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"PRETF A C E.

The Australian Commonwealth Department of Supply
periodically sends groups of young scientists and engineers
abroad for study and research in approved fields, absorbing
them into Commonwealth Departments and Instrumentalities on
their return. These "Attached Scientists'" are selected by
competitive interview.

» The author was fortunate enough to be selected, and
in July, 1949, was sent to ingland for two years' study in
power system network analysis and circuit breaker operation,
The first year was spent at the Stafford Works of the Lnglish
Blectric Co., in the A.C. Network Analyser Section, Switchgear
Engineers Section, and Circuit Breaker Testing Section. The
second year was spent at the London Laboratories of the
British Electrical and Allied Industries Research Association .
(E-R.A.) attached to the Switchgear Section. While stationed
in England, visits were made to installations, and manufactur-
ers works, in various Buropean countries. The 1950 CIGRE
conference in Paris, and several courses of lectures at
Impsrial College, London, were also attended.

_ This thesis is the result of work in England, and
applications to problems encountered since transferring to
the System Design Branch of the Snowy Mountains Hydro-
Blectric Authority on return to Australia in October, 1951.

In particular, the investigation into auto-reclosure
was started at 3tafford, and the long arc was studied at
E.R.A. in an endeavour to fix the theoretical limits for
auto-reclosure. The investigation into simplified methods
of circuit reduction, and rates of rise of restriking voltage,

‘was carried out as part of the preliminary work of a proposed

large scale survey of the British 132 KV and 275 KV grids
by the E.R.A., using all known methods of testing and

" calculation. The sections on long line and light load

switching are the result of investigations at the Snowy
Mountains Hydro-Electric Authority into insulation and switch-
ing transient problems on the proposed 330 KV system.

In addition to expressing his gratitude to the
Depariment of Supply, and the Snowy Mountains Hydro-Electric

~Authority, for the opportunity to do this work, and permission

to use the results, the author wishes to acknowledge the
assistance given by members ofsthe staff of the English
Electric Ccmpany (particularly Mr. W.E. Scott, Head of the

- Mathematical Physics Sectionyand Mr. S. Newman of the

Syitchgear ngineers Section), of E.R.A. (particularly

Mr. L. Gosland, Head of the Switchgear Section), and of
System Design Branch, Snowy Mountains Hydro-Electric Authority
(particularly Dr. W. Diesendorf, System Design Engineer).



STATEMENT OF ORIGINALITY.

Part I.  Reduction of Circuits for Transicnts.
(1) Introductione.

(2)

(3)

(4)

(5)

(6)

Single Frequency Circuits.

The expression of X and Y in per cent is an original

approach, and makes the reduction of a power systen
very much easier to follow than dealing with the

more mathermmtical L and C.

The standard damping is due to Adams, followed by
Gosland amd Hortlock. :

Double Frequency‘Circuits;'
General formulae (3.2) from Hammarlund.

Use of factors Y1, and Yy» and graphs 4,5,6,7 original.
This method gives answers which are obtained more
quickly, and are easier to follow.

The voltage time curves are original, and are very
ugseful in analysing oscillograms, or setting up

- circuits to give particular shapes of curves.

Reduction of Double Frequency Circuits.

Rules (i) to (iii), end the area of application
graph (Fig.18), are original.

Cliff's method was expressed as a graphical con-
struction und was only suitable for applying to
recorded curves. MHere it is given a mathematical
form, and the ratios P + PD computed so that the

actual transient need not be drawn. This saves a
great deal of time. Th& rcpresentative value for
recorded curves is original, and (I understand) has
been adopted by the I.E.C. -

Reduction of Two Independent Circuits.

Original.

Reduction of llulti-Frequency Circuits.

The combination of the end sections is original, and
avoids a formidable mathematical task.
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(7) Combination of Parallel Arms.

Original. It was necessary to prove the validity
- of this method on the network analyser before it
could be accepted.

(8) Application to 3-Phase Systems.

The use of fault LVA calculations to obtain the
impedance of sections electirically remote is original,
and has removed one of the main complications, namely
remote power stations and interconnections.

(9.1) Reactances.
Due'tdAGoslaqd.
(9.2) Capacitances.,

The values given here and in Section (9.3) are the
results of information supplied by manufacturers,

and extensive tests on a model transformer, and power
station generators, transformers, and reactors.

See Part II, Section (3.1).

(9.3) Standard Values.

This is original, and saves a great deal of time,
as in general capacitance values, even for existing
equipment, are seldom known. .

(10) Example.
Hams Hall Power Station, England.

General.

Previously, switching transients were considered
to0 be outside the scope of a power engineer, and more in
the line of a mathematician. Comsequently, and because
of the time involved, very few complex circuits have been
analysed.

A junior engineer, after a couple of days practice,
may safely be left to carry out a survey of a complete system
by the methods described here. The time involved in such
a survey is only a fraction of the time a trained mathematician
would require for the problem, and the results are of reason-
able accuracy. : . :
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STATEMENT OF ORIGINALITY.

Part II. Rate of Rige of Restriking Voltage.
(1) Introduction.
(2) Three Phase Systems.
References as noted.
(3) Methods of Testing.
(3.1) Passive Networks.
E.R.A. tests on 132 kV network directed by
Gosland, and ecarried out by Vosper and self.
(342) Iive Networks.
References as noted.
(3.3) Transient Analyser.
The E.R.A. analyser was not complete, but
I was able to test the response of the units
available. Vosper and I checked some of the
methods developed in my calculations, and
had started on the studies of Ref.l3 when I
left to return to Australia.
(3.4) Analysis of Records.
(4) Calculation of RRRV. '
(4.1)  Existing Methods.
References as noted.
 (4.2)  Simplified Calculation of RERV.
The concept of i%%?ﬁf » and the use of per.
cent reactance and susceptance are original,
and represent a considerable simplification.
The graphs save time. Adding of the values
of RRRV for independent single frequency
circuits follows from the simplified methods.
(4.3) Example of Simplified Calculation.
Hams Hall Power Station, England.
(5) Accuracy of Simplified Calculations.

My check calculations on the transient analyser

cases of Ref.l3.



(6) Survey of System.

Survey of the Snowy Mountains Hydro-Electrie
- Authority's 330 kV and 132 kV system carried out
under my directione. '

(7) Iimits of RRRV.

Original - should assist customers in specifying
circuit breaker requirements, and mamfacturers in
re~designing test equipment.

(8) Circuit Breaker Characteristics.
(8.1) Seatter of Test Results.

References as noted. Suggestions on fixing the
scatter curve with a minimum of shots, the use

of pure gases, and the testing of the equivalence
of single and multi-frequency circuits are
original, and have been incorporated in the
E.R.A. programme,

(8.2) Dielectric Recovery.
E.R.A. staff.
(8.3) Pgst-arc Conductivity.
| E.R.A. staff.
(8.4) Resistors.
Original comments.
General.

The work on "Reduction of Circuits for Iransients”
and "Rate of Rise of Restriking Voltage" was begun as check
calculations for the British 13%2 kV grid, and became a
useful teet for checking the proposed British 275 kV grid, and
the projected-Australian Snowy Mountains Hydro-Electrie
Authority 330 kV and 132 kV system. Investigation of

general aspects of circuit breaker operation produced some
useful by-products.
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STATEMENT OF ORIGINALITY.

Interruption of Small Currents.

Bart II1.
(1) Introduction.
(2) Current "Chopping".

(3)

(4)

(5)

Original, based on available information.

(3.1)

(3.2)

(3.3)

Single Phase Circuits.

Variation in Arc Voltage.
Circuit with Inductive Load.

All original work, including comments on

the references. -

Circuit with Resistive or Capacitive Load.

Three Phase Circuitse.

(4.1)

| (4.2)

(443)
(4;4)
(4.5)

(4.6)

Example.

Transients on Clearing Phases.
All original work.

The First (and Third) Phase to
All original work.

The. Second Phase to Clear.

All original work.

Interaction of Transients.

Original.

Effect of Load not Barthed.
Original.
Test Resultse.

References as showne.

Clear.

From Snowy:Mountains Hydro-Electric Authority system.

General.

This whole treatment is an original theory on

a phenomenon which has not been satisfactorily explained.
It provides an easy method for the examination of three-
phase cases, which are the most important im power systems.,
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STATEMENT OF ORIGINALITY,

Part IV. Disconnection of Long Ljnes.
(1) The Classical Theory.

(2)

Taken from Ref.l. ‘(Rudenberg).
The Ferranti Effect.
This effeot( and the oscillations, are noted

by Meyer, (Ref.2), but the analysis and the
graphs are original.

(3) Voltage Variation of the Source.
Noted by Bergstrom, (Ref. 3)s but not previously
calculated.
(4) The Restrike.
Based on Ref. 4 (Petersoa) but extended by includlng
the source capacitance.
(5) Subsequent Reflections.
Reflection operator given in fef. 5 (Bewley).
(6) Maximum Voltage.
Original = variation of generator and line
voltages not previously considered.
(7) The Effect of Corona. h
'Formula for critical voltage and wave sha%
variation from Ref. 7 (Sunde) and Ref. 9 (Quilico),
with confirmation from tests by Bockman (Ref.8).
Not previously applied to switching surges. Analysis
of surges at different velocities on a lattice
diagram is original.
(8) Examples.
Taken from part of Snowy lountains Hydro-Electrlc
Authorlty system.
General.

