 and 6, 8 and 9, etc. The inversion 
of Z; may also be performed and printed out, whereby rows 2 and 3, etc. of the output 
must be interchanged to conform to the conventional Y, format. 

Where both EM and ES parameters are required, the potential coefficients are calcu- 
lated first. Since no resistive elements are involved in the first two stages of the ES 

calculation, the matrix inversion is performed in the real field thus maintaining the 

‘original matrix in the imaginary field. In the third, or symmetrical component stage, 
both real and imaginary terms exist. After the original ES matrix is printed out, the 

inversion may take place and will destroy the original matrix. 

In the EM calculations, the ES triangular field is no longer required and is 

available for intermediate storage of the original EM matrix while the inversion is being 

performed. Therefore, at the end of the calculations of all twelve outputs, the original 

EM symmetrical component matrix is still available. External impedances may be added 

& 
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to this matrix and by inverting, the electromagnetic unbalance currents may be determined 

under more realistic conditions. The requirement of matrix symmetry restricts all external 

impedances to satisfying Z,; = Z). In order to properly include generator impedances 

where Z; # Z), an external program for inverting unsymmetrical matrices must be employed. 

Input 

The first input card must contain an integer 1<N-<999 punched in columns ee es 

The succeeding N cards may contain any desired alpha-numeric headings or comments punched 

in columns 2-72. The versatility of this feature is evident from the sample output shown 

in Fig. 3. . 

The commentary deck is followed by any number of data input decks, one for each 

case. The first card in each data deck must contain the following information: 

Col. Type Data 

2-4 Integer Total number of conductors involved 

5-11 Floating pt. ‘Earth resistivity (ohms /m3) 

12-18 Floating pt. System frequency (cps) 

19-24 Integer | Earth return correction (see Appendix I) 

: O = No earth | 

1 = First order correction (conventional) 

2 = Second order correction 

25-30 Floating pt. Outputs desired for Z and P 
0O.= None 
1.= Original configuration 

2.= Equivalent configuration 
3,=, Both... and 2. 
4.= Symmetrical components 
5.= Both l. and 4. 
6.= Both 2. and 4. : 
7.= All 1. and 2. and 4. 
Type of calculation 
l.= Electrostatic (P or p- ly 
2.= Impedance (Z or z-ly 

3.= Both l. and 2. 

Outputs desired for 7-1 and P-L (analogous to | 

Col. 25-30) 
Provision for supplementary functions which 

may be desired. | 

0 = No changes in symmetrical component matrix — 

2 = Change in symmetrical component matrix 

Date. This number serves the purpose of a 

consecutive run numbering device. 

31-36 Floating pt. 

37-42 Floating pt. 

43-47 Integer 

49-54 Integer 

~ After the control card in each deck, there follows a data card for each conductor. 

These cards must be arranged in a specific sequence since the output reflects this 

arrangement. The first three cards shall represent a single conductor per phase of the 

first circuit arranged in phase sequence a, b, and c. The next three cards shall similarly 

represent the second circuit, etc. Following this there shall be a card for each sub- | 

conductor arranged in any phase sequence (where this sequence will be maintained for the 

original configuration output). Finally, there shall be a card for each ground wire. _ 

Each of the above cards must contain the following information. . 
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Col. Type Data 

2-8 Floating pt. Conductor resistance (ohms/mile) 
9-16 Floating pt. Conductor reactance at one foot spacing (ohms/mile) 

17-26 Floating pt. logj9d, d= nominal cond. diam. in feet 
27-34 Floating pt. Height above ground at tower, feet. 
35-42 Floating pt. Horiz. dist. from arbitrary reference, feet 
43-50 Floating pt. Height above ground at midspan, feet 
51-54 Floating pt. 0. = for main conductors 7 

! For sub-conductors, enter the main conductor number 

with which the sub-conductor is to be bundled. 
55-57 Floating pt. 0. for all main and sub-conductors 

i. for ground wires 

Fig. 6 shows a sample sheet for listing input data and Fig. 2 illustrates the card 
arrangement. 

In general, the rows and columns of the output matrix will proceed in the sequence 

dictated by the input. The knowledge of this fact is important when the output reflects 
every conductor in the original configuration. The insistence upon phase sequencing a, 

b, and c for the main conductors is required for the symmetrical component by saerorsation. 

If the code in columns 43-47 of the first card in a data deck is 2, i.e., if 
changes are to be made in the symmetrical component matrix, additional data are required. 
These should be supplied as follows: 

Col. Format Data 

1-8 F8.4 Change in series resistance (ohms/mile) 
9-16 F8.4 Change in series reactance (ohms/mile) 

17-26 F10.6 New value to replace the code in columns 

43-47 of the first card in this data deck 
O = no further changes to be made 
2 = data for another change follow that 

for this change 
~ 51-54 F4.0 The number of the circuit in which the 

| change is to be made 
55=*57 F3.0 Place of change 

ee 

1. 
change in zero sequence 
change in positive or negative sequence 

Thus one card of data will be required for each of the two possible changes per 

circuit. (The maximum number of circuits possible is 36.) The end of a set of changes 

is indicated when the number of the circuit in which the change is to be made is equal to 
zero. If no further changes in the symmetrical component matrix are to be made for a 

particular case, a blank card will signify both the end of a set of changes and the end of 
the case. If, however, additional sets of changes are to be made for the same case, a 

card with a code of 2 in columns 17-26 should be used in place of the completely blank card 

at the end of each set of changes, except, of course, the last one. 

Following the last data input deck there must appear a blank card which signals the 
end of the run. This means that if the last deck of data contained any symmetrical 

component matrix changes, there must be two blank cards at the end of the data decks. If 

the last case contained no symmetrical component matrix changes, one blank card is 
sufficient. 

Yd 

: Output 

The printed output is in the form of a lower triangular matrix where the upper 
triangular matrix can be found by symmetry about the main diagonal. Because of space 
limitations, a width of nine columns is printed at one time. For large systems, the 

triangle can be formed by cutting and properly placing succeeding sections of the output 

adjacent to the first and largest section. For the output relating to the original con- 

figuration, the phase sequence of rows and columns corresponds to the input data sequence. 
For the output related to the equivalent configuration, row and column phase sequence 
proceeds from top to bottom and from left to right, respectively, according to a, b, c, 

and circuits I, II, etc. 

The symmetrical component output is also in the form of a triangular matrix 

obtained by the artifice discussed in Appendix II. For the symmetrical component impedance 
and capacitive reactance output, the rows proceed from top to bottom in sequence 0, l, 2, 

0, 1, 2, etc., in ascending order of circuit number. The columns proceed in sequence 0, 
25.145 OF 2, bs Ble, For the symmetrical component admittance and susceptance output, 

the rows proceed in sequence 0, 2, 1, 0, 2, 1, etc., and the columns proceed according to 

sequence 0, 1, 2, 0, 1, 2, etc. 

APPLICATIONS 

This program computes accurately and efficiently the overhead line parameters 
required in load flow studies, stability analyses, protection coordination, transient 
analyzer studies, etc. The CSE ANY: | = the program becomes apparent when we consider 

some of the possible applications. 

1. Accurate and Piijabie determination of impedance and capacitive reactance for load 

flow, short circuit, stability, relaying and other system studies. Maintained out- 
puts for an entire system serve as a uniform reference source and can easily be 

justified economically. 

2. The inductances and capacitances are easily evaluated by removing the factor 2mf from 
the reactance computations. Thus, transient analyzer and traveling wave and radio 
noise propagation studies can be performed with improved. anage data including earth- 

return effects. 

3. Although voltages and currents are not included in the computation, they may easily 

be constructed for the implied matrix equations e = Ziand i= Ye. From the latter 
the current distribution in conductors, sub-conductors, ground wires, etc., may be 

obtainee if Y represents the admittance matrix for the original configuration. If Y 
represents the symmetrical component admittance ma bee the unbalanced currents 

flowing due to untransposed lines may be calculated.” : 

4. Related to the current distribution problem, because of the 110 conductors which are 
available, many basic physical studies can be analyzed in an approximate manner. For 

example, in the determination of zero sequence impedances of three-phase feeder cables 
adjacent to metal plates or aluminum skins, the metal plates can be simulated by a 
large number of individual conductors. This can be very useful in zero sequence 

impedance calculations of aircraft power system feeder cables. 

5. Ina similar manner, the current distribution between earth-return and lead sheaths 
in overhead aerial cable can be determined by simulating the sheath with a large 
number of individual conductors. Neutral current return in messenger cables 

_neutral returns, etc., can also be determined. If the demand for this type of 
calculation is sufficiently great, the program itself can be modified to expedite 

shielded cable calculations. 



6. From the susceptance matrix and the voltage matrix, we can calculate the capacitive 

a 7s 

current flow. By factoring out 2nf we can determine the charge residing on each 

conductor. Dividing this charge by the diameter of the conductor and multiplying 

by a constant we have the average field gradient on each conductor and ground wire 

in KV/cm. The determination of voltage gradients at the surface of phase conductors, 

ground wires, etc., is of importance in corona and radio noise studies, especially in 

EHV systems. 

7. In many types of studies, it is necessary to take cognizance of adjacent parallel 

circuits although it is not always necessary to maintain their identities. Because 

of this program's capability for handling up to 110 conductors, the "bundling" 

technique can be employed to accurately reduce a large multi-circuit configuration to 

an equivalent smaller configuration. This may be particularly important where other 

digital computer programs such as load flow or short circuit programs are restrictive 

in this sense. | | 

8. Outside the realm of the computer program's initial capabilities, it is sufficiently 

flexibie to allow for modification or extension in several areas. For example, a 

subroutine has been included by which a series balanced impedance (such as loads, 

transformers, etc.) may be added to the line impedance. In this manner, a more 

realistic electromagnetic unbalanced current can be determined. This subroutine can 

be requested by KODE=2 on the input data sheet. In addition, instead of a symmetrical 

component transformation, an «,6, 0 or an eigenvalue analysis could be included. 

The latter leads to principal, normal, or modal components which have already become 

basic to radio noise and traveling wave propagation problems. 

CONCLUSION 
& Y 

) 

‘ a 

A high speed digital computer program for accurately determining overhead trans- 

mission line parameters for an untransposed section of line has been developed. Twelve 

triangular matrix outputs including impedance, potential coefficient, admittance, and 

capacitive reactance for the original physical configuration, an equivalent configuration, 

and in terms of symmetrical components can be obtained in less than 30 minutes of computer 

running time for an average system of 50 varied configurations. The parameter matrices are 

calculated and printed out completely including every mutual element both in physical and 

symmetrical component quantities. Applications of this program to the determination of 

electromagnetic and electrostatic unbalance, current distribution, charge distribution, 

conductor surface voltage gradient, etc., are described. 

The capability of the computer program to handle up to 110 conductors makes it 

suitable for related electromagnetic calculations such as current distribution in 

conducting surfaces adjacent to feeders, zero sequence impedance calculation of aircraft 

feeder cables, neutral current return in lead sheaths, etc. Additional series 

impedances such as series capacitors, transformer reactances, load impedances, etc. can 

be included to obtain a more realistic calculation of the electromagnetic unbalance — 

currents which are caused to flow when lines are not transposed. A simple means for 

determining the upper and lower bounds of the influence of earth return on the zero 

sequence impedance of a line and a modified symmetrical component transformation which 

maintains matrix symmetry are also introduced. 
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NOMENCLATURE 

Za, = Ruy tOry, + IK, +455) 
Zsy = ATs, + JX, > X53) 

Pia = 9 Pay 

Pix 7 9 Paix 
Rey = resistance of conductor i, ohms per mile 

X55 = 0.27912 (£/60) 10846 1/GMR, = inductive reactance of conductor i at 1 foot spacing, 

ohms per mile. | 

GMR, = geometric mean radius of conductor i, feet. 

0.27942 (f£/60) 108, 9 D,, = inductive reactance between conductors i and k, 

ohms per mile. 

2 2 | 
Ds. = (x, -x,,) “. Fe om, = center to center distance between conductors i and k, 

feet. 

X» ia * coordinates of conductor i, feet. 

f = system frequency, cycles per second. 

> -iaiee Ps, = (4..099)(10- )(60/f) 108, M(y,/d, ) = capacitive reactance of conductor i to ground, 

ohm miles. 

d. = nominal diameter of conductor i, feet. 

x 6 

Pix = (4.099)(10~ )(60/£) 108, 6 Di Di * capacitive reactance between conductors i and 

k, ohm miles. 

pt = Wexyext)? + y-vp® = alten? + (iy, 
= center to center distance between conductors i and k' (or i' and k), feet. 

Xs 9 ys = coordinates of the image of conductor i, feet. 

A Peas ATs y9 AX,. ; AX, = Carson's earth-return corrections (see Appendix 1 

e = earth resistivity, ohm-meters (i.e., ohms of a one-meter cube). 
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APPENDIX I 

Carson's Barth Return Corrections 

Ars, = 0.09530327 (£/60) - 0.09798 (£/60)(y,/10*) ¥£/e ha 

0.202428 (£/60)(y,/107)°(£/e) logy (2291 VO/E /¥,) # ceeeeeceeersereere eens 

dr, = 0.09530327 (£/60) - 0.09798 (2/60) Vee (y, +7,,)/2000 | a 

+ 0.102428 (£/60)(£/0)(y,4¥,,)°/2000° Lot, 9 (14582 cos0, ,) Ve /f /(¥,4¥y) ah aaa 

AX,, = 0.27942 (£/60) log, , 2162.5361e/t + 0.09798 (£/60)(¥,/10°)VE/e : 

= 0.03495 (£/60)(y,/10)°(£/0) + ceersreeseeeeeereeeeeeeranaaeeeerereeedeeeees 

AX, = 0.27942 (£/60) Log, (2161 .5361VP/t + 0.09798 (£/60)(y,+4y,) £/0 /2000 

a 0.03495 (£/60)(#/0)(¥,47,)~ Ho caceececcencnceccecensensscesescescrecereasees 

_ q 

0080.4, = (st; ) Dix 

Carson's solytion for the earth-return problem resulted in an infinite series of 

Bessel functions.© An equivalent, but less formidable, infinite series is given in 

reference 3 from which the above terms have been extracted. The TBM-704 computer 

program under discussion allows for three possible alternatives: 

1. No correction (for no earth-return). 
2, First order correction wherein only the first term of each series is employed. 