This is the first comprehensive'treatment of

the disconnection of a really long line, and shows that
factors previously neglected may have a considerable
influence on the results.



STATEMENT OF ORIGINALITY.

Part V. A Theory of the Long Arc.

(1) Arc Characteristics.

Bdsed on Refs. 1 and 2, and recent tests at
E.R.A, '

(2) Energy Balance.

Attempts have been made to produce an energy
balance for high current ares’ in circuit-breakers,
but recent tests have thrown some doubt on their
validity except under carefully defined conditions.

The energy balance for a long arc is original, and
is not subjeect to the limitations mentioned above.
It is a qualitative estimate only.

General.

This was originally part of "Auto-Reclosure',
but was detached so that, in the event of publication of
that report, the issue would not be clouded by an
unsubstantiated section based on information not yet
released.



STATEMENT OF ORIGINALITY.

Part VI. Auto-Reclosure.

(1) The Technique af Auto-Reclosure.

This section describes well-lnown phenomena, with
the following exceptions - _

(1.3) The theory of the low -limit of the velocity
of the ionized gas, and hence the new scale
of de-ionization times, is original, based on
a study of the results quoted in the references,
and attempted experimental verification at E.R.A.

(1.5) The effect of other c¢circuits seetion has not
been noted previously.

(2) Laboratory and Field Tests.

Based on refs. 3, and 4, but extended by separating
the arc and capacitance currents.

Discussion of the voltage limit in section (2.5) is
‘originale.

(3) Calculations.

The method employed in solving the equations is original,
but since it is only a modification of the well-known :
relaxation method, it is not claimed to be new.

(4) Results.

No previous attempt has been made to consider the
general case. The method of presentation of the table,
enabling any configuration to be considered, is the
result of a considerable amount of arithmetical
experiment.

General.

This study was undertaken because of the varied
opinions expressed at the 1950 CIGRE conference on the
practicability of auto-reclosure at 220KV and higher.
Estimates were urgently required to determine whether the

- development of single-pole reclosure for very high voltage

circuit-breakers should be encouraged, and whether reclosing
should be included in transient stability studies on

projected systems at very high voltage.



PART I REDUCTION OF CIRCUITS FOR TRANSIENTS.

Page No
Summary. D 1.
List of Symﬁols; " o | . 2..
(1) Introduction. A : 3.
(2) single Froquénc&'Circuits. : 3.
(2,1,)  Circuit with L and C Only. - 3.
(2.,2,)  Circuit with Resistancc. ' v
(3) -Double Frequency Circuits. 4 . e
(4) Reduction of Double Frequency Gircﬁits. 7.
(5)  Reduction of Two Indopendent Circuits. A | 9.
(6) Reduction of Multi-Frequency Circuits. 10,
(7)  Combination of Parallel Arms. 10.
(8) Applicatioﬁ to Throe-Phase Systemé. | 11.°
(9) Impedances, - : | 12.
(9.1.) Roactances, A o 12,
(9.2.)  Capacitances. I 12,
(9.3.)  Standard Values. | 12.
(10) Exanple, | o | 12,
(11) Conclusions, : B 15,
(12)  Bibliography, | : _ - 16

Figures 1 = 25,

Summary,

In th*= report, methods arc described, by mearms of which
compch power circuits may be reduced by following defini.te rules.
Apollcatlon of a voltage to the resultant circuit will prroduce a tronsient
having a voltage magnitude, and initial rate of risc of voltage,
apnrox1mat1ng to those produced by the original circuit.

These methods should provide a satisfactory means of rapidly
reducing networks during a survey of the amplitude and frrequency of the
transients to which switchgear and associated equipment at a given site
or number of sites are subject. . :

The most severe cases may be selected readily, and oxamlned nore
closely by a complete analys1s. :

[
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Ratios of suscentances.
Ratios of reactances.
Capecitance in Farads.,
Frequency. .

Hizher frequency,
Lower frequency.

Ratio of higher to lower frequency,
Inductance in Henries.

- Magnitudes of voltage peaks.

Times at which voltage weaks occur,

Factor by which the rate of rise of the lower
frequency component is multiplied to give an.
eoulvalent rate of rise for a double frequency

eircuit,

Multiplying factor whe: standard demning is
assumed,

Factors used in foneral equation for double
frequency c1rcu1ts.

Time,

Instantaneous value of transient voltage.
Applied voltage.

Lines drawn to voltage peaks Mj, M, etc.

in Fig. 13.

‘Line drawn to renresentaulve volta' peak in

Fl". l).

Reactance of circuit elements in per cent.
Reactance of higher freguency component,
Reactance of lower frequency component.

Total reactance to the source.

Proportion of total reactance in a double
frequency.circuit atiributed to the lower
frecuency component,

Proportion attributed to the higher frequency -
component, :

Susceptance of a c1rcu;t element in per cent,
Susceptance of higher frequency component.
Susceptance of lower freguency component.

. Proportion of total suscoptance in a double

frequency circuit attributed to the higher
frequency component,

Proportion attributed to lower frequency
component.

Angles corresponding to Vy, Vo ete.
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(1) ~ Introduction.

In problems involving transients in complex power circuits, the
usual methods of circuit roductiorn, involving chiefly series and,
narallel additions of impedances, and star-delta or delta-star
transformations , cannot be used, as the reduced circuit will not, in

" general, have the same freouoncy response as the original clrcuﬂt

The best of the methods available for the mathematical analysis

of complex circuits is that using the Laplace Transform, (Ref: 1),

by means of which any circuit may be represented by a number of
indenendent single frequency circuits in series. The component curves

mey then be plotted, or calculated, to mive che resultant curve.
~ Graphs have been produced for c1rcuits with two component freguencics

(Refs.2, 3, 4), Other methods are also available, chiefly based on the
theory of travelling waves (Ref. 5).

Thege approaches are limited by the amount of work involved, and
practice up to now has been to reduce complex power circuits arbitrarily
to single frequency circuits, This usvally involved swee»ing assumptions
that were not justificd, and answers were subject to error.

In this revort, methods are deseribed, by means of which complex

~ power circuits may be reduced by following deflnltc rules. The resultant

circuit will produce a transicnt, having a voltage magnitude, and initial
rate of rise of voltege, the same as thosc of the original circuit, with
an accuracy sufficient for mosti practical purposes, and with a minimum

of calculation, It is an added advantage that the paramecters are

expressed in a form familiar to power system ennlnecrs, namcly per cont on
o given base MVA,

(2)  Single Froguency Circuits.

(2.1) °  Circuit with L and G Only.

-

The natural frequency of a circuit consisting of an inductonco
L Henries in oarnllel with a capacitance C Farads is given by the formula:-

F = N% cycles per SoC, s seeseimme (2,1,1,)
2 TT/ID ‘

» If L 4s oxpressed in per cent rcactance at 50 cycles (X) on
any given base MVA; and C is expressed in per cent susceptance at 50
cycles (Y) on the same base MVA, then the natural frequeney is given by

F = __,wijgl__ﬁ: = 5000 _— - (.1.2.)

sl

/XX
/ 100 *100
-Al]l calculations of notural frequocy may be corried out on

this basis, ond since system rcactences in particular arc normally
avoileble in per cent, this mcthod will be used herc.

if a woltege of omplitude V, is suddonly applied to the single-

- froquency circuit of Fig., 1, the resulting transicnt is specified by:-

V =7V, (1~ cos 2T Ft), S— : - (2.1.3.)

or, assuming the shape of the curvo, by V, and F. The maximum magnitude
is twlce the amplltudc, or &V, :
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(2.2) Circuit with Resistance.

It is only in unusual cases that the series resistance of a
power circuit has a material effcet on the freguency, beyond the effect
which can be brought in by considering impedances of network elements
instead of reactances. Losses associated with the flow of transient .
currents at high frequency, howover,; affect the voltage mognitude, since
they produce gprrociable damping of the transient., It is a matter of
observation that the effect is usually such as to produce damping to
about 20% of the initicl amplitude in 5 cycles of the transiont frequency
concerned. (Refs. 5, 7). Whilst in particular cascs the decremcnt may be

' greater or less, the decrement to 20% in 5 cycles may be accepted as a
reasonoble universal compromise for the purposc under discussion, This
meang that for a single frequ ney circuit, the magnitude of the first peak,
and the rate of rise of woltage to the first pcak are 92% of those
aporopriate to the undamned transient,

In this revort, all circuits arc assumed to consist of pure
reactances only, and damping, if required, is-applied to the resultont
‘ curves or values,

(3) Double Frequency Circuits.

The double frequency. circuit which is cosicst to congider ia
that containing two independent single-frequency components, as shown in
Fig. 2, The highor frequeney componcnt is represented by Xy, Yy in
parallel, and the lower frequency component is represented by Xp, ¥p, in
parallel.

If a voltage Vo is apolied guddenly o this circuit, the form

of the resulting tronsient may be written down by inspection as:-

V. = V, (x(1=cos? Fpt) ¢ (1x) (1 - cos 2 77 Fyt) § --(3.1.)

X ‘ ,
whore x = —Lie - Proportion of lower frequency component.