3. Second order correction wherein the first two terms in each series are employed. 

The first order correction neglects the effects of conductor height above ground, is the 

one most commonly used, and is generally satisfactory for single tower configurations. 

The second order correction allows for conductor height above ground and distance between 

adjacent circuits and may be significant where circuits are located on adjacent towers or 

rights-of-way. Within the limitations expressed in reference 3, the infinite series 

represented by the above terms is a convergent series. It follows, therefore, that the 

first order correction is too large for Ari;, Arj,, and too small for AX;i;, AXi,x. The 

second order correction overcompensates this condition. The true correction lies 

between these two bounds thus establishing a means for gauging the error involved. 

APPENDIX II 

Voltage Equations 

1 241 “12 413 44h | | td i Pla Pio Piz Pan || % 
e Z, Z, bax i a; Vv Pcl ee eee q 
- a Ha, i ie a i (11-1); “ 2 tg ae ie a es (11-2) 

AL 38 1355 eae 3 5 31.°32 33 34 S 

a fin, Ayo Fig Phe Fh Ash Pur Pyo Pug Pun | | 

e 
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Bundling 

Assume that conductor #4 is in parallel with conductor #1; i.e., e, = e 

This might be the case where conductor #4 is a sub-conductor of condustes id's Euan 

or conductor #4 may be a conductor of another circuit which is electrically in vata ale 

with #1. We perform the bundling mathematically by subtracting the first rows of the 7 
and P matrices from the fourth rows of the Z and P matrices, respectively. ‘ 7 This results 
in a Z matrix, for example, as follows: 

1 ak 219 13 14 iy 

eo 291 209 ok 204 to 

en, 231 239 233 234, i, a 
0 (2,1 7 244) (yo > 249) (yg > 243) 2yq > 21? u 

and by subtracting e, from e, the equivalency of the system of simultaneous equations is 

maintained. In order to restore symmetry to the Z matrix, a related operation is per- 

formed on the columns of the Z matrix and on the 'i' matrix resulting in the following 

form: 

ey 244 249 243 (294.7 241) ata 

eo] . 251 259 253 (254, - 294) i, 

hee 231 239 #33 (Z4, ~ 251) a 

(2,1 ~ 244) (Zyz > 249) (2y3 > 213) (gq > 414 7° 24 + Ad “ys 
(II-4) 

where again the equivalency of the system of simul taneous equations is maintained. It 

follows from the definitions given in Appendix I that : 

Zin = Aare Pap = Pee (II-5) 

so that it will be recognized that the Z-matrix in Equation (II-4) is also symmetrical 

about the main diagonal. The resultant equation #4 in (II-4) is of the same form as that 

for a ground wire with no externally applied emf. It may, therefore, be eliminated by 

- the method shown in the next paragraph. 

Ground Wire Removal 

| If, in matrix equation (II-1), the fourth conductor is assumed to be a ground 

wire solidly grounded at least at both ends and with no source emf, we may write 

1 Wikia» 13 25 ow a 
es fyi. * "gp 253 20 ow t6 
@ Z Z Z Z i (iT-&) 
3 31 32 33 3ew 3 | 

0 Z Z 2 z i 
gwl gw2 gw. gw- gw gw 
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Similarly, we define 

If this is substituted in the first three equations, a reduced system is obtained as | ; | , | 

follows: 
 ) & 1 [46] = 3 [$] | ¢9| | (II-14) 

ey a a0 Zs i, | | We transform equation (II-10) conventionally as follows: 

1 ' ' 
e = |Z Z Z jee! (II-8) , at Seat -1 

2 21 Ze 23 2 = 3 i os i = “ 

eee feed= (5) (29) (917° 3 (5) Co) = (5) Ce) (5) Cee] =] Fe] om 
°3 5 i t, | 

where 

where vi. = 2 - Z. (Z Ct a 2 aa" 
| i = 
| een Fey a eee gwke 2003 “010 %02 

Where more than one ground wire exists, the original Z matrix may be partitioned and the | z | = Z10 244 Zi (II-16) 

| reduction according to (II-8) would proceed in terms of matrix inversion and multiplica- | a 

tion. For purposes of the IBM 704 program discussed in this paper, a single row and 
Zoo Z54 Z59 

| column elimination method was found more advantageous. Again, the Z-matrix (and similarly | 

the P-matrix) in (II-8) is symmetrical. 
and 

| Symmetrical Components | 1 1 1 

In a three-phase system, bundling and ground wire elimination result in Z and P ) ot 1/3 1 Z II-l 

matrices 3C by 3C in size where C is the number of circuits involved. In the simplest | [s] 3 : , GEI=42) 

case, the equations for a single circuit are , : : 1 i az 

| | . 

, | e, Zon Zab Zac i, If the expansion of (II-15) is carried out in detail, it will be found that (II-16) is no 

longer a symmetrical matrix; e.g., 256 Z Zoo» etc. This is attributable to the fact that 

ej] = 12. 2, be ied core ® & if , 

| fe 5 Pak 0 abl = (of [s] [20] sy k = [s] * [2g] [8] 4# [3] [0] [5] = (11-18) 

We may overcome this unfortunate relationship by writing instead 

[eo] - [70] [*0] Be ie 2} - 3 [5] [a] [] 28 DS) 7 BS) 7 = te) SO 
| | | | | (II-19) 

We define symmetrical component voltages as 
wieve 

| | | | [2.] 5: df3 [3] [29] [s (II-20) 

| e Le e 

| e,| = ; oe Ser e, ) | (II-11) | ex ae | 

| 
| 7 S Z S = S Z S ; (II-21) 

| 2 g 9 

| eo l ae a e, 

| , so that [ z | is a symmetrical matrix. Also, 

| where 
| 

| S | . 

| 
, OT 

a =-5 + j ee = &4 cae (II-12) a = be 1 0 0 

| | 
SP6T "oa Ge = $0. “0. at (11-22) 

In abbreviated form 
| 0 1 0 

ee] = 30) be] i 
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Expansion of (11-20) will show that 

200 402 701 

[2s le Be ap (II-23) 

Z5q 99 494 

which is symmetrical and postmultiplication of this matrix by (II-22), which is nothing 

more than an interchange of columns two and three in (II-23), results in the conventional 
form (II-16) for Zo In this paper, the lower triangular matrix of (II-23) is printed 

out. 

If the system under consideration consists of more than one circuit, the trans- 

formation in (II-13) must be expanded so that ES] becomes a 3C by 3C matrix whose main 
diagonal is made up of partitioned matrices [S] as defined in (II-11), and whose off- 

diagonal partitioned matrices are all zero. 

Although the symmetrical component printed output is not in conventional format, 
it is a simple matter to number the rows 'i' in sequence 0, 1, 2 from top to bottom, and 

the columns 'k' in sequence 0, 2, 1 from left to right and to use these numbers in deter- 
mining the desired Z;, or Py, as indicated in (II-23). For systems of more than one 
circuit, a modified numbering sequence is required to obtain the mutual sequence impedances 
between sequence networks representing the various circuits. For example, Z. "k might 

indicate the mutual impedance between 'i' of the second circuit and 'k' of olen first 
circuit. 

APPENDIX III 

Matrix Inversion 

Although there are any number of ways in which a matrix can be inverted, we wish 

to choose a mechanism whereby: 

Advantage of matrix symmetry can be utilized; 
Minimum computer memory storage is required; 

- Computer programming is simple; 

. Computational procedure is reasonably efficient. XY WH FE 

The mechanism used in Appendix II for eliminating ground wires is partially a 

matrix inversion process and can be made to suit the above conditions. We prove this as 

follows: 

Given — [E] [a] [2] (III-1) 

for which we wish to find [rz] [a] rh [E] (III-2) 

Write [a] [1] [u] [E] [z] and [u] [1] [z] [e] = [7] (III-3) 

where [ul is a unit matrix and GA is a null matrix. 

In complete partitioned matrix format, then: 

Z O AU; |I - -b9 cat 
€ 

Ae 

which is of the form (II-6) shown in Appendix II. Therefore, using the same row and 

column elimination technique as described in Appendix II, we may reduce (III-4) to 

[rt] = [2] - (v] (ay* [ve] [2] or [7] - [a] ~* [Ce] 

whereby the change in sign may be performed after the inversion. Since the coefficient 

matrix in (III-4) is symmetrical (provided that [a] is symmetrical), then only the lower 
triangular matrix need be retained. The first column of the triangular matrix which is 
to be eliminated, is stored temporarily in an adjacent location. The elimination process 
applies corrections to the remainder of the A-matrix, the first row of the U-matrix, and 

the first diagonal element of the Z-matrix. As the computation proceeds, the corrected 

elements are shifted diagonally leftward and upward. 

(III-5) 

Because of the uniqueness of the U and Z matrices, these are not actually stored in 
memory, especially since only a single row of the U-matrix and a single element of the 
Z-matrix are affected at each step. 

In this manner, only a single additional temporary storage column for the real and 
imaginary parts, respectively, are required for the matrix inversion process, and the 
inverse matrix can be located in the same memory field previously occupied by the 

supplanted original matrix. 

Since the first two stages of the potential coefficient matrix consist of only 

imaginary values, the remaining matrices being complex in value, a real and a complex 

number inversion subroutine is programmed. As explained in the paper, by proper scheduling 

of computation and location of the results of the inversion process, only the memory field 
of the original matrix is required, thereby maximizing the size of the problem which may 

be handled by this program. Furthermore, this elimination process is well suited for the 

inversion of symmetrical matrices since only a triangular portion need be inverted. 
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REPORT OF ARC DEIONIZATION TIMES 
: WORKING GROUP 
’ | ON HIGH SPEED THREE POLE RECLOSING 

e SUMMARY 

A review has been made of the available technical literature on arc deionization times of 

the fault arc for successful high speed three pole reclosing. Laboratory and field tests as well as 

- operating experience were summarized and estimates made of the minimum deionization times as 

a function of voltage. 

GENERAL 

With the high capital investment required today for high voltage transmission systems, 

high speed reclosing is recognized by transmission engineers in North America as one of the most 

economical methods of: 

L. Increasing the maximum power which can be transmitted over long high voltage trans- 

mission lines without loss of synchronism following a fault. The importance of reclose 

time is shown by the fact that the transient stability of a system can be improved by 

twenty-five per cent to fifty per cent by reducing the reclose time from thirty-five to 

twenty-five cycles. 67 

a Reducing system disturbance by reclosing before large swings occur between two parts 

of a system, | | 

co Reducing line outage time and improving service to customers. 

4. In low lightning areas it is possible to reduce the capital investment in the transmission 

line by eliminating the overhead groundwires and special tower grounding by employing 

high speed reclosing. | 

Unfortunately, because of the number of variables affecting the dead time required to en- 

sure deionization of the power arc, the results of many tests under various conditions, as well as 

operating experience, must be analysed in order to select dead times which ensure dependable 

performance of a reclosing system. : 

Factors affecting deionization time are as follows: 

re Magnitude of the short circuit current. In general, the higher the tault current, the larger 

the amount of ionized gas generated. This may be offset by the greater turbulence in the 

air and the magnetic blowout action, both of which increase with higher current. 

rele Duration of the short circuit current. The longer the fault current flows, the greater the 

amount of ionized gases. This is offset also by greater turbulence, longer magnetic blow- 

b out action and thermal convection currents in the air. 

3. Magnitude and duration of capacitive and magnetic coupling current which may flow due to 

induced voltage from adjacent conductors which remain energized. This assumes particular 



ee 
is a oa 

importance for single pole reclosing or for three pole reclosing of one circuit on a double 

circuit line. 

4, Magnitude and duration of resistance follow current which flows through shunting resistors 
on some types of circuit breakers. 

5. Magnitude of re-energization voltage applied. 

6. Point of wave at which circuit is re-energized. This determines the magnitude of the surge 
and will account for much of the randomness of the results obtained. 

re Magnetic forces on the arc due to circuit configuration. 

8. Length of insulator string which determines the minimum length of the flashover path. 

o; Weather conditions - particularly the wind effect. 

10. Shape of grading rings and other parts which determine dielectric stress on reapplication 

of voltage. 

In addition to the above factors which affect the required dead time for a successful re- 

closing cycle, the following factors will limit the per cent successful reclosing sequences: 

1. Permanent faults resulting from mechanical failures and foreign objects (estimates 

indicate up to twenty-five per cent for wood pole lines and less than five per cent for 

steel tower lines 12). 

2, Multiple component lightning strokes with a duration greater than the total reclose time. 

Some ten per cent of strokes have durations greater than 0.40 seconds (twenty-four cycles) 

and thirty per cent greater than 0.20 seconds (twelve cycles). 101. Hence the stroke 

duration places a real limitation on the minimum reclose interval. 

Fortunately, the deionization time required for each stroke component is less than one 

half cycle, hence, no appreciable increase in dead time is required to allow for the deionization 

of multiple components. 40 

DEFINITION OF HIGH SPEED RECLOSING CYCLE 

By definition, reclosing time of a circuit breaker is the time required from energizing the 

circuit breaker trip coil to the re-contacting of the arcing contacts. 

Reclosing times of thirty-five cycles or less are considered as high speed. A reclose is 

considered successful only if both ends reclose. As a measure of successful reclosing on the basis 

of deionization time, a percentage successful is tabulated strictly on a reignition basis where 

possible. The deionization time is the time from final fault current zero to the re-establishment 

of voltage on the faulted circuit. 

Where secondary current flow extends beyond final current zero of the main fault current, 

this should be noted as a separate parameter. | 



Reference No. 18 

Reference No. 40 

Reference No. 43 

SUMMARY OF LABORATORY AND FIELD TESTS 

Ultra High Speed Reclosing of High Voltage Transmission Lines, P. Sporn 

and D.C. Prince, AIEE Trans. 1937, pp. 81-90. 

The authors carried out some 250 laboratory tests simulating the reignition character- 

istics of a string of insulators at 132 kv, with a restriking voltage of 80 kv under 0-20 m.p.h. 

wind conditions with fault current of 800 to 6,000 amperes. At 800 amperes and 0-5 m.p.h. wind | 

the minimum dead time was 7 to 8 cycles, whereas with 6,000 amperes it was 10 to 12 cycles. 