® | A+ Ay
. %

(1 - X) [t

n

Proportion of higher frequency component,

Fr, = —~—§QQQ—— = Frequency of lower frequcncy cémponent.
/XX ' ' .
/.LL

]

Fy = —.5000

Frcquency of higher frequency component.
/Tx"Yﬁ :
/ H 7

The double-frequency circuit most commonly found in practice
, is that shown in Fig, 3, in which thec components norn:lly canrot be
e~ . separated by 'inspection. This case has been cvaluated generally, the
formulac obtaincd being as follows: -

Y - X
et a = __f_ b = A

1
Ty - Xp
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P, = —.5000 , P & __5000
TR A Tp
Py - '
7o / ab .
Fy
P n"‘é‘(l*-b( ab)
q « /p°-ab
a {
-, Datg %
K =( p=q )
® Then, in the equation (3.1),
x='Lp+g_—ab).(b+q) g
‘ 2q (1¢0D) * )
neb SRR ) o 6-2)
. : )
I )
Fy = K /_FAFB g

These expressions may be evaluated from the circuit parameters,
and the values substituted in the equation (3.1.). In order to save the
labour of calculation, several sets of graphs have been produced to enable
. x, F, and Fy to be obtained quickly from the ratios of the circuit

‘ , paramcters. (Sec Refs. 2, 3, 4.). For each set of graphs, some extrancous
calculations arc necessary, and it is questionable which set requires the
least expenditure of cffort.

The following method ié belioved to be fagter than previous
methods: - : :
Y, X
4 and b e ;‘A
R A3
Read x from the graph of Fig, 4(or Pig. 44).

Obtain the ratios. a =

T T T
/3 Yg K [y, Xy « X5)(T, « ¥g)

Then Xp, Yy, .~ K< /%, 1, X‘B.YB =y (X + Xp) (Y, ¢ Yp)

_— e la%s | (aY (3.3.)
L X, ¢ L '; | YA + YB e

\ 5 A ,
y‘L - K . Zb e ~.[_:£;_ il (304.)
. b «1 a1 '
Vi, Ry he read fron tho'grnph of Fir, 5,




Similarly
’ . 5000 A
FH = /__ 2 i - 7“—'" . - (305')
and
Iy = 12 ’ -!B_ . 1o (sec Fig 6) e (346,)
. K b+l a e 1 SRt e

) ,
K =//Xi ’ o e e e e (307,)
i |
and may be read from the graph of Fig, 7 (or 7A).
For any given double frequency .circuit of this type, rcad
x, y;, and yg from Figs, 4, 5 and 6 respectively, obtain Fp and Fy, and

substitute in cquation (3.1,),

If the actual values arc required, for inscrtion in the
circuit of Fig., 2, these moy be obtained as follows: -

T = x (X, & Xp) e .. (3.8.)
Xy = (1 -x) (X, » Xg) — ' (3-§.)
1 =YL (Y + Yp) S— (3.10.)

vhere y1, may be read from the graph of Fig, 8,
ore I _

Yy = lyﬁ = (¥ + Yp) ' (3.11.)

X,
wherolfﬂ may be read from the granh of Fig., 9.
-X : . .

2 When the frequencies of the two componénts are widely scparated
(K> 8) they may be obtained direcctly from the circuit parameters of
Fig. 3. Tre two frequeoncics arc given by

5000 g 5000
ZINN AT

and x.is the proportion of total reactance associated with the lower of
_these two frequencics. '

chofal,othcr tynes of double frequency circuits have been
analysed and the expressions tabulated (Refs. 2, 3).

When the relevant valucs have been substituted in cquation
(3.1,), curves of voltage against time may be drawn for each componont
sovarately, and for the rosulta-t, as in Fir, 10, Tho effect of damping of
each comoonant as deseribed in section (2.2.) is shown in Fig. 11. '

) Voltope - time curves showing the variation of the shane of
the resultant curve with variation in -the ratvios x and K* are given in
Fig. 12, : ' : '
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(4) Reduction of Double Freauency Circuits.

For most problems connected with transients in power networks,
the most important parts of the voltage~time curve arc the rate of rise
to thic first peak of reasonable magnitude, and the max1mum magnitude.

On this assumption, it is possible o rcprescnt most double
froquoncy ¢ircuits, of the type shown in Fig., 3, by an oqulvalnnt single
' froquency circuit having either approximately the seme rate of rise, and
moximum magnitudc,or approximately the same equivalent frequency, and
moximum magnitude, Thoso two rcprosontntlons are taken as interchangeable,
Aftor an cxominotion of the éurves of Flg. 12, and considering
the limits of accurcey of the graphs of Figs. 4, 5, 6 and 7, the following
approximations scom justificed,

(1) If x (Fig. 4.) is groator than 0, 85, the offcct of the highor
frequency circuit may be neglocted, and the circuit moy be considered as
a single frequency circuit of amplitude Vi, ond a frequency of

——ee 2000
/hyL‘(XA + XB)(YA + YB)

(ii) If x is less than 0,15, the offcct of the lowor frequcncy
component may be neglected, ond the circuit may be considered as a singlc
frequeney circuit of amplltudo Vo.(l-x) and a frequoncy of

_._.--__.-....,5N9 O
/vy (X, o+ XY, « Tp)

(iii) If a is very large, ond b is of the order of unity, then
YA in the circuit of Fig. 3 may bo replaced by a short circuit, giving a
single freque ncy 01rcu1t containing XB and YB only. The amplitude is

e
<

_ Xp i
V, (7% %) oand the froquency 2000
o' X, + X » e
g B

~ (iv) Cliff (Ref, 8) has suggested the following graphical
construction for obtaining an cquivalont from a recorded or computed.curve:-

LanS V3, Vp cte, arc drown to tho first and subscquent pecaks,
of magnitude My, Mo...., occurring at times Ny; Ny os.., as shown in Fig,13,

From the first.peak, o lan V15 is drawn parallel to V2 of such
A M, = M ’
, -2z 2L
a length that T, )

A third linc V'3 may be drawn from the ond of V'p such thdt
1 : -
Va _ M-¥
- M OtC.
1 1

<

A ronros“nbaulvo llnb V, is drawn from thoe origin.to the end
of tho last llno Vi »
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‘This method may be used for cases not otherwise covered, as follows:-

Let slope of representative line V., = P = %

‘Mo =My - M, - M
2 1 .
where M = Ml ¢ ————— Sin 92 * _.27._.2 Sin 93 PO
Sin @, Sin 8
M, ~-M M =M
2 1 "3 2
! = N * Cos © s (08 Q. 4 e
and N = 1+ cin : o * g ) os 3
Sin 8 = TLIIIITTC
n /1 & éNngz
() '
. 1
Cos 6. = ST
BT EMn 2
(N

M) Sin 87 & (Mp - Mp) Sin @5 ¢ (M3 ~ Mp) Sin 05 + -~
Hence P = T —— Sl """(4.]_.-)
Ny Sin @1 + (My - Mp) Cos @, + (M3 - Mg) Gos 03 ¢ =

In case the successive valucs of Tan @ oscillate, strict
adherence to this foim introduccs slight differences from the valuo
obtained by Cliff's convention, and a suitable corroctlon has bcen
made in the calculations described below.

For the double frequency undamped casc, we may toke the peak
- value (magnitude) of the envelopo (anprox. 2 V,) as unit voltage, and the
. time to. the first low frequency peak as unit tlmc. With a close degroo
of opproximation Ny, No, N3 . , ., may then be teken as

.1-. 93. ;ﬁ ==
KR KR K%

whore K2 is the ratio of the higher frequency to the lower frooucncy,

and is given in Flg. 7. agoinst a, b, The value P is then the factor by
which the rote of risc to the envelope peak (at the lower froquoncy)
must bc multiplicd to give the cquivalent ratc of risc., This factor

P has bcen calculated over a range of valucs of a, b, and the results are
presented in the form of curves in Fig, 14.

In computing P, calculations worc taken up to and including
whichever of the following occurred carlicst :-

: (a) The ccrllcst pook with M > 0.75 unit voltage.

(b) Thc cerlicst peak with N # 1.00 unit time.

(c) The highest peck,

For cascs in which it is desired to allow for the existencc of
damping, &t the standard rate described in Section (2.2.), a similar sct
of curves of Pp has been calculated (sec Fig. 15), in which cach

component curve has becn con51dorod to be domped scparately in obtaining
the values M, My cte,
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The equivalent rate of rise P may be con31dered as that given
by an undamped single frequency circuit of

X=Xy + X _ g
v =l (v, e xp) ) == (4a2)
p° g
= 5000 ., P .' g
Sy (X e X5 ) (Y, ¢ Yp) )

The value Py may be uged in these equations without loss of aécuracy, A
graph of Ml , the equivalent magnitude of the first pneak for the undamped
case, is given in F1~ 16, while Fig, 17 is a graph of Mp, for the damped
case. It will be scen that the flrot peak has a magnitude less than 0.5
for all values of b greater than 1,0,

o

It should be noted that in the calculation of the curves of P
and M, the chief annroximation is in taking, instcad of the actual
successive peak values ‘of the transients and the times at which they occur,
the values of the upper envelope of the higher frequency component super-
imposed on the lower froquency component, at times corresponding to 1,3,5 - - -
half-periods at the higher frequency. This introduces.appreciable error
only when the frequoncies are closc and their amplitudes comparable, and
allowonce has been made for this in the appronriate range, for both the
undamped and the damped cascs.

In prﬁcticc, where a repregontative value is required for a given
rocorded curve, tho linc V', may be made of length M, - M; , and subsequent
peoks trocoted similarly. ﬁls mothod is somewhat casier, as it is only
ncecossary to draw a line from the first peck parallel to Vp, mark off on
it with a pair of dividers the scale longth Mo - M3, and proceed, without
the nccessity of dividing cach valuc by sin 68,. This mcthod placcs a
littlec more omphasgis on the first peak, and gIives results which may be
higher than thosc obtoined by tho use ‘of Cliff's method, but the crror is
small (loss than 4%). Unit voltage (2 V. 5) must bo known for this case,
beforc a comparison with calculated Vﬁlues can be made.

The arcas of application of rules (i) to (iv) in terms of a and
b arc clecarly shown in Fig, 18, which includes a table of represcentative
valucs of the paromcters for cach arca, This graph ‘should be used as a
starting point for the reduction of any double-frequency circuit of the
type shown in Fig, 3.

(5) Roduction of Two Indopendent Circuigg.

For the casc of two indencndent singloéfrequoncy circuits in series,
as in Fig., 2, the appropriate values may be substituted directly in tho
equation (3.1.),-and the curve computed, :

To obtain an cquivalent sing lo frequency circuit, tho rules of
Scetion (4) may bo applicd, As the reduction of caso (1v) has been carricd
out in terms of the rotios a and b, it is necessary to find the appropriate
values of a and b before the gravhs of Figs. 14 ete. can be used, Those
valucs may b¢ obtained from Fig., 19, which is in terms of x, or

X
L ‘m
"z"c"':"'x;-,'and-KZ oo /o
L

5%
_ o IL . JH
It should be noted that Yy = —~ (YA + Yy ) and Ty = «7(YA + Y ),
x —

when applying formulac from Fig, 18,
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(6) Reduction of Multi-Frequency Circuits.

Most multi-frequency series circuits can be reduced to equivalent
single or double frequency circuits by the exercise of judgment, and the
usc of the graphs.

To reduce the four froquoncy circuit of Fig, 20 to a lower order
equivalent circuit, as seen from the end S, the two sections farthest
from 8, Xy Y and X5 Y5 may be considered as a double fregumncy circuit,
and rcplaced, with the aid of Fip, 18, by an cquivalent single frequency
gircuit %',Y¥',. This scction may then be combined with X,Y¥5, and these
two scctions replaced by an equivalent X',Y',, Finally Xt Y', and
X4Y4 may be combined, as X';Y';, The eqUivalent voltage ampli%udé is

bl
: 4
Vo ( Xi + X5 ¢ 3+ X, )

After a little experience, the following rules will be found to
apply: - '

(1) * A small valuc of X (other than the one nearest the
circuit breaker) adjaccent to an X more than 7 times as great, may be
added to the larger value, and the appropriate susceptances added.

. (ii). If the canacitance ncarcst thc circuit breaker is very
large, other capacitances may ofttn be ncglected, giving a single
frequency circuit direcctly. : '

(iii) If the capacitance nearcst the circuit breaker is.small,
and a very large copacitance occurs clsewhere in the circuit, this large
capacitonce may be replaced by a short circuit, and sections béyond the
short circuit ncglccted, Caution should be used in this process, as the
size of capacitance (or susccptonce) which can be short-circuited depends
on thc ratio of the rcactanccs on cither side.

Any multi-frequency circuit may bo analysed mothomatically if
required  the curves drawn, with or without damping, and an cquivalent
circuit obtaincd as described in Scction (4). 1In Ref. 7, the solution
of circuits of various types, having up to five frequencics, is given in
a form suitabls for tebulation., The time involved in such analyscs is
inordinately largc, having regard to the small incrcasc in accuracy
obtained, and the uscfulness of the mathematical approach is limited
cxcept in critical caoses. ’

(7) Combination of Parallol Arms.

Most complox power circuits may be rcarranged as scveral "arms" in
parallel, When cach of the parallel arms has been reduced, by the
methods outlined above, to an cquivalont single~frequoncy circuit, and
the represcentative valucs of X and Y obtained for the undamped curves, an
approximnte method of solution mey be applieds The method dis simply. to
parallel the X and Y values in the usual way, and this has been found to
give good results. ' '

For' the circuit of Fig, 21,

X X ,
S =
= T =% s and . Y = Yl + YZ.
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b

hal
If the ratio 2: = Db' and f; = a' the frequency of the combined
circuit is given by * . .

5000 /2t (b'el)
/E oarel

The voltape amplitude isfequal to V
the total recactance to the source.

X .
o * Tiotal ? where Xtotal is

It is preferable to bring all calculations to this stage as values
for undamped curves, as otherwise some difficulty may be found in
determining the values of the cquivalent reactances, Standard damping
as described in Scction (2.2.) may be applied to the result by
multiplying the voltage peak marnitude by 0,92,

Chocks on the validity of this mothod of reduction and ‘combination

werc carricd oub using a Restriking Voltage Indicator in conjunction with
a nctwork analysor, and gave results within 4% of the corrcct value,

(8) : Application to Threé-?hase Sys tems.

Discussion has so far rclated to 2 - terminal circuits only., When
practical thrce-phase power systoms are being considercd, a variety of
circuit conditions is possible, according to the type of disturbance
considered, The full threc~phase diagram may be drawn for any particular
case; and recrronged to give a combination of series and parallel sections
as vicwed from the circuit breaker, or point of disturbance, The diagram
mey then be rcduced as required, '

For many purnoses, it is possible to represcnt the system by the
single phase or one-line diagram, in which all the inductive reactances
concirned are the normal positive phasc sequence serics rcactances per
phase, and the susceptances are the cffcctive susceptances per phasc
between linc and neutral, corresponding to the positive phasc sequence
capacitances.

The effects of switching transicnts may be estimated at the same
time as, or subscquent to, the calculation of the fault MVA at the points
considercd, and it is conveniont to usc-the calculations and diagrams for
feult MVA as o basis for switching transient calculations whercver possible,
Thus Xtotal is the rcactonce corresponding to the total fault MVA at the
point considcred,

The per cént reactonce of any arm of the notwork, to the source,
is given by := ’

' o = Basg MVA x 100
o Fault MVA

Tnis is of usc whon the fault MVA, the per cent. reactance of the first
elemont, and the per cent susceptance directly across the circuit brecker
or point of disturbancc, arc the only casily obtainable paramcters. If it
is scen that the first element contains o substantial part of the total
reactance of that orm, detailed investigation of the remaining clements may
be unnccesgary.

(8.1..)

\ '

Where a known fault MVA is contributed over a linc of rcasonable length
(say 40 miles) the frequeney of that arm will be low, and rule (ii) of
Scction (6) applics. The circuit may be considered as a sinrle~frequency
circuit of capacitance approximately equal to half the total capacitance
of the lino, and reactvance determined from the fault MVA as described
above.

- The cxample which is worked through later contains scveral types of
network arms cencountercd in practice, c : :
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(9) Imgqggpces.

B o 40 A bt s

(9.1.) Roactanccs.

Tests made on power network elements indicate that; for the order
of frequcnciOS'cncountcrod in switching transicnts, the positive sequence
reactance of renerators and transformers is cporoximately.constant, ata
value somewhat less than the power frequency positive sequence rcactance.
The ratio of the reactance at high frequency to the reactance at power
frequency appears to vary from-O. 85 to 0,95, and an average ratio of 0.90
has been suggested. (Ref. 9). ' ‘

As a result of this change in rcactance under transicnt
conditions, it could be assumed that 10% of the' system voltage is "not
available’, and also that the true frequency is approximately 105% of
the calculatod value,giving a 5% lower rate of risc in a single frequency
circuit. Negleet of this factor will give a conservative answer, and, in view .
of the naturc of the assumpitions involved in the problem, it has been ncglected:
heroc., All reactances usced in the calculations are the normal positive, negative,
and ‘zero sequence reatonces of the various elements. '

(9.2,) - Copacitances.

Transmission lincs may be taken as one 91 - scction; with half
the total capacitonce at each end,

‘For transformers, the measurced capacitance of the isolated high
voltage winding. to the earthed secondary is divided in two, half bcing placed
at cach end of the recactance in the cquivalent circuit, Both scctions of
capacitance are considered to be referred to the high voltage base. If
one side of the transformer is carthed throuzh a foult, the capacitance on
that side is short~circuitcd, and the capacitancc on tho other side is
increased to 0.65 of the value mecasured zbove. (Ref, 3 and tests at the.
Electrical Rescarch Association Laboratories, London) For cases in which

‘the capocitance is not known, thc graph of Fig. 22 may be used. This graph

is based on valucs supplied by various manufacturers, and the information
from Refs., 3, 6 and 10, : '

The capacitance of goncerator windings may be measurcd in a
similar manner, but where this value is not known a suitable minimum valuc
is 0,004 microfareds at each cnd of the winding, or 0.005 micro-farads at
the torminals if the neutral is carthed. These values are reforrod to.
the generstor voltage.,

The capacitance of a shunt reactor is teken as oqual to that of
a transformer of the some rating,

A cable is represented by its capacitance only,

The cap .citance of varlous other network elcments is discussed

* in Refs. 3 and 6

(9.3.)4 Standard Valuos;

/

For a projected syston, it is desirable to draw up a table of
system paramcters, using minimum or average values, axpressed in per cent
rcactance and susceptance on the system bascs. If the samo MVA base is
used for all voltages, the values from the table, for the correct voltage
base, may be inscried directly on the system diagram. Such a table is
given in Fig., 23. .

f
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(10) Zxample.