Increasing the wind to 10 to 20 m.p.h. reduced the dead times to 5 to 6 cycles and 9 to 10 cycles, 

respectively. The study concluded that a minimum dead time of 12 cycles was necessary to provide 

little probability of a restrike. This might be reduced to 10 cycles with over ninety per cent 

probability of successful reclosure. 

A reclose time of 21 to 22 cycles was obtained during field tests of high speed reclosing 

on a fifty-nine mile 132 kv line. On all tests the line was successfully re-energized without re- 

striking of the arc for a dead time of 10.7 to 12 cycles for a line to ground fault. For the case of 

a line-to-line fault, the line was de-energized for 11.5 to 14.1 cycles but only for 14 cycle dead 

time was re-energization successful. For a double line to ground fault, the re-energization was 

successful with a dead time of 138.3 cycles. 7 

Dielectric Recovery Characteristics of Large Air Gaps, G.D. McCann, 

J.J. Clark, AIEE Trans. Vol. 62, 1943, pp. 45-52. 3 

For an impulse type gap discharge with varying magnitude and wave shape, the gap 

recovery to fifty per cent of initial strength, i.e. capable of withstanding normal power frequency 

voltage, occurs in less than one half cycle. Hence lightning discharges have a negligible effect 

on reclosing times. However, the time element introduced by multiple strokes of appreciable 

duration must be considered in determining the reclose time in addition to the rate of recovery 

of dielectric strength of the power arc. | 

Tests of 230 KV High Speed Reclosing Oil Circuit Breaker, Schwager, AIEE 

Trans. Vol 68, 1944, pp. 784-788. 

Describes tests carried out on a single phase 230 kv, 2500 MVA oil circuit breaker 

employing a high speed spring operating mechanism. Contact opening speeds of 28 feet per 

second and reclosing time of 17 cycles (13 cycle dead time) were obtained. 

Reference No. 61 

Performance Test of the Allegemaine Eleckricitats Gesellschaft Free-Jet 

Air-Blast 220 KV, 2500 MVA Reclosing Circuit Breaker, Dovjikov, Diemond, 

AIEE Trans. Vol. 68, 1948, pp. 295-304. 

Field tests performed on a 220 kv, 50 cycle, 2500 MVA, AEG Free Stream Air Blast 

Circuit Breaker on the Bonneville Power Administration System. Three-phase to ground fault 

currents of 1, 350 amperes were interrupted in 6 to 7 cycles and reclosed successfully with a dead 

time of 12 to 14 cycles, giving a reclose time of the order of 18 to 21 cycles. For a dead time of 
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6 to 7 cycles and a reclose time of 12 to 14 cycles, the reclosure was unsuccessful. The fault was 
applied across a string of sixteen five-inchinsulators fora fault length of eighty inches. The paper 
indicates that minimum possible deionization time of a fault arc across a sixteen-unit insulator 
string may range between 8 and 12 cycles. 

Reference No. 84 | 

Short Circuit Test With Rapid Reclosing on the 220 KV Mettlen-Lavorgo 
Line, F. Shar and P. Baltensperger, Bulletin Schwiezeirscher Electro- 
technisher Verein (Sev) November 17, 1955, Also AIEE Trans. Vol. 75, 
Part III, 1956, pp. 1137-1146. 

High speed reclosing tests were carried out on the 230 kv, sixty-two mile Mettlen- 
Lavorgo line in Switzerland. For line-to-line faults a dead time of 0.25 seconds (15 cycles) 
provided successful reclosure. | 

Reference No. 67 

Insulator Flashover Deionization Times as a Factor in Applying High-Speed 
Reclosing Circuit Breakers, A.C. Boisseau, B.W. Wyman, W.F. Skeats, 
AIEE Trans. Vol. 68, 1949, pp. 997-1004. 

Report investigates minimum deionization times for insulator flashovers on 69 to 230 kv 
circuits under varying conditions. When capacitive coupling is not present, the de-energization 
time increases linearly with fault current on 230 kv systems, is practically constant on 132 kv 
systems and decreases at high currents on 69 kv systems. The duration of the fault current did _ 
not show any appreciable effect at 230 kv for an 8, 000 ampere fault current with fault durations 
from 2 to 10 cycles. High speed three-pole reclosing on double circuit transmission lines 
require 1 or 2 cycles additional dead time to allow for capacitive coupling from the unfaulted cir- 
cuit for coupled voltages of less than 10 kv. The magnitude of the coupled voltage appears 
more significant than the arc current as 5 ampere arcs required as long to interrupt as 50 ampere 
arcs. Calculations indicate that coupled voltages on 230 kv double circuit lines are of the order of 
9 kv untransposed and 3 kv transposed. 

The dead time for 60 kv circuits varied from 6 to 9 to 6 cycles for fault currents from 
1,000 to 8,000 to 22,000 amperes. The dead time at 132 kv was constant over the 8,000 to 22, 000 
ampere range at 9 cycles. For 230 kv the dead time increased from 8 to 14 cycles for fault current 
increasing from 1, 000 to 22,000 amperes. Tests made on circuit breakers equipped with resistors 
indicate that the resistor current duration can affect the dead time, particularly for reclosing of 
long lines. 

Tests made for an 8,000 ampere flashover at 230 kv show that the deionization time 
increased by some 3 cycles (from 7 to 10 cycles) when the reclosing occurred at voltage maximum 
rather than voltage zero. All data are given for voltage maximum condition. 

Reference No. 66 

Deionization Time of High-Voltage Fault-Arc Paths, Everett J. Harrington, 
F.C. Starr, AIEE Trans. Vol. 68, 1949, pp. 997-1604. | 

Suggests that the limitation on high speed reclosing may be the duration of multiple 
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lightning strokes. Meager data available to the authors indicates that ten per cent of strokes persist 

for more than 0.25 seconds or 15 cycles. Tests were performed on the BPA 115 kv system to 

obtain data on deionization of fault-arc paths produced bySLGfaults of 3, 000 to 15, 000 amperes 

of varying duration. In preliminary deionization tests at 13.8kv, recovery was rapid, never 

exceeding 3 cycles from current interruption to full recovery of rated voltage for fault currents 

in the range 600 to 1,000 amperes. In the 115 kv tests, it is assumed that recovery is complete 

when the recovery voltage has reached 150 per cent of normal voltage. This corresponded to a 

fault path resistance of 0.25 megohms. A large effect of fault current duration was obtained; for 

example, a 11, 000 ampere fault current of 8.6 cycles duration resulted in a recovery time of 8. 2 

cycles, whereas for a 1.6 cycle duration the recovery time was only 4.2 cycles. 

Authors conclude that deionization time is primarily a function of fault duration. It is 

estimated that 10 cycle dead time is required for a 4 cycle fault, 7 cycles for a 3 cycle fault, and 

5 cycles for a 2 cycle fault on a 115 kv system. 

Reference No. 71 . 

Dielectric- Recovery Characteristics of Power Arcs in Large Air Gaps, by 

G.D, McCann, J.E. Conner and H.M. Ellis, AIEE Trans. Vol. 69, Part I, 

1950. 

Report presents data on effect of arc length, current magnitude and duration on the di- 

electric recovery characteristics of 6 and 11 inch air gaps. The results indicate minor effect of 

current magnitude and duration of arc on the recovery characteristics and that the recovery is 

approximately proportional to the length of the arc. The time required to recovery of fifty per cent 

of the dielectric strength of the gap was approximately 5 cycles for 300 and 800 ampere fault currents 

with no wind. This was reduced to 1 and 2 1/2 cycles with a wind velocity of the order of 10 and 

5 m.p.h., respectively. This indicates the relative importance of wind in assessing recovery 

characteristics. | 

Reference No. 79 

Rapid Reclosing Tests on a 30 KV Distribution Network, B. Thoren, ASEA 

Journal, Vol. 25, 1952, pp. 102-108. 

Report describes a number of high speed reclosing tests carried out on a 30 kv distri- 

bution system to determine the necessary dead time to deionize arcs caused by line faults and the 

effect of motor load on the deionization period. The results show a small affect of fault current 

magnitude on dead time. The dead time required was generally less than 0.10 seconds (6 cycles) 

with the longest dead time of 0.15 seconds (9 cycles). To allow for motor loading on feeders the 
dead time increased to 0. 20 to 0. 25 seconds (12 to 15 cycles) in order to ensure successful high 
speed reclosing. 

Reference No. 102 

Arcing Short Circuits on 400 KV Transmission Lines and Methods of 
Dealing with Them, A.S. Maikopar, N.N. Beliskon, Electrickestro No. 1, 
1958, pp. 19-25, Translated in Electric Technology USSR, December 1958, 

pp... 27-38, 

Three-pole reclosing tests were carried out on Russian 400 kv transmission lines having 
lengths of 117 and 635 Km (72 and 397 miles) and including the effect of shunt reactors. The fault 
current magnitude was 2,000 amperes and the duration 0.16 seconds (9.6 cycles of 60 cycle fault current). 
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Successful three-pole reclosing was obtained with total reclosing times of 0.27 to 0.30 seconds 

(16 to 18 cycles on a 60 cycle system). For shunt reactors connected to the line section 

disconnected, the time could be reduced to 0. 20 to 0.25 seconds (12 to 15 cycles on a 60 cycle 

system). The longest sustained current arcing time was 0.20 seconds. The sustained current 

time is lower than for single pole reclosing case (0.1 amps /KM with reactors on). Allow 0.1 

second for deionization of the gap in establishing reclosing time. 

SUMMARY OF OPERATING EXPERIENCE 

Reference No. 18 

On four single-line- to- ground faults on the 59-mile Fort Wayne - Deer Creek 132 kv line, 

the average dead time was 13.0 cycles with a total reclosing time of 22 cycles and there was noarce 

restriking. The author concluded as early as 1937 that on high voltage overhead lines, outages 

caused by lightning might be reduced some 75 per cent by ultrarapid reclosing. 

Reference Nos. 25 Experience with Ultra-High-Speed Reclosing of High-Voltage Transmission 

| Lines, P. Sporn and C.A. Muller, AIEE Trans. Vol. 58, 1939, pp. 625-636. 

34 Five Years' Experience with Ultra-High-Speed Reclosing of High-Voltage 

Transmission Lines, Sporn and Muller, AIEE Trans. Vol. 60, 1941, 

pp. 241-246. | 

45 Nine Years! Experience with Ultra-High-Speed Reclosing of High-Voltage 

Transmission Lines, Sporn and Muller, AIEE Trans. Vol,64, 1945, 

pp. 225-228. 

These three papers cover three, five and nine years of operating experience, respectively, 

‘of high speed reclosing on 66 and 132 kv lines of American Gas and Electric. Reclosing time was 

adjusted for 20 cycles with 12 cycle dead time. The first paper deals with the development of 

equipment for high speed reclosing. Experience from May, 1936, to November, 1944, includes 

635 cases of flashover on 66 and 132 kv lines. Of the total, 531 were on single circuit lines and 

104 on double circuit lines. 

Successful Reclosures 570 (90%) 
Unsuccessful Reclosures _65 

Total 635 

Of the 65 unsuccessful reclosures, 8 were permanent faults, which results in a 91% 

successful reclosure rate. Data is not available as to reignitions on unsuccessful reclosures, 

however, the authors state that some failures were due to relay operations due to swings on 

reclosing between two systems. Others were a result of a line dead time of 3 to 4 cycles when 

trouble occurred on a double circuit line and clearing was not simultaneous at all terminals. 

From a reignition basis, the percentage of successful reclosures would be even higher than 91%. 

Reference No. 58 

Experience with Operating Automatic Reclosing of Breakers after Line 

Faults by G. Jancke, CIGRE 12, 1948, Report 306. 

Describes experiences of Swedish State Power Board up to 1948 of high speed reclosing 



on large 220, 132 and 44 kv networks. 

(1) 

(2) 

Reference No. 63 

11-44 kv Radial Lines 

Reclosing first placed in service in 1933 on a 44 kv radial line. 0.10 to 0.15 second dead 

times resulted in a large percentage of unsuccessful high speed reclosures on temporary 

faults. Dead time of 0.20 to 0. 25 seconds was generally employed. | 

Experience with 1, 084 disturbances: 

885 (82%) - successful high speed reclosing 

154 (14%) - unsuccessful high speed reclosing but were successfully reclosed in three 

minutes 

45 ( 4%) - permanent faults necessitating repairs 

Since 45 of the faults were permanent, the successful reclosing percentage is increased to 

85%. 

During the period 1940-1943 faults caused by drifting barrage balloons resulted in un- 

successful reclosure which would account for part of the 154 unsuccessful reclosures. 

77-220 kv Loops and Tie Lines 

Tests established a dead time of 0. 25 to 0.30 seconds at 220 and 132kv. Actual dead 

times will be less than these due to varying fault times. Total fault time including relay 

time is 0.11 seconds. Experience with 14 high speed reclosures is as follows: 

8 - successful (57%) | 

1 - unsuccessful - permanent fault 

2 ~ unsuccessful - circuit breaker fault or other station fault 

1 - breaker failed to open 

_2- system instability 

14 - Total 

On the basis of reignition only, the percentage successful would increase to 100%. 

Experience with High Speed Reclosing, G.E. Dana, Electrical Engineering 

October 1948, pp. 942-944. 

Operating experience is given from 1945-1948 with high speed reclosing on two 114 kv 

lines of New York State Electricity and Gas Corporation. Reclosing time was 20 cycles with 12 - 

15 cycles of dead time. 

Successful Reclosures 31 (78%) 

Unsuccessful Reclosures 9. | 

Total 40 

Unsuccessful Reclosures: 

1 - permanent fault; 2 - reignition 
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One line of 82 miles length without groundwires had 39 operations, second line 20 miles 

long with groundwire had one operation. 

Reference No. 60 

Staged Tests and Operating Results on an 8 KV Overhead Line System 

Using High-Speed Automatic Reclosing, by Naef andJ. Wild, CIGRE 12, 

1948, Report 331. 

This report gives data on high speed reclosing on an 8 kv distribution system, The re- 

close time is 18 cycles with a dead time of approximately 14 cycles. Statistics are given for a four 

year period on six 8 kv feeders and on the 8 kv network for one year. In the latter case, the results 

are tabulated below: | 

Successful Reclosures 67 (64%) 

Unsuccessful Reclosures 37 

Total 104 
ee 
eee 

In twenty out of the thirty-seven unsuccessful reclosures the breaker could be reclosed 

manually. If it is assumed that the remaining seventeen were permanent faults, the successful re- 

closures increase to 78%. 