Consider tho systom in Fig. 24(a). A three-phase to carth fault has
occurred on,the transmission line just beyond circuit-breaker (A) and the
equivalent circuit as scen from (4) is roquired.

System bases 13.2 KV, 132 KV, 100MVA,
Figure 23 used except as .stated.
Reactaences, . ‘

100

EBach tronsformer 10 x 5 = 20% —}3'in perallel = 6,67 %
Bach alternator 10 x l%% = 20% - 3 in‘parallcl = 6.67°%
Reactor 20 x %%g = 20%

: Total fault MVA contributed by transmission linc with reactor =
300 MVA (given).

‘ Roactancd of this arm %g% p'e 100-3 33%.

Susceplonces,

Each transformer 0,006 micro Farads (measured) -

18.3

0.006 y 100 = 0.0328 %, or 0,016 % cach end.

Three in parallel = 0,048 % cach end.
Tach alternator, necutral carthed,; 0.005 micro Farads (mcasurcd)

~ . - .
%gggz‘ x 100 = 0,00027 %, .Three in parallel = 0,0009 %.at.terminals.

Roactor - 0,0028 % or 0,0014 cach cnd.

20 milcs overhead'linc.

6.5 x 20 i‘0.07§-= 0.8 % cach .end,

H.V. igbars = 0.0056 %

L.V, hupbars and short cables négicctéd.

The diagram may now be redrawn as Fig. 24 (D) and each arn

considered in turn,

Reactor, line, and source,

2 = 5o = 570 b= 2= 0.6

From Fig, 18. - ¥ is short circuit X =X =20, Y = Yz = 0,0014.

3 Local transformers and alternators..

o= Q040 _ 4 oo b= 267 = 3

0. 048 T 6.67 -

From Fig. 18, single low frequency circuit
X = (XA‘+ Xg ) = (6,67 « 6.67) = 13.3

Y =y (T, = Y5) = 0.66 (0.049 + 0.048) = 0.063.
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Reacuor an® other section of station.:

Combine two outer sections.

0,049 _ - 6,67
_a- 0.055-— 0.89 b = 6.67 = 1..

From Fig, 18, single low frecuency circuit

X = (X # Xp) = (6,67 + 6,67) = 13.3

T =y ()« Tg) = 0.68 (0,049 « 0.055) = 0.070
The reduced arm is Xy = 13.3, Xp = 20,
YA = 0.070, YB - 0000140
- 0.070 . _ | . 1.3 .
e = gooip = 0 BE g = 0.5

From Fig, 18, ¥, is short circuit.

X=Xy = 20 Y= I3 = 0,001

Alternatively, consider as single high frequency section

0 4 (Flg. &), ‘
(1-x) ¢ Xy ) = 0.6 (13 ¢ 20) = 19.8
vy = 0,015 ( élg. 5) ‘
v vy (Y4 & Yg) = o.015 (0.070 & 0.0014) = 0.0011.

X
X

tru

This indicates the order of errors in borderline cases,

132 KV Busbars.

Y = 0.0056.

Combination.

The circuit has now'been reduced to that shown in Fig, 24 (c), and
the arms may be comblned in narallol to give

X= 570 Y= 0,071 XY = 0.405.

Xtotal, from Fig. 24 (b), is given by 33, 13.3, and 33.3 in
parallel, or 7.4 %.

100

7.2 x 100 - 1350 MVA.

Total fault MVA =

o X__ 570
Voltage amplitude = Xtotal = 7.40

0.77 per unit undamped

!

0.71 per unit damped.

"

' 5000
Frequency = —

/0,405

7960 cycles per sec.
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The ingertion of a section of 132 KV cable, of assumed
capacitance 0.015 % (about 30 %) between the local busbar and the inter- }

‘bus reactor would give a circuiv, for this arm, as shown in Fig, 25 (a).

This may be rcduced, as shown above, to the circuit of Fig, 25 (b).
For this secction,

& 0.070 - b= 3= 0,665,
- a O",_O-lz | 404 ' : | _ 2@2 >

From Figz, 18, this 1s a double frequency case,
y1, = 0.41 (Fig. 5) - P=110 (Fig. 14)
X=Xy + g =133 ¢ 20 = 33.3

L _ 0
Y=2 (1« )= (ijié%z (0.070 # 0.016) = 0,0292

'

Substituting thesc values in Fig., 24(c), and calculating as .above,
Voitago amplitudé.: 0.872 undamned.

Frequency = 6250 cyclcs per sec.

(11) Gonclusions.

The method of reducing circuits described here should provide a
satisfactory mcans of rapidly surveying the voltage and frequency of the
tronsicnts to which switchgear at a given site or number of -gites is
subject., Whilst the calculations are apwroximate, and in the more
comnlicated cases cannot be supported by theorctical rcasoning, the method
will clearly indicate which of a number of cascs will set limits., The
latter may then be cxamined morc closely by complete analysis, in which
account can be taken of details of network paramcters neglected in the
wider survey. . ‘
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Fig2: Double Frequency Circuit with Independent Components.
[Sce Section (3)]

’ c.g 3: Tgpuml Double. Frequer\c\J Cieuit.
' [5&. Scdﬂon (3)] -
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Fig, 23. Hotwork Blements - _Standard Values (See Section (9,3.) ).
Voltage Kv, 13.2 33 132 330
e g i e .\»;,.m--.a.-.‘vu,..-v.-v.-.4 e a e e £ 18 et s e o A 1 S s e | e e e e s
Base
MVA MVA 1100 100 100 100
impedance ohms |1.74 10,9 - 174 1090
reactance Henries [0.00554 | 0.0347 0.554 347
susceptance micromhos {575,000 {91,600 5,750 916
capacitance micro Farads (1830 202 18.3 2.92
fieactonces on 100 MVA base or rating
Overhcad line % per mile {30 5.5 .38 .048
Cable single core % per 100 ft, |.13 . 028 . 002 . 0004
" threc core - % per 100 ft. {.13 .028- - -
Generators stecam X4 % on rabting |10 10 - -
i -~ hydro X'd % on rating {20 20 - -
Transformers 2-winding % on rating {10 10 10 12
’ -~ Transformers outo % on rating (5 5 5 10
Shunt Recactors % on rating {100 100 100 100
Serics Reactors % on 100 MVA {10 10 20 2
Susceptances on 100 1MVA basc
Overhcad linc % per mile {.,0011 . 0062 .079 59
Cable single core % per 100 ft. |.0009 .0038 045 . 2056
i three core % per 100 ft. {.C009 .0038 - -
Generators stecam % 1 .00044 .0027 - -
Generotors hydro % 1.00066 . 0041 - -
Transformers 2 winding % on H.V, base |,0004 . 0017 .02 .10
Transformers auto % on H,V, base - - 01 .05
Shunt rcactors % | 0004 0017 02 .10
Serics reactors - oil immersed = % - - . 0028 L0218
i i - air cored % 1.00001 . 2007 - -
Total substation excluding above % 1.,0CC05 .00035 .0056 .03
A Poctsntial transformer %1 ' .0028 018
? ‘Current transformer - oil filled < L Q017 011
. i i - compound filled % 0006 . Q04
Circuit breckers - % L0011 007
Isolators - “ . Q006 LOC4
Bushings ~ condenser % L0011 007
Lightning srrestors L0001 .00
Insulator strings % L0003 o 004
Strung busbars o per 100 ft. 1L OO
Rigid busbars % per 100 £, .0022 RexVA
[

Eor gonerators‘with ncutral car?hod, or transformers with a fault on onc side,
incrcasc capacitance on other gside of cquinment to 0,65 of total.
Otherwise T.52 of total capacitance at cach side of equipnent.
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PART II RATE OF RISE OF RESTRIKING VOLTAGE. Page No.
Summary . | -1
~List of Symbols.
(1) Introduction. 3
(2) Three-Phase Systems. 3
(3) - Methods of Testing. 4
(3.1) Passive Networks. 4
(3.2) Iive Networks. 5
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- (4.1) ,Exiéting Methods . 6
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(5). Accuracy of Simplified Calculation. 10
(6) Survey of System. | 10
(7) Iimits of RRRV. - - 11
(8) Circuit Breaker Characteristics. o 13
(8.1) Scatter of Test Results. - 13
(8.2) Dielectric Recovery. 14
(8.3) Post-arc Conductivity. ' 15
(8.4) Resistors. | _ 15
- (9) Conclusions. | 15
(10) Bibliography. ) 17

Figures 1 -15.
Photographs 1 - 4.

Summary.

Methods of testing and calculating the rate of rise
of circuit breaker restriking voltage in three phase power
systems are rcviewed, with particular emphasis on a method

of calculation based on simplified circuit reduction. The
order of accuracy of this method is demonstrated, and the
results of a survey of a large projected system are given.
Theoretical limits -of RRRV are discussed, and a standard is
suggested. '

Recent tests on circuit breaker contact assemblies
are described, and it is shown that knowledge of the dielectric
recovery characterletlc of commercial circuit breakers is
lagging behind the customer S spe01flcation of the performance
required. :
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List_of Symbols .

By,

n

RRRV

X

X4
Xng
Xtotal

-

4

= W

it

r.m.s. line to line voltage in KV.

2 IT times the frequency assoéciated with

- the corresponding compohents

Rate of rise of restriking voltage, in Kv/
micro-second.

Time. _
Peak power frequency line to neutral voltage.

Instantaneous value of resitriking voltage.

Reactance in per cent on the system base.
Generator direct-axis subtransient reactance,
Genérator quadratwe-axis subtransient reactance.
Total positive sequence reactance per fhase to
the source}

Susceptance in per cent on the system base.
Damping factor;

Factor depending on fault conditions - max 1.5.

%%% = Factor depénding on generator
characteristics,

2 IT times power frequency.



(1) Introduction.

When a circuit breaker opens, a voltage will appear
between the contacts. A graph of this voltage will show a
transient, of a type determined by the circuit parameters,
superimposed on the steady state voltage differcnce, or reccovery
voltage, between the open contacts. The total voltage between
the comtacts is known as the restriking voltage.

Circuit breakers in power systems interrupt circuits
in a very short time, of the order of hundredths of a secong,
and this requires rapid establishment of dielectric strength
between the contacts. In addition to rapid separation of the-

contacts, various devices are employed to ensure that, after

a current zero, the ionised gases are cooled or replaced as
quickly as possible. As system voltages inereased, it was
found that, in particular locations,; some types of circuit
breakers were unable to clear faults expeditiously, even though
the fault current was less than the rated maximum for the circuit
breaker:w '

These locations were investigated closely, anmd it
was found that the transient components of the restriking
voltage included a high frequency oscillation (5,000 to 20,000
cycles per second), of amplitude of the order of the power
frequency peak voltage. These tests indicated that the
restriking voltage could, under some circumstances, reach a
value of more than twice the normal system peak phase to neutral
voltage , in a time corresponding to one half cycle of the
high frequency oscillation.

Extensive investigations are now being made, in
many countries, to determine the range of rates of rise of
restriking voltage, or RRRV, in existing and projected networks.
At the same time, new methods are being developed for testing
circuit breakers to determine rupturing capacities for a range
of values of RRRV.,

(2) Three-Phase Systems.

In three-phase power systems, locations which should
be investigated are those involving large fault MVA, and those
involving high RRRV. Both factors need not necessarily be
present at the same time,

Large fault MVA will be expected at locations where
the combined impedance to the sources of supply is low. A
high RRRV is likely when a fault occurs at or near the terminals
of a network element having a reactance which is an appreciable
part of the total reactance to the source, and where little
effective capacitance is normally present between the reactance
and the circuit breaker. Possible faults near any alternator.

transformer, shunt or series reactar should be carefully considered.

If the three-phase diagram for a fault condition is
drawn, showing the three poles of the circuit breaker, and
capacitances to neutral and to earth, different circuits will be
obtained for the application of different types of fault.
Altermtively, sequence diagrams may be drawn, and combined

"~ by symmetrical component methods. Since the three poles of the

circuit breaker clear at different instants, different circuits
must be corsidered for the clearance of each pole.
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Of these possibilities, the type of interruption
which is usually most simple to test or calculate, and which
usually gives the highest RRRV across a single pole of a
cirsuit breaker, is the interruption of the first phase to
clear a three phase unearthed fault, where the system beyond
whe fault is supposed completely disconnected. In this case
all the inductive reactances concerned are the normal positive
phase sequence series reactances per phase of the circuit, and
the capacitances are the effective capacitances per phase between
line and neutral (the positive phase sequence capacltances)

The three phase dlagram for a simple case, and the

- reduction, are shown in Fig. 1. It is obvious that the
frequency of each section of the final circuit is the same, and
since the reactance X corresponds to unit voltage, the
resultant transient will have an amplitude corresponding to

1.5 times unit voltage, and a frequency fixed by the single
phase parameterss X and Y. It is thus permissible to consider
the single phase diagram of any system, and multiply the
amplitude of the resultant transient by 1.9. This factor is
designated B- ' ‘

Similar reductions may be carried out for other types
of faults. TFig. 2 shows the reduction of a three phase earthed
fault case. Here the frequency is the same as for Fig, 1 and
3 is equal to unity. Other cases have been investigated, and
the results tabulated by Gosland (Ref. 1). It should be noted
that if the system neutral is unearthed, it is necessary to take
account of zero sequence reactances and susceptances. (Ref.2).
The frequency for all faults at the same point in a particular
system is approximately the same, and the maximum value of B
is 1.5, as found above. A three phase uncarthed fault is
generally taken as the criterion for RRRV.

The magnitude of the transient may also be influenced
by generator characteristics. Factors for field decrement, '
and quadrature reactance, have been suggested by Park and
Skeats (Ref. 3); and an overall factor ¥ = X'g is suggested

Xva
by Lundholm (Ref. 4). -The influence of D.C. components is
considered to be small. For a survey of any system, either by
testing on passive rortions of the network, or by calculation,
it is necessary to make assumptions on these points.

H

(3) Methods of Testing.
(3.1.) Passive Networks.

The transient response of any existing passive circuit
my be tested by the application of a surge of known character-
isties, the response being displayed on an oscilloscope. For
the high frequencies involved. it is dcsirable to inject
surges at short intervals, so that a series of traces will appear.
on the oscilloscope. If a suitable time base is used, these
traces will be coincident, and may be photographed.,

Several suitable 1nstrumenxs have been developed, A
description of the Restrlklng Voltage Indicator used by the
British Electrical Research Association (E.R.A.) is given
in Ref., 5. Others are similar in principle, but differ in
detail.

" The chief disadvantage of this method is that the
section of system investigated must be made dead. "This may be
dlfflcult to arrange. Another drawback is the time taken to

henge the section under test, as actual circuit connectlons
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must be broken and mde, and normal safety precautions in
respect of earthing, and circuit checking, must be observed.

Phe effect of pick-up from adjacent line sections may be
appreciable at voltages of 132 KV and higher.

Results of investigntions by the H.R.A. on 66 KV
networks, using the Hestriking Voltage Indicator, are given
in Ref.6. These tests were made on one phase only, the
results being multiplied by P = 1.5 as explained in Section (2).

On'higher voltage networks, this equipment is most

useful in checking the capacitance and reactance of small

sections of the network, by observation of the amplitude and
frequency of the record. Checks can also be made with a
variable frequency oscillator, and a bridge. This was done

by E.R.A. at several power stations and substations ‘connected
to the British Electricity Authority 1%2 KV grid, the author
assisting at the tests. Photograph 1 shows connections being
made to the Restriking Voltage Indicator. Photograph 2
illustrates the operation of the variable frequency oscillator.
Photographs 3 and 4 show two different types of 132KV series
reactors about to be tested. .

When accurate values of capacitance and reactance
have been obtained for the various sections of the network,
cases involving larger sections of the same network my be
investigated by calculation, or on a transient analyser, for
various operating conditions.

(3.2) Live Networks.

In theoretical studies, it is usually assumed that
the circuit is interrupted by an ideal switch. In live networks,
the circuit breaker arc may modify the transient. Also, in the
case of a record- taken on an actual circuit breaker at low current
in a passive network, care is required in extrapoclation to fault
conditions, as the effect of the arc may vary for large changes
in current. For this reason, it is desirable to be able to
measure RRRV on live networks under fault conditions, and methods
of doing this are being developed.

Dannatt and Polson (Ref. 7) describe one method, but
point out that their tests could not be carried out under
conditions of severe fault MVA and RRRV without dislocation
of the supply.

Kurth, in Ref.8, describes tests in Switzerland,
using a reactlve load absorblng 10% of the short circuit
gurrent. This method may be used up to 20 KV, but for
voltages higher than this, the reactors must be connected to
the system through a transformer, and the equipment becomes
somewhat complicated.

Fourmorier, in Ref.9, desc¢ribes a modification
of Kurth's method, using a device for compensating the power
frequency voltage, and recording the voltage transient at the
circuit breaker when small loads are switched off. This
method has been used on the Belgian network up to 70 KV.
(See also Refs. 10 and 11).

(3.3) Transient Analyser.

Where network conwtants are known with some accuracy,
it is possible to set up the system in miniature on a transient
analyser, applying faults and clearing them as required, and
recording the transients. The system could be represented as
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single phase, three phase, or sequence networks, depending on
the size of the system, and the types of faults to be investiga-

If a transient analyser is not available, good results
can be obtained by using a Restriking Voltage Indicator in
conjunction with an A.C. Network Analyser. This method is
0of particular advantage in checking the effect of changes in

circuit parameters. It may be necessary to use amplifiers

in the recording circuit if the analyser base voltage and current
are small. The results may be inaccurate if the impedances

of the units vary with frequency in a manner different to that
observed in high voltage network elements, and it is advisable

to use analyser units with substantielly constant characteristics
over a frequency range of 100 to 1, and apply correctioms to

the result if required.

This method has been used at the E.R.A. Laboratories,
London. The author tested the network analyser units, and
assisted with the series of studies reported in Ref. 13, These
studies were based on network constants measured at the actual
locations investigated. (See Section 3.1).

(3.4) Analysis of Records.