Laboratory tests were carried out by the authors to determine the required dead time at 

6 to 10 kv for fault currents in the 3,000 - 8,000 ampere range. The tests indicated that the effect 

of current, voltage and gap separation were very slight on arc deionization time. There were no 

reignitions of the arc for a dead time of over 3 cycles, therefore, the authors concluded that in the 

10 kv range a dead time of 6 cycles should be sufficient to avoid reignition of the arc. 

Reference No. 83 . | 

Operating Experience with 230 KV Automatic Reclosing on Bonneville 

Power Administration System, D.A. Gillies, AIEE Trans. Vol. 73, 

1955, pp. 1692-96. | 

Operating experience on the 230 kv system of BPA, 1950-54. Reclosing times were 

initially set at 45 to 60 cycles but have been reduced to 20 cycles with a trial installation of 15 

cycles. For dead times of 20 cycles or less, the experience is as follows: 

Successful Reclosures 87 

Unsuccessful Reclosures 15 

Total 102 
Se 

Unsuccessful Reclosures: 

12 - permanent faults; 3 - resulted in reignitions 

Thus, 96% of the reclosures were successful based on temporary faults. BPA's objective is to 

establish practical limits of high speed reclosing by reducing the reclose time until failures due 

to insufficient deionization or repetitive strokes become too high. The author indicated that high 

speed reclosing provides a means of lightning protection that is now considered preferable to the 

use of overhead groundwires. | 



| -9- 

Reference No. 95 3 

Ultra High-Speed Reclosing Experience, Barnes, Hauspurg and Kinghorn, 

AIEE Trans. Vol. 77, part IIT, 1958, pp. 137-144. 

Two years of high speed reclosing experience on twenty 345 kv lines of American Electric 

Power, As there was no previous experience with reclosing times at 345 kv, the dead time 

was determined by extrapolation of existing data to 345 kv. Principal factors influencing the 

duration of the de-energized time were: 

(1) Magnitude of fault current. 

(2) Point of voltage wave at which reclosing occurs. 

(3) Capacitance coupling of parallel energized circuit. 

Calculations indicated a reclose time of 37 cycles, however, based on a reasonable fault 

magnitude and other factors, a reclose time of 28 cycles was used. 

Operating experience is as follows: 

Successful Reclosures 90 (59%) 
Unsuccessful Reclosures 62 

Total 152 

Of the unsuccessful reclosures: 

11 - permanent faults; 28 - reignitions; 23 - successful reclose from 

one end. 

Considering the reignition only as unsuccessful exclusive of permanent faults, the success- 

ful reclosure would amount to 80%. Further cataloguing of the data on a purely reignition basis in- 

dicates the following: | 

Lightning. 

Successful 98 (96%) 

Unsuccessful 4 

Single Circuit Double Circuit 

Successful — 40 58: 
Unsuccessful 0 4 

Sleet 

Successful 15 (39%) 

Unsuccessful 24 

Total 39 

The authors point out that analysis under sleet conditions is difficult but that performance 

was disappointing. Indication is that success under sleet conditions is a function of mechanical de- 



i Ee 

sign factors of the line. 

The success in reclosing for single circuit against double circuit lines (100% vs. 94%) 

suggests that coupling from energized circuit has an effect although the authors state that there is 

no effect on required dead time for lines under 62 miles in length. Conclusions reached by the 

authors is that reclosing time is adequately long for lightning flashovers and possibly could be 

shortened. Further study required as to record under sleet conditions and the effect of coupling 

voltage on double circuit lines. 

In his discussion of this paper, Mr. B. L. Lloyd commented that a study of available 

laboratory tests and operating experience indicated a consistent trend in required dead time with 

increasing voltage. He concurred with the reclosing time selected by the authors for 345 kv. 

Reference No. 105 

The 345 KV Transmission Systems of the American Electric Power Company 

and the Ohio Valley Electric Corporation, F.M. Porter and H.P. St. Clair, 

CIGRE #407, 1960. 

With 28 cycle reclosing time (equivalent to approximately 24 cycle dead time) the 345 kv 

lines were re-energized after lightning faults from one or both ends 96% of the time. Field tests 

conducted in 1957 indicated that the reclosing time could be reduced substantially in areas exper- 

iencing moderate short circuit duties without appreciably decreasing the percentage successful 

reclosures. Accordingly, in 1958 all AEP lines were changed to 22 cycle reclosing (equivalent to 

a dead time of approximately 18 cycles). Based on lightning faults, the lines were successfully 

re-energized 22 times out of 23 operations, or 95. 6%. Thus reducing the reclosing time to 22 

cycles has not changed the overall performance. 

Reference No. 104 

| 3 Field Tests on 345 KV High Capacity Oil Circuit Breaker at Philip 

Sporn Power Plant, O. Naef, J.D,M. Phelps, W.R. Wilson, 

A.L. Streater, Power Apparatus and Systems, October 1959, pp. 829-843. 

For high speed three pole reclosing, six fault tests were initiated across on 18 unit 

suspension insulator string. The reclosing time was 15 to 16 cycles. On four tests the reclosure 

was successful and on two tests the arc restruck across the insulator. The average dead time on 

these tests was 12 cycles, some 7 cycles less than the minimum now used on the AEP system. 

Reference No. 106 

Report on the Work of Study Committee No. 9 on Extra High Voltage 

AC Transmissions, P.H. Sporn, F. Cohen, M. Magnien, CIGRE #416, 

1960. 

Summarizes the reclosing performance of seven countries. The percentage successful 

reclosure where the line was restored to service almost immediately is as follows: 

Type of Fault % Successful Reclose 

Lightning 83% 

Fog | 87% 

Icing | 12% 
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Type of Fault % Successful Reclose 

Other Faults 54% 

Overall Performance 70% 

Generally speaking, the auto-reclose of EHV circuits is very successful in clearing non- 

persistent faults, such as caused by lightning and fog. : 

Reference No. 107 : ) 

Minimum Time of Automatic Reclosing, A,S, Maikopar, Electric 

Technology U.S.S.R., Vol. 2, May 1960. 

This paper contains a summary of twenty-nine references on three-pole and single-pole 

reclosing including the dead time required for. reclosing at different voltages. The conclusions 

are that single and multiple lightning strokes do not affect the dead time required due to the brevity 

of their duration and rapid recovery of dielectric strength on the lightning channels; wind plays an 

important part in the recovery of dielectric strength; and the dead time increases with current 

duration up to a point where the volume of luminous gases ceases to increase due to the upward 

convection of cold air currents and may even decrease. At higher voltages the insulator string is 

longer and the effect of the convection currents is less, thus resulting in a longer deionization time. 

If the influence of the duration of the short circuit and wind speed are ignored, the basic 

factors influencing the dead time are the magnitude of current and line voltage. For comparison 

purposes the range of required dead times obtained in this paper are shown in Table I. 

COMMENTS AND CONCLUSIONS 

Table I and Figure I summarize the results of all data analysed by the committee on the 

minimum deionization times of the fault arc for successful three pole high speed reclose. 3 

The summary of laboratory and field tests versus operating experience indicates an in- 

creased allowance of some 5 cycles for a minimum dead time under operating conditions as com- 

pared with test results for successful three-pole reclosing. Where the variables influencing the 

required dead time allow, it may be possible to reduce the dead time under operating conditions 

closer to the minimum as determined under laboratory and field test conditions. Certainly further 

basic research into ion behavior and arc deionization characteristics should be carried out in order 

to increase our understanding of the parameters affecting the minimum dead time. | 

The following factors influence the minimum arc deionization or dead time: 

(1) Circuit breaker with resistor 

The additional dead time required for resistor current duration following clearing of the 

main fault current appears to vary with the conditions. Conservatively, the dead time should 
be increased in accordance with resistor current duration. 

(2) Capacitive and inductive coupling from a parallel circuit on a double circuit line. 

Only a small amount of information is available at 230 kv on this point which suggests that 
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a small current flow will continue for several cycles beyond the clearing of the fault. Because 

of the small amount of ionization and short duration of sustained current, no additional dead 

time was considered necessary. At higher voltages, this may assume increased importance. 

(3) Swing angle between the two parts of the system when reclosure occurs. 

The angle of swing will introduce a switching transient proportional to the angular differ- 

ence between the systems which, according to one reference, increases with line length. 

(4) Multiple component lightning strokes having a duration greater than the reclosing time. 

Based on statistical data available, 10% of strokes have durations exceeding 0.40 seconds 

(24 cycles) and 30% greater than 0. 20 seconds (12 cycles). This duration will not have much 

effect on reclose times for system voltage above the 345 kv level as dead times are of this 

order of magnitude. 

(5) Additional factors which affect deionization time include wind, are current magnitude and 

duration, rate of rise of recovery voltage and magnitude of recovery voltage, etc. 

A considerable amount of operating experience on three pole high speed reclosing is now 

available: unfortunately, much of this data has not been compiled in sufficient detail to provide a 

dependable basis for analysis of operating experience. There is much to be gained by up-to-date 

tabulation of the operating experience of high speed reclosing as operating data is the proving 

ground for reclosing. times and arc deionization times. With the present widespread use of auto- 

matic monitoring equipment, the analysis of this operational data should be greatly facilitated. 

There is at present no standard for classifying reclosing data. Accordingly, the Working Group 

recommend the recording and classifying of this experience as shown in Table II. 

There are a number of arc deionization characteristics which appear to be inconsistent 

under different conditions. For example, the effects of arc duration and current magnitude vary 

widely in the different references. Because of the effects of arc configuration, thermal convection 

currents, magnetic effect of leads, variation in wind, etc., these differences are not surprising. 

There also appears to be some variation in the required deionization time as a function of the type 

of fault, i.e. single line-to-ground versus line-to-line. 

As more test data and operating experience become available, particularly at system 

voltages up to 500 kv, the minimum reclosing times for high speed three pole reclosing will become 

more firmly established and our understanding of the effects of the various parameters on this arc 

deionization time better understood. The reduction in transmission system investment obtained by 

possible reduction in the arc deionization time is significant, hence there is a real incentive for 

carrying out further arc deionization tests particularly at 230 kv and above. 
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ESTIMATED MINIMUM DEIONIZATION OR DEAD TIME 
REQUIRED FOR AUTOMATIC THREE-POLE RECLOSING 

Minimum Deionization Time (Cycles of 60 Cycle) 

Based on Laboratory Based on 

Rated Voltage From Ref. No. 107 and Field Tests Operating Experience 

23 6 to 7.5 ea a a 

46 : - 7 ig 

69 8.5: to 9.6 y fees 1255 

1.1.5 - 9 14 

132 10.2 9.5 | 14.5 

230 Lie tO" FS 25 17 
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TABLE II 

SUMMARY OF OPERATING EXPERIENCE 

ON THREE-POLE RECLOSING 

SYSTEM 

OPERATING VOLTAGE - KV 

LENGTH - Miles 

CIRCUIT CONFIGURATION - (Single or Double Circuit) 

YEARS EXPERIENCE 

RECLOSING TIME - Total 

- Dead Time 

- Secondary Arc due to Resistor, Coupling, etc. 

SUMMARY OF RECLOSING OPERATIONS 

Lightning | Sleet 
Single Double Single Double 

Cireuit Circuit Circuit Circuit Other 
No. Successful 

No. Unsuccessful 

(a) No. Permanent 

(b) No. Reclosed on one end only 

(c) No. Relayed off due to Swing 

(d) No. Failed due to Reignition or 

Repetitive Lightning Stroke 

% Successful 

% Successful Based on Reignition 

Failure or Repetitive Lightning 

Stroke Only 

SUMMARY AND REMARKS 

Total 
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Fundamental Aspects of Some Switching 

Overvoltages on Power Systems 

J. ZABORSZKY 
FELLOW AIEE 

Summary: System overvoltages caused by 
switching are of interest in insulation co- 
ordination problems. This paper treats 
such overvoltages in a graphical fashion, so 
that a visual concept of overvoltage versus 
time is provided in both single- and 3-phase 
cases involving resistive loads, inductive 
loads, and capacitive loads. As _ special 
cases, attention is given to a neutral inver- 

sion problem and to a case of coupled cir- 
cuits. 

HE INCREASING complexity of 

power systems has created difficulty in 

analyzing specific cases of trouble which 

seem to stem from system overvoltages. 

It is believed that some of this difficulty 

can be minimized if one has a thorough 

grasp of the causes of overvoltages. 

It is the purpose of this paper to demon- 

strate and review a few of the funda- 

mental conditions that can cause over- 

voltages. In particular, overvoltages aris- 

ing from switching operations will be dis- 
cussed. 

J. W. RITTENHOUSE 
FELLOW AIEE 

It is believed that the graphical ap- 

proach that is followed provides an easy 

means of conducting a review in pro- 

viding a good physical concept of the 

basic causes of many kinds of -overvolt- 

age phenomena. 

Restrikes in a Single-Phase | 
Resistive Circuit 

A single-phase radially fed pure resis- 

tive load is shown in Fig. 1. The line it- 

self is assumed to be purely resistive, and 
while this is admittedly not a practical 

combination, it is included here as an 

introduction to practical but more com- 

plicated situations which will be dealt 
with later. 

Current is interrupted at time 4; prior 

to that there is a voltage drop, with a 

peak value of AZ, on the line. 
the resistive circuit shown, is exactly in 

phase with the current, J, which in turn 

is exactly in phase with the source volt. 

Fig. 1. Circuit, voltages, and 

current considered in the 

single-phase resistive 'restrike 

and energizing cases (left) 

Fig. 2. Circuit and voltages 

considered in 

resistive restrike and energizing 

cases (right) 

This, for: 

the 3-phase- 

age H,. Following current interruption 

at f, the voltage H, remains zero, while 

the source end of the switch follows the 

source voltage E,= Hy. 

The difference between the £, and Ey 

curves, £,—E,, is the recovery voltage 

which is being built wp across the gap of 

the switch. 

If at some time after # the recovery 

voltage exceeds the dielectric strength be- 

tween the switch contacts, a restrike 

will occur. The potentially most danger- 

ous time for this is & when the peak re- 

covery voltage is reached. Nothing un- 

pleasant happens, however, in this purely 

resistive circuit. The current is re-estab- 

lished, and it instantaneously assumes the 

value it would have had at the instant of 

~ restrike if there had been no interruption. 