When the form of the restriking transient appropriate
to a given circuit breaker location and circuit condition has
been obtained, by any of the above methods, in the form of a
photograph or oscillogram, the rate -of rise of restriking voltage
can be determined readily by a straight-forward process of
measurement. '

_ For a circuit having a2 single or greatly predominant
natural frequency, this measurement consists of determining the
slope of the line from zero voltage at zero time to the first
voltage peak. The <cale of voltage and time is read from
calibration curves, which should be recorded on the same sheet.

For circuits having two or more natural frequencies,
the convention suggested by Cliff. (Ref.l4), or that suggested
in Part I, "Reduction of Circuits for Transients®™, Section (4).
may be used. ‘ ‘

If a single-phase circuit has been considered, the
maximum RRRV is obtained by multiplying the value from the
record by 1.5, as in Section (2).

(4) calculation of RRRV.

(4.1) Existing Methods,

Several methods have been used for the calculation of
RRRV for cases where the information has been available in the
form of system parameters (reactances, capacitances, and
resistancee),

The classical approach is mathematical analysis by
means of the Heaviside or Laplace Transform.  This is still of
use where a rigorous solution is required. * .

Boehne :(Ref. 15) showed the equivalence of several types
of double frequency networks. Adams, and others (Ref. 16)
described a very approximate method of reducing networks to
single or double frequency circuits. This method was applied to

. a large network (Ref. 17).
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t

Mortlock (Ref. 2) has tabulated the procedure
for the analysis of several cases of multi-frequency circuits.

Hammarlund (Ref,18), in the course of-a survey
of the Swedish system, showed, using Iaplace transforms, that
many types of network sections encountered in the system could
be represented by equivalent circuits. Most of these
equivalent circuits, however, were still fairly complex,
This approach was the first real attempt to rationalise the
calculations for practical networks, and the method was usad
by Ter Horst on the 110 KV Netherlands system (def. 19) and
later by Johansen on the Swedish 220 KV system (Ref. 20)..

Satche and Grosse (%ef, 21) showed how the form of
the transient could be obtained graphically, using & method
based on travelling wave theory.

In all tnese methods except the last, it is necessary
to calculate the component eurves, add them, and plot the form
of the restriking voltage transient. The methods of measurement
described in Sectien (3.4) can then be applied. These processes

are tedious, and make the survey of a large system a lengthy
investigation. '

The next Section describes the calculation of RRRV
using the simplified methods of Part I, "Reduction of Circuits
for Transients".

(4,2) Simplified Calculation of RRRV. .

Following Hammarlund (Ref. 18), the following
assumptions are made

(i) Power frequency voltages and currents are
sinusoidal,

(ii) The power factor of the circuit is zero.
(1ii) The circuit breaker is ideal.

(iv) Recovery voltages are based on system nomiml
' voltage.

(v) Only the first phase to clear a three phase
unearthed short circuit on an earthed system
is considered. B = 1.5.

(vi) The quadraturc reactance factor, ¥ , is equal’
to unity. a

(vii) Field decrement is neglected.
(viii) Armoture direct current components are neglected.
When the circuit breaker clears, at current zero,
the steady state recovery voltage is at its maximum value, and

the restriking voltage transient is specified by an equation
of the form :-

Vg = BV (coswt - Xy e 1% con nyt = X e -qzt cos nyt +=)
g Xtetal . Xtotal

ces (4.2.1.)
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where VS = Instantancous value of restriking voltage.
B = Factor‘depending on fault condition. |
V = Peak power frequency phase to neutral voltage.
«w = 2 II times the-power frequency.
t = Time.
Xyyy = Reactances associated with the corresponding
components.
Xtotal =- Total positive sequence reactance per phase to

the source,

s 1,2 = Damping factors.

n , = 2 I times the frequencies associated with the
’ corresponding components.

Assuming that the frequency of the transicnt is high
~compared to the power frequéncy, this equation may be rewritten
as :- .
Vo = BV ( ——E;— (1- o ~¥1t cos n.t) + X2 (1 - e ’“2t cos h t)
S ( Xtotal - ‘ -1 Ttotal 2

i = =)

e v (4.2.2).

, When the circuit has been reduced, by the methods
described in Part 1, "Reduction of Circuits faor Transicnts", to
a representative single frequency circuit, the equation becomes,
for a power frequency of 50 cycles for second,

Vg = V. XB__ . (1-e %% oos 2122000y (459,

Ltotal , - /XY
where X - = Representative reactance seen from the circuit

breaker in pcr cent. :

Y = 'Representative susceptance seen from the circuit
breaker in per cent, on the same base.

« - = Standard damping factor, which will reduce the
transient to 20% of its initial amplitude in \
5 cycles.

. Taking *the RRRV as the slope of the line from the
origin to the peal of the representative single frequency transient,
as shown in Fig. 3, the RRRV in terms of the r.m.s. line-to-line
voltage EL my be obtained as follows :-

Amplitude of peak (undamped) = EL_4§ « 2X. B

/g Xtotal- KV

.e .; (4.244)

Time -to pcak = 1 L} LY LI ] LY (4-‘.2.5‘)0
2.5000 scconds : - :

/XY
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RRRV - Amplitude = Bp/2 =~ 2 X.B  2.5000 KV/sccond ..
Time — Xtotal 5 v }

/3 2 S ¢ A

o ' PR ..(4.2.6).
0.016% . X.B_ .. E

RRRV = . 1 KV/microsccond (undomped).. . .
/i? Xtotal '
R oo . .'0(4.‘20‘7)
where _X and XY are the known representative values, and B
Xtotal . - . , S . :
mey. be taken as 1.5 for the worst case.
Fig. 4 is o graph of Rg?y against XY for various values of
X B i while Figs. 5, 6, 7 give RRRV for system voltages of .
Xtotal - : .

13.2 Kv, iBéKV and 330 KV respectively.

The RRRV to the damped curve is obtained by multiplying
the value from the appropriate graph by 0.92.

A If the slopc of the line tangential to the curve of Fig.
5 is required, for the undamped or dampcd case, the above
results are multiplied by 1.135. ’

When the reduced circuit consists of two or more
independent single frequency components, and the high frequency
component is large, an approximate value of the RRRV may be
-quickly obtained by reading the RRRV for each component from
the graph, for the appropriate value of X B _, and adding them..

‘ : Ltotal , ,

Another value often referred to is the Amplitude
Fastor, or ratio of the maximum voltage magnitude to the power
frequency peak recovery voltage. For an undamped circuit,

this is equal to 2X y, Wwith a maximum of 2, and for a damped
Xtotal : : -
circuit the maximum valuc may be token as %%%%a%f ’

'An abridged description of this method, including the
simplified methods of circuit reduction, is given in Ref. 22. -

- (4.3) Example of Simplified Calculation.

~ For the¢ circuit considered in the example in Part I,
Section (10), on a 132 KV network,

XY = 094050
X = 0.77 x 1.5 = 1{16, for a three phase uncarthed fault.,
Xtotal - _
Amplitude = 132, 2 /2 . _X'B = 249  KV.
Xtotal -
/3 L
. _ 1.84 X B _
Amplitude Factor = Ytotal o= l.42.
RRRV (undamped) ~  from Fig. 6 = 3.89.
RRRV (damped) = 0.92 x 3.89 = 3,58. KV/microsecond.
: 100 o
Fault MVA = YT g 100 = 1350 MVA.



For the alternative,

XY = 0.645.

. xﬁ = 0;872.x 1.5 = 1,31
 Xtotal .

Amplitude = 28é KV .

Amplitude Factor = 1.60.

RRRV (undamped) = 3.51

RRRV (damped) = 3.23

Fault MVA = -1%50 MVA

(5) Accuracj of Simplified Calculation.

10.

In order to demonstrate the accuracy of the
simplified method of calculation described in Section

(4.2), several of the cases considered in Ref. 13, using

a restriking voltage indicator and network analyser, were
checked by calculation. The two sets of results are given

in the following table, the calculated values, being in

brackets.
Tocation Case | RRRV MVA  Amplitude
: . ‘ ' Factor.
{Hams Hall 2.1 | 3.5(3.7) | 230 1.84(1.84)
L L 2.2 | 3.4(3.1) 230 1.84(113% first peak)
n L 2.3 2.8%3.0) 800 1:50(1.84)
" " 2.4 -1 T.5(7.5) 380 1:40(1.40§
" " 2.5 4.1(3.7) 1 1020 . | 1.69(1.57).
" " - 2.6 3.8(3.73 1180 1.72(1.62;
" " 2.7 1.2(1.2 1750 1.82(1.64
Coventry 5.1 | 3.9(3:1) 230 - 1.87(1.84)
" L 5.2 6.8(6.2) 350 1.,64(1.30 first pea
l & 5.3 | 1.7(1.5). 740 1.53(1.53)

The difference between analyser and calculated
values of RRRV is less than 10%, with the exception of case
5.1, in which the result may vary considerably, depending

- on which transformer, cables and generators are connected.
For amplitude factors the discrepancy is less than-10% for
all cases. . ‘ .

L Bearing in mind that average values of capacitance
from Part I "Reduction of Circuits for Transients", Section 9,
were used in the calculations, the order of.agreement found

is very good. '

(6) Survey of System.