The voltages of the terminals a and A 

instantaneously shift to satisfy the condi- 

tion E,=E, which would have existed 

with the load connected and if no inter- 

ruption had occurred. 

Restrikes in a 3-Phase Resistive 

Circuit 

Conditions for the 3-phase purely re- 

sistive circuits are shown in Fig. 2. The 

line resistances have been omitted in this 

illustration to keep it as uncluttered as 

possible. 
Current (not shown) in phase A is 

interrupted at time ft. From here on 

E,=En, and since ” now is simply the 

midpoint of a voltage divider between 

points b and c, also E,=(Ly+£)/2. 

Eq En do 
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—oB b =n 

E.-E¢ I 

—oC ¢ 



actiis dale ‘j Ea. Less than 
PSUSE GLUE DPHELE S i Qs ir FE 

t ALE hat 5) for 100% overshoot 

[niW OSS enkentrst Ete Sins: SELPE 105 59% overshoot) 
ae | ee pr ae ee 

SJ 2EwoLlork motmve sdi to b 2 off Fs eB 7 v¥ LEMS § ELS BE Vee ALS Lt Ls TE me Ge arf} 

Pn ge ep Cae wane 

* a, 5 e s K ” 

istis sunt arrroe te TF] AbD g ~~ Sty a a 

-ocaf 3p) {5° ste jerkebovde sAoltage which 
PEACHES itS peak at he. a Even iti this%@ase 

Qi Spestrikeo ‘arises! n6tnhdtie disttitbanke. 

Phe’ ‘eiifrent (aiot” shown) ‘inistanntatieouisly 

résuinies: ity steady state VariAtions, Justas 

in*the Sifiglé! phase Case? ‘ard the voltae 

Hp shifts GveP to eoindide With2) whigh 
i this’ cifetiit. i/alsothe SOtirde! Vvoltage.c! 
O Jfig6 Pesto ke 6612S" ‘ett bs) °B" will! “of 

CbtESE! TOE! drop t6thO BL), Gitve as show 

Purthiernioré) Sitiée? ‘the ‘irigle- iphase! éur- 

retit? in* ‘phases: Brand C48 passit aon ‘Sigh 

266 “at Hee bes Gan oeteal’ tinte for inte 

riiptioti in’ thesé priagegino2 bsol oc} sinw 

Accordingly, assunitifig°tHo [FéStReT At 

fyc in phase A, and assuming current inter- 

ruption int phases: Bland: 6 at Rete! volt- 
ages E,, Ey, and EF, will undergo:’ithange 

in behavior after fg. 

~O1f tere wered truly no icapacitatice in 
ad sietehl nisttadicatedtingioniiies, 
these voltaves wonld-simplpP drops Zero 
at Ryo! More: realistically, ‘ thowels Here 

actually is stray capacitance betweeifthe 
groundand the load résistors; so activally 

Ey, Bp andB, willterato remain eorstant 

avinys BZ, 2055 after the interruption 

Gf: phases ‘Board Geakente to Jaiogbim 
The haxiimtinvalue? of Pebovery. WOT 

age across the deen in phases B and C 

poeeenee,, 
%, 

ike,"TF a 

Zestrike Xt uF PAE 7 spond 5; phat e volt- 

ages and’ citfre nts eee their 

sinusoidabva Baa, that all aoe = 
0 - ; i = ait = 

* ° 
% 

Technical pia es Department for presentation 

at the AIEE Winter General -Meeting, New York, 

N. Y., January 28-February-2-1962. Manuscript 
submitted Novéiiber’’8, “r96k?” made available 
for printing Decemiber 21, 4968 

J. ZABORSZKY is) with” Washingt on University, St. 
Louis, Mo., andj: W HOUSE is with the 
Hi-Voltage Equipment’ Company Cleveland, Ohio. 

a Fig. 3. Circuit, voltages, and 
current considered in the 

single-phase inductive restrike 
case (left) 
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Figs. 1 and 2. The circuit 38 free” ob enti, simultaneously reach , ‘their. r_..peak 
oe - 

charges or transients at the times tygtbe, or 

energizing might occur; consequently 

there will be no difference whether this 

re-energizing occurs 1/2 cycle~after de- 

energizing or a week after de-energizing. 

Restrikes in Single-Phase 
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oni okddusieasetiheconditions under study 
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be unknown; in fact, the lumped values 

shown in Fig. 3 are highly oversimplified 

approximations of much more compli- 

cated distributed constant circuits. 

Accordingly, the exact value of £ will 

rarely be known. 

Whatever the value of E is, though, 

the voltage of points a and A will now 

tend toward the steady-state sine wave 

Ewv=E,, and since the system shown 

is lossless this voltage will overshoot by 

about the original amount of the devia- 

tion between —# and Lz=E,2—1. This 

overshoot will carry the value of E,=E, 

beyond the normal steady-state peak 

value; so an overvoltage is present. 
As can be seen, the value of this over- 

voltage will always be less than three 

times the peak of the steady-state voltage. 
The value 3 will be reached in the un- 

likely situation of Cg>>C, which is about 

equally as unlikely as having the same 

transient frequency on either side of the 

switch. Accordingly, this value should be 

viewed as an outside limit which can occur 

only under extreme conditions of coin- 

cidence and only on lossless circuits. 

A high-frequency current wave of the 

same frequency as the voltage, but lag- 

ging it by 90 degrees, will accompany the 
transient voltage wave. 

For the lossless circuit shown, the volt- 

age and current waves should be un- 

damped sine waves superimposed upon 

the steady-state E,=E, and I waves 

respectively. In a realistic circuit these 

waves will be damped sinusoids since 

resistance will always be present; so the 

transient usually will disappear in a frac- 

tion of the 60-cycle period. Furthermore, 
the first overshoot will seldom exceed 

60% in contrast to the 100% shown in 
Fig. 3. 

In general if the overshoot ratio is P% 

in both transients, the maximum over- 

2. Fig. 5. Circuit, voltages, and 
current considered in the 

ing case (left) 

Fig. 6. Circuit and voltages 
considered in the 3-phase 

inductive energizing case 
(right) 

voltage will reach a value of 

P 

pee 1421 14% | pu 

Another guide value, but not necessarily 

an outside limit, is 

tio aa GI op 100) |?" 

This represents the case of Cy=C, 

which should not be too widely different 

from reality. 

To keep the illustration clear, Fig. 3, as 

do many of the other illustrations, shows 

only stylized forms of the first lobes of the 

transient waves. 

Restrikes in 3-Phase Inductive 

Circuits 

For this case the conditions under 

study are represented in Fig. 4. The 

principal differences between this and the 

single-phase case is that there are more 

voltages and more combinations in a 3- 

phase circuit; consequently there can 

arise more situations which are potentially 

critical as far as the height of the over- 

voltage is concerned. 
The current of phase A (not shown) 

can be interrupted at f, when its value is 

zero. After this’ interruption, voltage 

E, tends toward (£,+£,)/2 because 

points a and 2 simply become the mid- 

point of a symmetrical voltage divider, 
but it overshoots to H,=—2 in this 

inductive, capacitive (distributed capaci- 

tance not shown), lossless, circuit. Volt- 

age E, tends toward the source voltage, 

but for clarity in Fig. 4 it is assumed 

tliat EF. 

A restrike at the peak of the transient 
recovery voltage, H,—E,, will imme- 

diately bring E, and E, together at E’,, 

a value determined by the (unfortunately, 

3 
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usually unknown) stray capacitances at 
the two contacts of the switch and at ad- 

joining conductors. 

From £’, the voltage seeks to assume 

the steady E, variations through a tran- 

sient which swings it from its original 

value and polarity to a value of the 

opposite polarity equal to H,+(£,—E’,). 
As can be seen, in the unlikely but con- 

ceivable case when H’,<——2 this over- 
shoot may produce an overvoltage of four 

times the normal peak. This can be 

shown to be the absolute maximum 

possible value of overvoltage for un- 

grounded 3-phase inductive switching. 

With an overshoot ratio of P%, the 

maximum possible overvoltage is 

Eo= : a Cee ee pu 
100 100 

and if C,5=C, 

1.5P 
= | ---——_ 

cota 100 P" 

The last value is quite realistic, but it is 
not necessarily on the safe side. 

If phase A remains interrupted, phases 
B and C can be interrupted at =f, since 
this is the instant of current zero in the 

single-phase current that flows in phases 

B and C after interruption in phase A. 
A restrike here, however, only produces 

overvoltages of less than 2.56 times nor- 

mal peak, as shown in Fig. 4 for 100% 

overshoot. For P% overshoot. 

ee V2 (3 +5) oa 

The explanation given for time ¢, is be-’ 

lieved to be sufficient to enable the reader 
to follow from Fig. 4 what happens after 

a restrike in phases B and C at &,. The 

remarks on damping given for the single- 

phase case above apply equally for the 3- 

phase case. 
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Fig. 7. Circuit, voltages, and current considered in the single-phase 

capacitive restrike case 

Energizing a Single-Phase 
Inductive Circuit 

some of the results of energizing a loss- 

less single-phase inductive circuit are 

shown in Fig. 5. The circuit is assumed 

to have been de-energized for a long time 

prior to energizing. At time ¢, the switch 

is closed and voltages HZ, and E, join at a 

value / which, according to the findings 

in the preceding sections, is determined 

by the capacitances C, and Cy. 

For Fig. 5 at time 4 

_CA+4E)Ca4 
E 

Cat Ca 

Immediately following the closing of the 

switch (i.e., following é), the joint voltage 

Ea= E, seeks, through a transient, coinci- 

dence with the steady, loaded, voltage var- 

iations of the H,=, curve. In the loss- 

less case the transient carries the voltage 

above the £,=#F, curve by an amount 

equal to the oringinal difference, at h, be- 

tween EL and the value that EF, would 

have had if the switch had been closed a 

long time prior to 4. 

As can be observed from Fig. 5, this 

overshoot can never produce an overvolt- 

age in excess of twice the normal peak 

voltage at the switch. This contrasts 

with an overvoltage of less than 3 (Fig. 3) 

on de-energizing. For a P% overshoot 

ratio the maximum is 

roe 
Sig ae eds, 
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The generalized remarks made earlier 

in connection with the improbability of 

encountering this maximum limit, and the 

significance of the C,= C4, case, also apply 

to the situation described here. It 

should be mentioned, however, that if the 

energizing occurs at a time other than 

the normal current zero, there will be an 

additional current transient resulting in a 

slowly decreasing displacement of the 

current wave (inrush phenomenon). Dis- 
cussion of this is beyond the scope of this 

analysis since this study is concerned 
with overvoltages. 

Energizing a 3-Phase Inductive 
Circuit 

Some of the consequences of energizing 

a long-dead 3-phase circuit are shown in 

Fig. 6. The highest possible overvoltage 

will occur in this case if phase A is closed 

at a time 4, following the prior closing of 

phases B and C. 

As before, the voltage E, will shift to 

4 

point EH’ which lies between H,=1 and 
a=L,=E,=—0.5 at 4 (prior to 4, Eg 

is determined by the voltage divider effect - 

of the phases B and C loads). Again, the 
value of H’ is undefined in terms of quanti- 

ties which are commonly available for the 
system. 

The maximum possible value of the 

overvoltage can be found from Fig. 6 

to be less than 2.5 times normal peak volt- 

age as compared with four times in the 

case of restriking (Fig. 4). For a P% 
overshoot ratio 

1.5P 
100 P" 

and-tor<Ca=C 4 

Fo=1+ 

It is significant that the overvoltage 
values which can occur in inductive 
switching are, in general, not defined in 
terms of available quantities. Only 
maximum limits can be found. 

Restrikes in Single-Phase 
Capacitive Circuits 

The capacitive circuit considered is 
shown in Fig. 7 as a purely capacitive load 
supplied from a lossless line represented 
for simplicity by a nominal 7 circuit. 
The current is assumed to be interrupted 
at time #; leaving the capacitor charged to 
voltage E,=—1. | 

4 

SS 

(-2.2 for 60% overshoot) 

The recovery voltage, E,—E,, across 

the switch A—a will then develop in the 

manner described in a previous paper,! 

and the largest value of the recovery volt- 

age will be reached at % This, then, is 

the likely critical time for a restrike. 

_A restrike is assumed at tf, and since 

the switched capacitor C is much larger 

than the equivalent capacitance of the 

line Cy, voltage EH, at tf, will shift essen- 

tially instantly to join the voltage H, at 

FE, =E,=—1. | 

From this value a transient will try to 

carry the voltage ,=£, to its steady- 

state condition as indicated by the sine 

wave after é.. 

In the lossless circuit assumed in this 

case, the overshoot of the transient will 

be unrestrained; so the voltage will rise 

to three times normal peak voltage. 

The high-frequency transient voltage, 

after 4, will be an undamped sinusoid 

superimposed on the £,=, curve if there 
is no loss in the circuit. 

In the more realistic case which in- 

cludes losses, the high-frequency transient 

will be damped out within a fraction of a 

60-cycle period, and with a 60% overshoot 
ratio the overvoltage will be 2.2 times 

normal peak. In general, for P% over- 

shoot, 

Fey ame 
ae coe heat 

In this type of capacitor switching the 

frequency of the transient is likely to be 

a small fraction of the frequency en- 

countered in inductive switching because 

of the large value of the switched capaci- 

tor. Bank-to-bank switching, however, 

results in much higher frequencies (but no 

significant overvoltages) and high trans- 

ient currents.” 

The high-frequency transient voltage in 

Fig. 7 is accompanied by a transient cur- 

rent of equal frequency leading the volt- 

age by 90 degrees; so in Fig. 7 the cur- 

rent will be zero when the transient 

voltage is at its peak value. 

Should the current be interrupted at 

the first zero on the transient wave, the 

capacitor will be left charged at a voltage 

of three times normal in the lossless case. 

(2.2 times normal for 60% overshoot). 

This represents a danger peculiar to 

capacitor switching in that properly 

timed, successive interruptions and re- 

strikes can result in a gradual buildup 

of the overvoltage and recovery voltage. 

Fig. 8, representing an initial current 

interruption at ¢,, illustrates the conse- 

quences of such a sequence of interrup- 

tions and restrikes (for stmplicity AE=0 

in this figure). : 
If at time ft a restrike and a successive 

high-frequency currentinterruption leaves 

the capacitor charged to three times nor- 

mal peak voltage, another restrike occur- 

ring at fz will cause the voltage in the un- 

damped circuit to swing over to five 

5 

current zero, the capacitor will remain 

charged to five times normal peak volt- 

age, and so on. 

Of course, the probability of occurrence 

of such a uniquely timed series of inter- 

ruptions and restrike is very small since 

many conditions in sequence must be 

met. Specifically all restrikes must occur 

exactly at the peaks of recovery voltages, 

and the currents must always be inter- 

rupted at the first high-frequency current 

zeros. Furthermore, the system must be 

undamped to provide the overshoot ratio 

of 100%, otherwise the buildup of volt- 

age 1s much smaller as shown by the 

60% overshoot values in Fig. 8. 
Even if such a regular sequence does 

not occur, though, repeated restrikes: in 

a capacitive circuit can cause overvoltages 

in excess of three times normal. 

So far in this section, the examination 

based on the conditions shown in Fig. 

7 has ignored the effects of reactance 

in the neutral, or return side, of the single- 
phase source. Fig. 9 takes into account 

the existence and effects of such a react- 

ance. 

An analytical comparison of Fig. 9 with 

Fig. 7 will reveal that either half of the 

symmetrical single-phase circuit of Fig. 9 

will behave in the manner of the circuit 

of Fig. 7. The center may be grounded 

or floating as long as the symmetry is 

maintained, and the results are the mirror- 

image-type voltage and current variations 

in Fig. 9. Each image is individually 

identical to its equivalent single trace in 

Big? “7. 
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The overvoltages above ground are 

also the same (three or 2.2 times normal). 

Of course, if the neutral is floating and 

asymmetrical these overvoltages could be 

larger by the amount of the asymmetry. 

Restrikes in 3-Phase Capacitive 
Circuits 

It is apparent that 3-phase grounded 
neutral circuits behave like three inde- 

pendent single-phase circuits of the type of 

Fig. 7, so this situation needs no further 

analysis. For ungrounded neutral sys- 

tems, though, additional analysis is 

warranted. 7 

Fig. 10 depicts a case in which phase A 

is interrupted at ¢,, and phases B and C 

are interrupted at %,. Restrikes across 

switches A-a and C-c are assumed to occur 

at hh. 

Immediately following the interruptions 

of the phase currents, the recovery volt- 

ages build up across the switches as 
described in a previous paper.! This 

buildup is such that at f there is a total 

recovery voltage, F,, of 

E, = Eq— Ea—(Ec— Ec) 

=1.5+1-+0.866+0.5=3. 866 

and a trapped voltage, Fray, on the capaci- 

tors of 

Ean —_= pant —F, 

= 1.5+0.866 =2.366 

At the moment of the restrike, the 

recovery voltage will disappear across 

switches A-a and C-c (Fig. 10) and will 

instantaneously appear across inductances 

X in phases A and C. The voltage across 

the capacitors will, of course, remain 

momentarily unchanged. 

Since the line inductances are equal, 

they will assume equal shares of the re- 

covery voltage, and since the restrike 

establishes an arc across switch A-a, LE, 

must immediately become identical to Ey 

(neglecting the small arc voltage). Let 

it be assumed that E, and /, merge at 

E=EH,=E,=0.933 as shown in Fig. 10. 

Then across the reactance, X, in phase A 

there is an instantaneous voltage of 

E4— Eq=0.9383+1= 1.938 

Pursuing logic similar to that above, it 

can be assumed that A,=E,=ELo= 

—1.433 immediately following the re- 

strike; then the instantaneous voltage, 

E—e¢, across the reactance, X, in phase 

C will be 

E,— Ec=0.5+1.433 = 1.933 

The values of H=H,=E£,=0.933 and 

E,=Eo=E,.=—1.4838 assumed above 

have resulted in the required condition 

that the voltages L,—E, and £,—E, 

across the phase A and C reactances, X, 

are equal immediately following restrike. 

Furthermore, the sum of these two volt- 

ages, H,—E,+H,—e, is equal to the 

recovery voltage, H,=3.866, immediately 

before restrike as follows: 

E4— Eat Ey, — Ec=0.9383-+1-+0.5+1.433 

= 3.866 

and since the difference between these 

assumed values is equal to the capacitor 
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voltage, Fray = 2.366, immediately prior 

to restrike as follows 

E—E,=0.933—(—1.483) = 2.366 

it can be concluded that the assumed 

instantaneous voltage distribution im- 

mediately following restrike is a valid one. 

These assumed values could, of course, 

be determined, and, in fact, they have 

been, by setting up and solving simul- 

taneous equations. 

Once the restrike has occurred, and the 

terminals A-a have been bridged by an 

are, the voltage H,= E, will immediately 

start to change from its immediate post- 

restrike value of E=E,= E,=0.933 back 

to the steady sinusoidal variations estab- 

lished by the source. 

In the first instants of this transient 

interval it will try to assume the value 

of L,=E,=—1.0. However, because of 

the intertia inherent in the system it will 

overshoot. If the system is truly lossless, 

as shown in Fig. 10, the overshoot will be 

100%, the maximum system overvoltage 
will be 2.933 times normal, and the tran- 

sient oscillation will have an infinite decay 
time. If, however, the realistic condition 

of losses exists, the overshoot will be 

less than 100%, the maximum system 
overvoltage will be less than 2.933 (for 

60% overshoot it will be only 2.15), and 
the transient will attenuate quite rapidly. 

The maximum overshoot voltage for a 
circuit having an overshoot ratio of P% 

is . 

| P 
=1-+1.933 — Fo=1+1.9 100 pu 

The conditions depicted in Fig. 11 are 

similar to those discussed for Fig. 10. 

They differ in that the restrike in phases A 

E, it 2 for 100% overshoot 2. Fig. 13. Circuit, vol- 

E, i 

and C occurs at & 1/12 cycle later than 

in Fig. 10. In this case the recovery 

voltage is 

E,= Eq—E,—(E-—Ec) 

= 1.5-+0.866 +0.866-+0.866 = 4.096 

and the trapped voltage on the capacitor 

is 

Eeap — Ea—E- 

= 1.5—(—0.866) =2.366 

As was shown in a previous paper,! the 

above value of #,=4.096 is the largest 

possible value of recovery voltage for the 
circuit of Fig. 11. 

Pursuing the same logic that was fol- 

lowed in the case of Fig. 10, but assuming 

in this case that 

E=E,g=Eq=1.182 

BE, = Ec= E,= — 1.182 

it is apparent that 

E,— Ea=1.182-+0.866 = 2.048 

and 

E,— Ec=0.866+1.182 = 2.048 

so the voltages across the A and C phase 
reactances X are equal. Furthermore, 

the additional required conditions that 

E; —— Ea— EatEy—Ee 

= 2.048+2.048 = 4.096 

and 

E—E,=1.182—(—1.182)=2.366 

= Heap 

are satisfied (except for round-off errors). 

(16 for 60% overshoot) tages, and current 

considered in the 

single-phase capaci- 

tive energizing case 

(left) 

Fig.14. Circuit and 
voltages considered 

in the 3-phase ca- 

pacitive energizing 

case (right) 

In this case the overvoltages are 2.914 

times normal for 100% overshoot, and 

2.12 times normal for 60% overshoot. Or 

for P% overshoot 

FE 
E, = 0.866 +2.048 100 pu 

Finally, Fig. 12 represents the case in 

which a restrike occurs at #4; in phase A 

(following an interruption at t,) before 
phases B and C have interrupted. The 

recovery voltage at the time of restrike, 

ti, is three times normal, and the total 

capacitor voltage from point a to point b 

in the circuit is 1.5 times normal. The 
principal difference between this and the 

previous cases is that phases B and C in 

this case are effectively in parallel as 

shown in the equivalent circuit of Fig. 12. 
The result is that the net reactance of 

the paralleled phases Cand B is half that 

of phase A; so it will absorb only 1/3 of 

the recovery voltage. 

The voltages E, and Ey, shift to H=1 

while Ay=E, and E,=Ee go to = 

=. 
The recovery voltage is EZ; =3, so, 

fHa=EHa=1+1=2 

E’—E’ =0.540.5=1 

The required condition that 

Ey Ei, An = 

is satisfied, and the requirement that 

Ecap = Ey is. 

=1+0.5=1.5 

is met; therefore the previously assumed 

7 
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values H,=1 and #’=-—0.5 are correct. 

The overvoltage in phase A is 3 

times normal for a 100% overshoot 

ratio, or 2.2 times normal for a 60% 

overshoot ratio. For P% | 

Fe 
Eyg=1+2 — el te a i00 DY 

Phases B and C reach voltages of 1.5 

and 1.1 times normal for these respective 

overshoot ratios. 

Energizing Single-Phase 
Capacitive Circuits 

The events accompanying the energiz- 

ing of a single-phase capacitor bank and 

the circuit under consideration are shown 
in Fig. 13. 

Since the worst overvoltage condition 

that can occur attends closing at the peak 

of supply voltage, as at ¢, in Fig. 138, this 

is the most interesting case to investigate. 
This case is even more pertinent to the 
practical situation if the closing switch 

is one whose closing contact velocity is 
slow in comparison to the power fre- 
quency period. Such a contact velocity 

will almost certainly insure that the clos- 

ure of the circuit will be accomplished by 

a sparkover of the closing contacts at, or 

near, a peak of voltage. 

Prior to ¢, the voltages at terminals a 

and A will be about the same: E£,=E,. 
At the instant of closing Z, drops to zero, 

the voltage of the large uncharged capaci- 

tor, compared to which C, is negligible. 
- Momentarily the total source voltage, 

Ea, is absorbed by the line reactance X 

because at the first instant of closure C 

appears as a short circuit. 
Following this momentary dip, Ey, 

starts to swing toward the value H,=£,= 
1 which would, in a normal steady-state 

condition with the switch closed, be its 

value at #,. In the absence of damping, 
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it overshoots 100% to twice normal peak 
voltage. With enough damping to cause 

a 60% overshoot ratio it would go to 1.6 

times normal peak voltage. For P% 

overshoot ratio 

Pp 
E,=1+-—— pu 

Energizing 3-Phase Capacitive 
Circuits 

For the 3-phase ungrounded case, Fig 

14 shows the pertinent circuit and curves. 

The maximum overvoltage occurs, as in 

Fig. 13, when the switch is closed at the 

peak value of one phase voltage after the 

other two phases have previously closed. 

In this example, closure is assumed at h, 

the peak of phase A voltage. At this 

instant terminals 6 and c are at the same 

voltage 

_EgtEy 
2 

E” 

=—0.5 

This suggests the equivalent circuit of 

Fig. 14 in which 

nr betes 

The total voltage across the equivalent 

circuit terminals at # equals 1.5; so 

immediately after closure of the circuit 

this voltage must be absorbed by the 

line reactances, X and X/2. 
_ The phase A line reactance will assume 

twice as much voltage 

Fa—E,=1-0=1 

as does the net impedance of the paralleled 

phases B and C 

E,—Eg=Ec— Ey 

=0+0.5=0.5 

Applying the same logic in this case as 

before reveals that H,=H,=He=0 at 

the instant of closure, 4, satisfies the 

requirements to justify this as a valid 

assumption for the case of Fig. 14. 

In swinging back to their steady-state 

variations, an overvoltage of twice nor- 

mal appears in phase A without damping, 

while a 60% overshoot ratio results in an 
overvoltage of 1.6. For P% overshoot 

P 
E,= aie oy pu 

It is interesting that in capacitor switch- 

ing the maximum overvoltages are the 

same for single-phase or 3-phase switch- 

ing, whether the system is grounded or 

ungrounded, i.e., three times normal on 

restrikes and twice normal on energizing. 

This is in contrast to the comparative 
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recovery voltages which differ widely, to 

the extent of a ratio of more than two. 

Overvoltages on Coupled 
Circuits 

Up to this point the investigation of 

capacitor switching has been directed at 

the overvoltages produced by restrikes or 

prestrikes of switches located at the ter- 
minals of the capacitor being switched. 

Frequently, in addition to the source- 

capacitor circuit, there are other circuits 

present which are capable of oscillating 

at frequencies not very different from the 
frequency of the main circuit considered. 

For instance, the bus on which switch- 

ing occurs may be connected through a 

transformer to a distribution line at the 

end of which there are one or more smaller 

banks. If, by coincidence, in such a 

situation the frequencies of the main and 

coupled circuits happen to be not very 

different, a resonance-like phenomenon 

may raise the overvoltage on the coupled 

circuit to values very much higher than 

those produced on the main circuit. 
At exact resonance with very small 

damping this may be as high as. 11.6 times 

the initial transient amplitude in the 

main circuit, as shown in Fig. 15.3 It may 
be as much as 3.46 times the initial main 

circuit transient amplitude with practical 

damping ratios. The frequencies of the 
main and coupled circuits will be equal 

if switching the two capacitors produces 

equal percentage voltages on the respec- 

tive circuits. | 

To avoid too many variables, the as- 

sumption was made in preparing Fig. 15 

that the main circuit and the coupled 

circuit have the same overshoot ratios. 

This is a reasonable assumption since 

damping ratio is rather uniform on power 
systems. 

Fig. 15 represents the quantitative re- 

sults of an extensive analysis of the rela- 

tionship between coupled-circuit over- 

voltages and main-circuit overvoltages. 

Special Considerations of Neutral 
Inversion 

The two circuits at the top of Fig. 16 
illustrate conditions which are frequently 
encountered in power systems. Under 

these conditions neutral inversion with 

accompanying high overvoltages can oc- 

cur. This condition would arise if the 

switch opens one phase long enough 

ahead of the other two (or if it keeps one 

phase closed after opening the other two) 
to permit the intervening transients to 

die down. 

For either case the equivalent circuit 

is the third figure from the top, but X,;= 

while X;1;=2X 72, and Xq=2Xce2 for one 

line closed, while Xz; = X,./2, and Xa 
= X 2/2 for one line open. 

It can be seen that the capacitive 

charging current of the cable flows 

through the transformer in a manner re- 

miniscent of normal 3-phase magnetizing 

currents; consequently the . reactances 

Xi and Xj;2 are the large magnetizing 

reactances rather than the small leakage 

reactances. In fact, these can be easily 

of the same order of magnitude as the 

cable-charging reactances, Xo. and X¢:, 

seen ee 

depending upon cable length and trans- 

former size. 

It should be mentioned that the equi- 

valent circuit presupposes some type of 

electrically shielded cable, and it would 

need to be modified for belt-insulated 

cable, but this would not affect the gen- 

eral result. 

Neglecting resistances is reasonable 

since both transformers and cables are 
low-loss devices. 

The equivalent circuit obviously is the 

same as that of an inductive line feeding 

a capacitive load, and it is well known that 

this combination results in a rising volt- 

age along the inductive line. It follows 

directly therefore that the voltage at the 

neutral of the transformer, and at the 

transformer terminals connected to the 

open cables, will be higher than the supply 
voltage /}. 

The relations of the vector diagrams of 

Fig. 16 are easily solved to yield 

X Co 

fio= hy 
Xo2—-Xy—X 2 

Specifically if HZ, is the normal phase 
voltage, X¢ is the capacitive reactance of 

one cable phase, X,, is the magnetizing 

reactance of one phase of the transformer, 

and one line is closed, 

For one line open and X¢>1.5 X,, 

v Ea AY, En” =" ( 2 4 
re ohana 

7 =( Xo Ril e | A 
2 Ao—1.5X; 

Using these relations, the 60-cycle 
overvoltages for one line closed and 3X,<__ 
X¢<6X, are readily available as 

rat) 
60-cycle overvoltage = Bal 

AXo—8Xz 

For one line open, and 1.5 X pxxXco< 
3X 7 

60-cycle overvoltage = oe gaia Ke 

2\Xe-1.5X, 

It can be seen from these equations 
that one of these overvoltages could be- 
come very large if either X,2¢3X, or 
XeS=1.5X,. 

Of course, the infinite value of voltage 
which is indicated for exact equality will 
not develop since the rise of the voltage 
will be checked after a while by satura- 
tion and resistance. N evertheless, sub- 
stantial overvoltages can occur in cases 
of unfortunate coincidences. 

Conclusions 

It is hoped that this paper will be 
looked upon as an introductory review 
and that it will serve as a stimulus to con- 

duct a more detailed analysis of the over- 
voltage situations discussed herein. 
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ARC DEIONIZATION TIMES 

ON HIGH SPEED THREE POLE RECLOSING 

by IEEE WORKING GROUP ON ARC DEIONIZATION TIMES 

OF THE GENERAL SYSTEMS SUBCOMMITTEE* 

SUMMARY 

A review has been made of the available technical literature on arc deionization times of the 
fault arc for successful high speed three pole reclosing. Laboratory and fieldtests as well as oper- 
ating experience were summarized and estimates made of the minimum deionization times as a 

function of voltage. 

INTRODUCTION 

With the high capital investment required today for high voltage transmission systems, high 

speed reclosing is recognized by transmission engineers in North America as one of the most econ- 

omical methods of: 

jb Increasing the maximum power which can be transmitted over long high voltage trans- 

mission lines without loss of synchronism following a fault. The importance of reclose 

time is shown by the fact that the transient stability of a system can be improved by 

twenty-five per cent to fifty per cent i PY réducing the reclose time from thirty-five to 

twenty-five cycles, 67 

Ais Reducing system. disturbance by reclosing before large pS occur pemveen two wate 

of a system. 

3. Reducing line outage time and improving service to customers. 

4. In low lightning areas it is possible to reduce the capital investment in the transmission 

line by eliminating the overhead groundwires and special tower grounding by employing 

high speed reclosing. : 

Unfortunately, because of the number of variables affecting the dead time required to ensure 

deionization of the power arc, the results of many tests under various conditions, as well as operat- 

ing experience, must be analysed in order to select dead times which ensure dependable Deer mance 

of a reclosing system. 

Factors affecting deionization time are as follows: 

1. Magnitude of the short circuit current. In general, the higher the fault current, the 

larger the amount of ionized gas generated. This may be offset by the greater turbu- 

lence in the air and the magnetic blowout action, both of which increase with higher 

current. 

Ze Duration of the short circuit current. The longer the fault current flows, the greater 

*The members are: H.M. Ellis, Chairman; O.A. Demuth, L.O. Barthold, A.E. Kilgour, D. F. 

Shankle, W. Watson, E.T.B. Gross, R.E. Stade. 
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the amount of ionized gases. This is offset also by greater turbulence, longer magnetic 

blowout action and thermal convection currents in the air. 

Oe Magnitude and duration of capacitive and magnetic coupling current which may flow due 

to induced voltage from adjacent conductors which remain energized. This assumes 

particular importance for single pole reclosing or for three pole reclosing of one cir- 

cuit on a double circuit line. 2 

4. Magnitude and duration of resistance follow current which flows through shunting re- 

sistors on some types of circuit breakers. 

D. Magnitude of re-energization voltage applied. 

6. Point of wave at which circuit is re-energized. This determines the magnitude of the 

surge and will account for much of the randomness of the results obtained. 

if Magnetic forces on the are due to circuit configuration. 

8. Length of insulator string which determines the minimum length of the flashover path. 

9. Weather conditions - particularly the wind effect. 

10. Shape of grading rings and other parts which determine dielectric stress on rompne 

cation of voltage. 

In addition to the above factors which affect the required dead time for a successful reclosing 

cycle, the following factors will limit the erie successful reclosing sequences: 

1. Permanent faults resulting from mechanical failures and foreign objects (estimates 

indicate up to twenty-five per cent for wood pole lines and less than five per cent for 

steel tower lines! 4), 

ae Multiple component lightning strokes with a duration greater than the total reclose 

time. Some ten per cent of strokes have durations greater than 0.40 seconds (twenty - 

four cycles) and thirty per cent greater than 0.20 seconds (twelve cycles). 101 Hence 

the stroke duration places a real limitation on the minimum reclose interval. 

Fortunately, the deionization time required for each stroke component is less than one half — 

cycle, hence, no appreciable increase in dead time is required to allow for the deionization of 

multiple components. 40 | 

Definition of High Speed Reclosing Cycle 

By definition, reclosing time of a circuit breaker-is the time required from energizing the 

circuit breaker trip coil to the re-contacting of the arcing contacts. 

Reclosing times of thirty-five cycles or less are considered as high speed. A reclose is 

considered successful only if both ends reclose. As a measure of successful reclosing on the basis 

of deionization time, a percentage successful is tabulated strictly on a reignition bases where pos- 

sible. The deionization time is the time from final fault current zero to the re-establishment of 

voltage on the faulted circuit. Where secondary current flow extends beyond final current zero of — 
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the main fault current, this should be noted as a separate parameter. 

SUMMARY OF LABORATORY AND FIELD TESTS | 2 

Sporn and Prince! carried out some 250 lahoratox’ tests simulating the reignition charac- 
teristics of a string of insulators at 132 kv, witha restriking voltage of 80 kv under 0-20 m.p.h. 
wind conditions with fault current of 800 to 6,000 amperes. At 800 amperes and 0-5 m.p.h. wind 
the minimum dead time was 7 to 8 cycles, whereas with 6,000 amperes it was 10 to 12 cycles. In- 
creasing the wind to 10 to 20 m.p.h. reduced the dead times to 5 to 6 cycles and 9 to 10 cycles, 
respectively. The study concluded that a minimum dead time of 12 cycles was necessary to pro- 
vide little probability of a restrike. This might be reduced to 10 cycles with over ninety per cent 
probability of successful reclosure. 

A reclose time of 21 to 22 cycles was obtained during field tests of high speed reclosing on a 
fifty-nine mile 132 kv line. On all tests the line was successfully re-energized without restriking of 
the arc for a dead time of 10.7 to 12 cycles for a line to ground fault. For the case of a line-to-line 
fault, the line was de-energized for 11.5 to 14.1 cycles but only for 14 cycles dead time was re- 
energization successful. For a double line to ground fault, the re-energization was successful with 
a dead time of 13.3 cycles. 

McCann and Clark 40 determined that for an impulse type gap discharge with varying magni- 
tude and wave shape, the gap recovery to fifty per cent of initial strength occurs in less than one 
half cycle, i.e. capable of withstanding normal power frequency voltage. Hence lightning discharges — 
have a negligible effect on reclosing times. However, the time element introduced by multiple 
strokes must be considered in determining the reclose time in addition to the rate of recovery of 
dielectric strength of the power arc. © 

Schwaner4 describes tests carried out on a single phase 230 kv, 2500 MVA oil circuit 
breaker employing a high speed spring operating mechanism where contact opening speeds of 28 
feet per second and reclosing time of 17 cycles (13 cycle dead time) were obtained. 

Dovjikov and Diemond®! carried out reclosing tests on a 220 kv, 50 wie 2500 MVA, AEG 
Free Stream Air Blast Circuit Breaker on the Bonneville Power Administration System. Three- 
phase to ground fault currents of 1,350 amperes were interrupted in 6 to 7 cycles and reclosed 
successfully with a dead time of 12 to 14 cycles, giving a reclose time of the order of 18 to 21 
cycles. For a dead time of 6 to 7 cycles and a reclose time of 12 to 14 cycles, the reclosure was 
unsuccessful. The fault was applied across a string of sixteen five-inch insulators for a fault 
length of eighty inches. The paper indicates that minimum possible deionization time of a fault arc 
across a sixteen-unit insulator string may range between 8 and 12 cycles. Similar high speed 
reclosing tests carried out on the 230 kv, sixty-two mile Mettlen-Lavorgo line in Switzerland by 
Shar and Baltensperger®4 for line-to-line faults resulted in a dead time of 0. 25 seconds (15 cycles) 
for successful reclosure. | 

Boisseau, Wyman and Skeats ©! reported minimum deionization times for insulator flashovers 
on 69 to 230 kv circuits under varying conditions. When capacitive coupling is not present, the de- 
energization time increases linearly with fault current on 230 kv systems, is practically constant on 
132 kv systems and decreases at high currents on 69 kv systems. The duration of the fault current 
did not show any appreciable effect at 230 kv for an 8,000 ampere fault current with fault durations 
from 2 to 10 cycles, however, the deionization time increased by some 3 cycles (from 7 to 10 
cycles) when the reclosing occurred at voltage maximum rather than voltage zero, All data are given SS 
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for voltage maximum condition. High speed three-pole reclosing on double circuit transmission 

lines requires 1 or 2 cycles additional dead time to allow for capacitive coupling from the unfaulted 

circuit for coupled voltages of less than 10 kv. The magnitude of the coupled voltage appears more 

significant than the arc current as 5 ampere arcs required as long to interrupt as 50 ampere arcs. 

Calculations indicate that coupled voltages on 230 kv double circuit lines are of the order of 5 kv 

untransposed and 3 kv transposed. | 

The dead time for 60 kv circuits varied from 6 to 9 to 6 cycles for fault currents from 

1,000 to 8,000 to 22,000 amperes. The dead time at 132 kv was constant over the 8, 000 to 22, 000 

ampere range at 9 cycles. For 230 kv the dead time increased from 8 to 14 cycles for fault current 

increasing from 1, 000 to 22,000 amperes. Tests made on circuit breakers equipped with resistors 

indicate that the resistor current duration can affect the dead time, Banteay for reclosing of 

long lines. 

Harrington and Starr°6 suggest that the limitation on high speed reclosing may be the dura- 

tion of multiple lightning strokes. Meager data available to the authors indicates that ten per cent . 

of strokes persist for more than 0.25 seconds or 15 cycles. Tests were performed on the BPA 

115 kv system to obtain data on deionization of fault-arc paths produced by SLG faults of 3, 000 to 

15,000 amperes of varying duration. In preliminary deionization tests at 13.8 kv, recovery was 

rapid, never exceeding 3 cycles from current interruption to full recovery of rated voltage for fault 

currents in the range 600 to 1,000 amperes. In the 115 kv tests, it is assumed that recovery is 

complete when the recovery voltage has reached 150 per cent of normal voltage. This corresponded 

to a fault path resistance of 0.25 megohms. The authors conclude that deionization timeis primar- 

ily a function of fault duration. It is estimated that 10 cycle dead time is required for a 4 cycle 

fault, 7 cycles for a 3 cycle fault, and 5 cycles for a 2 cycle fault on a 115 kv system at a fault 

current of 11, 000 amperes, 

McCann, Conner and Ellis! report the effect of arc length, current magnitude and duration 

on the dielectric recovery characteristics of 6 and 11 inch air gaps. The results indicate minor 

effect of current magnitude and duration of arc on the recovery characteristics and that the recovery 

is approximately proportional to the length of the arc. The time required for recovery of ‘fifty per 

cent of the dielectric strength of the gap was approximately 5 cycles for 300 and 800 ampere fault 

currents with no wind. This was reduced to 1 and 2 1/2 cycles with a wind velocity of the order of 

10 and 5 m.p.h., respectively. This pee the relative importance of windin assessing recovery 

characteristics. 

Thoren’? describes high speed reclosing tests carried out on a 30 kv distribution system to 

determine the necessary dead time to deionize arcs caused by line faults and the effect of motor load 

on the deionization period. The results show a small affect of fault current magnitude on dead time. 

The dead time required was generally less than 0.10 seconds (6 cycles) with the longest dead time of 

0.15 seconds (9 cycles). To allow for motor loading on feeders the dead time increased to 0. 20 to 

0.25 seconds (12 to 15 cycles) in order to ensure successful high speed reclosing. 

Three-pole reclosing tests were carried out on Russian 400 kv transmission lines having 

lengths of 117 and 635 Km (72 and 397 miles) including the effect of shunt reactors by Maikopar and 

Beliskonl92, The fault current magnitude was 2,000 amperes and the duration 0.16 seconds (9. 6 

cycles of 60 cycle fault current). Successful three-pole reclosing was obtained with total reclosing 

times of 0.27 to 0.30 seconds (16 to 18 cycles on a 60 cycle system). For shunt reactors connected 

to the line section disconnected, the time could be reduced to 0.20 to 0.25 seconds (12 to 15 cycles 

on a 60 cycle system). 
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SUMMARY OF OPERATING EXPERIENCE — 

On four single-line-to-ground faults on the 59-mile Fort Wayne-Deer Creek 132 kv line18, 

the average dead time was 13.0 cycles with a total reclosing time of 22 cycles and there was no arc 

restriking. Sporn and Prince concluded as early as 1937 that on high voltage overhead lines, out- 

ages caused by lightning might be reduced some 75 per cent by ultrarapid reclosing. 

Nine years of operating experience of high speed reclosing on 66 and 132 kv lines of American 

Gas and Electric are described in references 25, 34 and 45 by Sporn and Muller. Reclosing time was 

adjusted for 20 cycles with 12 cycle dead time. Experience includes 635 cases of flashover on 66 and 

132 kv lines. Of the total, 531 were on single circuit lines and 104 on double circuit lines. 

Successful Reclosures 570 (90%) 
Unsuccessful Reclosures 65 

Of the 65 unsuccessful reclosures, 8 were permanent faults. Some unsuccessful reclosures were due 

to relay operations due to swings between two systems while others were a result of a line dead time 

of 3 to 4 cycles when trouble occurred on a double circuit line and clearing was not simultaneous at 

all terminals. On a reignition basis, the percentage of successful reclosures is considerably better 

than 90%. | : P 

Jancke®® describes experiences of Swedish State Power Board up to 1948 with high speed re- 

closing on large 220, 132 and 44 kv networks. Reclosing was first placed in service in 1933 on a 44 

kv radial line. Dead times of up to 0.15 seconds resulted in a large percentage of unsuccessful high 

speed reclosures on temporary faults. Operating experience with 1084 disturbances were based on 

dead times of 0. 20 to 0. 25 seconds: | 

885 (82%) - successful high speed reclosing 

154 (14%) - unsuccessful high speed reclosing but successful reclosure in three 

minutes | 

45. (4%)  - permanent faults. 

‘Since 45 of the faults were permanent, the successful reclosing percentage is increased to 85%. Also, 

during the period 1940-1948, faults caused by drifting barrage balloons resulted in unsuccessful re- 

closure which would account for part of the 154 unsuccessful reclosures. Tests established a dead 

time of 0. 25 to 0.30 seconds at 220 and 132 kv for a total fault time, including relay time of 0.11 

~ seconds. Experience with 14 high speed reclosures is as follows: 

- successful (57%) 
- unsuccessful - permanent fault 

unsuccessful - circuit breaker fault or other station fault 

- system instability. Do We OO 

I 

On the basis of reignition only, the percentage successful would increase to 100%. 

Operating experience is given from 1945-1948 with high speed reclosing on two 114 kv lines of 

New York State Electricity and Gas Corporation by Dana®S, Reclosing time was 20 cycles with 12-15 

cycles of dead time. Experience is as follows: 

Successful Reclosures 31 (78%) 

Unsuccessful Reclosures 9 e 

© 
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Naef and Wild®9 report on high speed reclosing on an 8 kv distribution system. The reclose 

time is 18 cycles with a dead time of approximately 14 cycles. Statistics for the 8 kv network are 

tabulated below: | 

Successful Reclosures 67 (64%) 
Unsuccessful Reclosures or 

In twenty out of the thirty-seven unsuccessful reclosures the breaker could be reclosed manually. If 
it is assumed that the remaining seventeen were permanent faults, the successful reclosures increase 

to 78%. Laboratory tests were carried out by the authors to determine the required dead time at 6 to 

10 kv for fault currents in the 3, 000-8, 000 ampere range. The tests indicated that the effect of cur- 

rent, voltage and gap separation were very slight on arc deionizationtime. There were no reignitions 

of the arc for a dead time of over 3 cycles, therefore, the authors concluded that in the 10 kv range a 

dead time of 6 cycles should be sufficient to avoid reignition of the arc. : 

Operating experience on the 230 kv system of BPA, 1950-54 is described by Gillies83, Re- 

closing times were initially set at 45 to 60 cycles but have been reduced to 20 cycles with a trial 

installation of 15 cycles. For dead times of 20 cycles or less, the experience is as follows: 

Successful Reclosures 87 (85%) - 
Unsuccessful Reclosures 12 - permanent faults 

3 - resulted in reignition. 

Thus, 96% of the reclosures were successful based on temporary faults. BPA'‘s objective is to 

establish practical limits of high speed reclosing by reducing the reclose time until failures due to 

insufficient deionization or repetitive strokes become too high. The author indicated that high speed 

reclosing provides a means of lightning protection that is now considered preferable to the use of 

overhead groundwires. : 

_ Two years of high speed reclosing experience on twenty 345 kv lines of American Electric 

Power is described by Barnes, Hauspurg and Kinghorn”, As there was no previous experience 

with reclosing times at 345 kv, the dead time was determined by extrapolation of existing data to © 

345 kv. Principal factors influencing the dead time were: magnitude of fault current, point of wave 

at which reclosing occurs and capacitance coupling of parallel energized circuits. Calculations 

indicated a reclose time of 37 cycles, however, based on a reasonable fault magnitude and other 

factors, a reclose time of 28 cycles was used. Operating experience is as follows: | 

90 (59) . 

11 - permanent faults 

28 - reignitions | 

23 - successful reclose from one end. 

Successful Reclosures 

Unsuccessful Reclosures 

Considering only reignitions as unsuccessful exclusive of permanent faults, the successful reclosure 

would amount to 80%. Further cataloguing of the data ona purely reignition basis indicates the 

following: 

Single Circuit Double Circuit 

Successful 40 (100%) 58 (94%). Lightning 
Unsuccessful 0 4. 
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Single Circuit Double Circuit 

Successful 15 (39%) 

Unsuccessful 24 

The authors point out that analysis under sleet conditions is difficult but that performance was disap- 

pointing. Indication is that success under sleet conditions is a function of mechanical design factors 

of the line. The success in reclosing for single circuit against double circuit lines (100% vs. 94%) 

suggests that coupling from energized circuit has an effect although the authors state that there is no 

effect on required dead time for lines under 62 miles in length. Conclusion reached by the authors 

is that reclosing time is adequately long for lightning flashovers and possibly could be shortened. 
Further study is required as to record under sleet conditions and the effect of coupling voltage on 
double circuit lines. In discussion, Mr. B.L. Lloyd commented that a study of available laboratory 

tests and operating experience indicated a consistent trend in required dead time with increasing 

voltage. 

With 28 cycle reclosing time (equivalent to approximately 24 cycle dead time) the 345 kv lines 
of American Electric Power Company and the Ohio Valley Electric Corporation were re-energized 
after lightning faults from one or both ends 96% of the time. Field tests reported by Porter and St. 
Clair195 in 1957 indicated that the reclosing time could be reduced substantially in areas experienc- 
ing moderate short circuit duties without appreciably decreasing the percentage successful reclos- 
ures. Accordingly, in 1958 all AEP lines were changed to 22 cycle reclosing (equivalent to a dead © 

time of approximately 18 cycles). Based on lightning faults, the lines were successfully re-energized | | 
22 times out of 23 operations (96%). 
the overall performance. 

Thus reducing the reclosing time to 22 cycles has not changed 

Further field tests were carried out at 345 kv by Naef, Phelps, Wilson and Streater!94 at the 

Philip Sporn Power Plant. Six fault tests were initiated across an 18 unit suspension insulator string 

with a reclosing time of 15 to 16 cycles. On four tests the reclosure was successful and on two tests 
the arc restruck across the insulator. The average dead time on these tests was 12 cycles, some 7 

cycles less than the minimum now used on the AEP system. 

A Task Force under Mr. I, B. Johnson!99 made extensive system fault tests to obtain precise 

data on fault arc de-energization times at 345 kv at fault current levels including 20,000 amperes, to 
explore the effects of coupling from an adjacent twin circuit line and the severity of reclosing tran- 
sient voltage as a function of fault location and angle of reclosing on the source voltage. The required 
dead time on the 345 kv system was indicated in the following relationship: 

T = 9.0 - 0.057 Ka + 0.0075 Kv + 0.00053 KaKv 

where T = dead time in cycles on a 60 cycle system 

Ka = RMS current in first cycle of fault current 

Kv = crest value of reclosing voltage. 

For example, at 10,000 amperes fault current and a 2.0 p.u. crest reclosing voltage, the dead time 
would be 16.6 cycles, This compares with the minimum dead time of some 16 cycles at 345 kv 
shown in Fig. 1 of this report. 
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A report of the work of CIGRE Study Committee No. g106 summarizes the reclosing perform- 

ance of seven countries. The percentage successful reclosure where the line was restored to service 

almost immediately is as follows: | 

Type of Fault % Successful Reclose 

Lightning | — 83% 

Fog 87% 

Icing a 12% 
Other Faults | 54% 

Overall Performance ~—10% 

Generally speaking, the auto-reclose of EHV circuits is very successful in clearing non- 

persistent faults, such as caused by lightning and fog and very poor for sleet and ice fault conditions. 

A Russian report by Maikopar107 contains a summary of twenty-nine.references on three- 

pole and single-pole reclosing including the dead time required for reclosing at different voltages, 

The conclusions are that single and multiple lightning strokes do not affect the dead time required 

due to the brevity of their duration and rapid recovery of dielectric strength on the lightning chan- 

nels; wind plays an important part in the recovery of dielectric strength; and the dead time 

increases with current duration up to a point where the volume of luminous gases ceases to increase 

due to the upward convection of cold air currents and may even decrease. At higher voltages the 

insulator string is longer and the effect of the convection currents is less, thus resulting in a longer 

deionization time. 

If the influence of the duration of the short circuit and wind speed are ignored, the basic 

factors influencing the dead time are the magnitude of current and line voltage. For comparison 

purposes the range of required dead times obtained in this paper are shown in Table I. 

COMMENTS AND CONCLUSIONS: 

Table I and Figure I summarize the results of all data analysed by the committee on the 

minimum deionization times of the fault arc for successful three pole high speed reclose. » 

The summary of laboratory and field tests versus operating experience indicates an increased 

' allowance of some 5 cycles for a minimum dead time under operating conditions as compared with 

test results for successful three-pole reclosing. Where the variables influencing the required dead 

time allow, it may be possible to reduce the dead time under operating conditions closer to the mini- 

mum as determined under laboratory and field test conditions. Certainly further basic research into 

ion behavior and arc deionization characteristics should be carried out in order to increase our 

understanding of the parameters affecting the minimum dead time. | 

The following factors influence the minimum arc deionization or dead time: 

1. Circuit breaker with resistor. 

The additional dead time required for resistor current duration following clearing of 

the main fault current appears to vary with the conditions. Conservatively, the dead 

time should be increased in accordance with resistor current duration. 
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2 Capacitive and inductive coupling from a parallel circuit on a double circuit line. 

Only a small amount of information is available at 230 kv on this point which suggests 

that a small current flow will continue for several cycles beyond the clearing of the 

fault. Because of the small amount of ionization and short duration of sustained cur- 

rent, no additional dead time was considered necessary. At higher voltages, this may 

assume increased importance. 

Se Swing angle between the two parts of the system when reclosure occurs. 

The angle of swing will introduce a switching transient proportional to the angular 

difference between the system which, according to one reference, increases with line 

length. | 

4. Multiple component lightning strokes having a duration greater than the reclosing time. 

Based on statistical data available, 10% of strokes have durations exceeding 0. 40 

seconds (24 cycles) and 30% greater than 0.20 seconds (12 cycles). This duration will 
not have much effect on reclose times for system voltage above the 345 kv level as 

dead times are of this order of magnitude. 

5s Additional factors which affect deionization time include wind, arc current magnitude 

and duration, rate of rise of recovery voltage and magnitude of recovery voltage, etc. 

A considerable amount of operating experience on three pole high speed reclosing is now avail- 

able; unfortunately, much of this data has not been compiled in sufficient detail to provide a depend- 

able basis for analysis: of operating experience. There is much to be gained by up-to-date tabulation 

of the operating experience of high speed reclosing as operating data is the proving ground for re- 

closing times and arc deionization times. With the present widespread use of automatic monitoring 

equipment, the analysis of this operational data should be greatly facilitated. There is at present no 

standard for classifying reclosing data. Accordingly, the Working Group recommend the recording 

and classifying of this experience as shown in Table II. - 

There are a number of arc deionization characteristics which appear to be inconsistent under 

different conditions. For example, the effects of arc duration and current magnitude vary widely in 

the different references. Because of the effects of arc configuration, thermal convection currents, 

magnetic effect of leads, variation in wind, etc., these differences are not surprising. There also 

appears to be some variation in the required deionization time as a function of the type of fault, i.e. 

single line-to-ground versus line-to-line. 

As more test data and operating experience become available, particularly at system voltages 

up to 500 kv, the minimum reclosing times for high speed three pole reclosing will become more 

firmly established and our understanding of the effects of the various parameters on this arc deioni- 

zation time better understood. The reduction in transmission system investment obtained by possible 

reduction in the arc deionization time is significant, hence there is a real incentive for carrying out 

further arc deionization tests particularly at 230 kv and above. 
———! 
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TABLE I 

ESTIMATED MINIMUM DEIONIZATION OR DEAD TIME 

REQUIRED FOR AUTOMATIC THREE-POLE RECLOSING 

Minimum Deionization Time (Cycles of 60 Cycle) 
Based on Laboratory 

From Ref. No. 107 and Field Tests Rated Voltage 

23 6 to 7.5 6.5 1. 

46 - , 7 12 

69 69 8.5 to 9.6 7.9 12.5 

11 115 = 2 14 

132 10.2 | 9.5 14.5 
230 11.5 to 15 12.5 17 

345 | - 15.5 20.5 
400 15 to 21 17 22 

500 ~ 20 25 

TABLE II - Suggested form of reporting reclosing experience 

SUMMARY OF OPERATING EXPERIENCE 

ON THREE-POLE RECLOSING 

SYSTEM | 

OPERATING VOLTAGE - KV 

LENGTH - Miles ? . 

CIRCUIT CONFIGURATION - (Single or Double Circuit) 

YEARS EXPERIENCE 

RECLOSING TIME - Total 

- Dead Time 

- Secondary Arc due to Resistor, Coupling, etc. 

SUMMARY OF RECLOSING OPERATIONS 

Lightning ES, ie 

Single Double Single Double | 

Circuit Circuit Circuit Circuit Other 

No. Successful 

No. Unsuccessful 

(a) No. Permanent 

(b) No. Reclosed on one end only 

(c) No. Relayed off due to Swing 

(d) No. Failed due to Reignition or 

Repetitive Lightning Stroke 

% Successful | , 

% Successful Based on Reignition 

Failure or Repetitive Lightning 

Stroke Only . 

SUMMARY AND REMARKS 

Based on 

Operating Expe rience 

Total 
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