A comprehensive survey of RRRV has been carried
out on a projected system. The network considered consists
of 14 hwydro gererating stations, the larger ones being
connected through step-up transformers directly to a 330 RV
transmission system, and the power from the smaller stations
being collected at 132 KV, and thence transformed to 330 KV.’

k)
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The bulk of the power is transmitted approximately
240 miles to three terminal stations, via two intermediate
switching stations. Step-down auto-transformers, 330/13%2KV,
are installed at each of these five stations. In all
there are 14 major switching stations. with approximately 120 -

circuit breakers, and approximately 40 13J KV eirguit -breakers.

There are no series reactors in the proposed system,

The envelope 0f the results for the 3}0 KV breakers
is shown in Flg. 8, This envelope shows two distinct

cases -

(i) Fault on bus or line, with transformer circuit

breaker opening, or fault on low voltage side ..

- of transformer, cleared by transformer circuit
breaker, bus coupler, or line circuit breaker.
This c*°e gives RRRV up to 14.5 KV/micro-
second, Ior faults up to 2500 MVA.

(ii) Fault on llne with other high voltage lines
connected, cleared by line circuit breaker
or bus coupler. OWing to the high capadit-
dance of the llnes; the RRRV is less than 2 KV
per microsecond, for faults up to 10,000 MVA,

Almost any circuit breaker in the system may
be required, under some operatlng conditions, to clear
either of these cases. :

The envelope of the results for the 132 KV
breakers is shown in Fig. 9. Here the distinction between
the transformer and line cases is not as clear owing to the
smaller capacitance of the 132 KV lines, and the large sigze.
of some of the transformers (200 MVA), Extreme values
are 7 KV per microsecond at 1800 MVA, and 2 KV per micro-
secord at 3000 MVA,

" (7)  Limits of RRRV.

In a large power station, it is common practice to
have several generator-transformer units connected in
~parallel to a high voltage bus. For a fault on the busbar
side of a transformer circuit breaker, the RRRV is high, but
the fault MVA is limited by the size of the generator.

For a fault on the bus, an Qutgoing line, or the
transformer side of a circuit breaker, it is possible, under
some sw1tch1ng conditions, to have several generator- trans-
former units in parallel, each contributing fault MVA. In
this case the RRRV will be approximately the same as for a
single generator-transformer unit, -the only difference belng
that due to the addition of -the busbar capacitance, which is
relatively small. The RRRV will, of course, be considerably
reduced by the connection of other high voltage lines, but not
appreciably affected by the connectlon of lines -and cables
at generating voltage.

- Thus, in a large power station, a high RRRV

may be associated with a fault MVA limited only by the size
of the station, and other stations interconnected at
generating voltage. The theoretical limit of the fault
MVA is given by considering the low voltage terminals of

- the transformers to be connected.to an infinite bus, One
100 MVA transformer, with a reactance on rating of 10% ,

nr.
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could then supply 1000 MVA to a three phase fault.

Two 50 MVA transformers, with a reac¢tance on rating of -

10%, could also supply 1000 MVA, but the RRRV would be
somewhat less, A graph of RRRV agalnst size of transformer,

for any total fault WVA, is given in Fig. 10 for 132 KV

transformers, including standard damping . Normal transformer
reactance is taken a$ lO%‘ and the effect of the busbar
capacitance is shown. The curves corresponding to reactances

of 15% and 20% may be used to allow for a finite system
beyond the transformers. - ‘

: .From this graph a reasonable‘max1mum of RRRV for
locationS near transformers is 9 KV per microsecond, which
covers all two-winding transformers. A reduction to

7.5 KV per micro-secomd is reasonable for most cases, but’ this
value may be associated with the full rupturing capa01ty of -
the circuit breaker.

: A similar graph has been drawn for 330 KV
transformers (Fig. 11), and indicates a maximum of 16 KV

per microsecond as a reasomble value for most cases. Again,
this value could be associated with the full rupturing
capacity of the circuit,breaker, but the probability is less.

Several writers have expressed the oplnlon that
RRRV tends to diminish with increasing voltage owing to the
increase in size of the system. These graphs show that .this
is not necessarlly correct, the limit of RRRV actually
increasing with increasing voltage. However, assuming
that the number of series breaks per phase on the circuit
breaker increases roughly in proportion to the voltage, and
that the voltage across the breaks is evenly distributed,
the RRRV per break is reduced at higher voltages. This
means that when the same interrupter heads are used for a
range of circuit breakers for various voltages, and efficient
.'voltage distribution devices are incorporated, RRRV tests
in the lower voliage range may be sufficient. A reasonable
value of RRRV is Iine to line voltage in KV KV per micro

. 15

second. This gives 9 KV/microsecond at 132 K.

Fig. 12 is a graph for 132 KV series reactors, and
shows RRRV against MVA throughput, for reactances on ratlng
of 10% and 20% This graph 1nd1cates that 132 KV series
reactors of reactance less than 20% on 100 MVA should not be
used. Where these reactors are installed, circuit breakers
should be fitted with special interrupter heads, capable of
clearing half the rated rupturing capacitg at an RRRV of 15 KV
per micro-second. These special heads should also be
used for locations where an auto-transformer is used for
stepping up the voltage, from an extensive system, to 132 KV.
It is assumed that series reactors will not be used on
higher voltage systems. -

An alternative to the use of special interrupter
heads on circuit breakers when connected to series reactors
or auto-transformers, is the Connection of a few yards of
hlgh voltage cabhe to each piece of equipmént. This cable.
is only required to provide additional shunt capac1tance,
and need not be in series with the equlpment

It should be noted that at present no large
circuit breaker proving station can directly test a circuit
breaker of reasonable rupturing capacity at RRRV greater
than about 4 KV per microsecond (Ref. 14).. Facilities
for tests on circuit breakers at much hlvher RRRV than
"this are now a necessity,’
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(8) Clroult Breaker Characteristics.

- (8, l) Scatter of Test Results.

It -is well known that 1f a circuit breaker
is operated, in a testing statlon to interrupt a succession

- of faults, of increasing total MVA the distinction between

satisfactory and unsatisfactory operatlon is not clearly.
defined.

This has been clearly demonstrated at the E.R.A,
Laboratories, London, and it has been shown that, after
controlling current, voltage, RRRV, comact gap, contact
material, and the p01nt on thu power frequency wave at which -
the operatlon takes place, there is still a considerable

-scatter of results. The tests were carried out on an air

blast circuit breaker, and the scatter was assumed to be:
partly duec to the variable composition of the air, and
partly due to variation in the amount of active nltrogen
produced durlng the operation. - ,

For an air blast breaker, the three parameters
which may be most easily varied arb the fault MVA, the

"RRRV, and the air pressure.. Most commercial breakers
are tested at constant RRRV and air pressure, and with a

range of fault MVA, to demonstrate that thec rated rupturing
capacity of the breaker is less than the scatter band.

‘Attempts have been made to obtain maximum RRRV, in o single

frequency circuit, for constant fault MVA and air pressure
(Refs., 18,23,24, 25) ' The results also showed considerable

scatter, and IHQUfflCIunt tests were made to give rcllable
- values.. .

E.R. A. have conducted tests with constant fault MVA
and RRRV to define the scatter band in terms of air pressure.
The results (Ref.26) give the range of critical pressurcs
for various arrangements of contacts, etc., with controlled
tripping.. The curves of percentage breaking against air
pressure, Fig. 13, indicate a normal distribution of results.
It should be possible, therefore, in future tests, to
establish such a curve by fixing threc points in the scatter

- band, say A, B, and C in Fig. 13. A few precliminary shots
‘would be requlred to give an indication of the extent of the

scatter band, and then say: 10 shots at each of three points.

These tests could be carried out as part of the manufacturers'

development tests, ard the rclation between fault MVA, RRRV
for single frequency circuits, and air pressurc, for varlous
ommor01al circuit breakers, would become known more definitely.

During the E.R.A. tests reported above, commercial
nitrogen was used for one set of tests, requiring a much

_higher pressure for the same rupturing capacity, but show1ng

gomewhat less scatter (about 10% less Later tests, on

" .short arcs, indicate that with pure gases the scatier my be

much less, and, in particular, that the band may be very
narrow for pure hydrogen or "white-spot™" nltrogen. If this
is. further substantiated, then commercial circuit breaker
contact assemblies could be tested economically with a closed
gas cycle. It is doubtful if a relation between performance
in pure hydrogen or nitrogen and performance in air could be
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obtained without a considerable amount of work, but this
would be a very good method for demonstrating the effect
on the performance of any particular circuit breaker of
variation in the shape of the RRRV transient.,  Cliff's
-method of representation of multiple frequency transients
(Ref.14) could then be checked.,

(8:2) Dielectric Recovery.

Tests are in progresshat E.R.AL With a view to
determining the dielectric recovery curve of contact
assemblles for air blast circuit breakers.

Prellmlnary experiments indicated that at current
zero a thin layer of hard deionized gas forms near the surface
of one electrode. This laycr appears to be about 1 mm in
thickness for low current and atmospheric. pressure. The
remainder of the arc path is still ioniged, and may be
considered to act as a r081stance._ .

After current zero, as the gap strength voltage is
rising, breakdowns, of infinitesimal duration, occur at
intervals of about 1 microsecond.s These breakdowns are agsumed
to be due to impurities in the hard gas layer, or thermal
. electrons, The path thus formed is -normally not capable
of carrying the follow current, and these breakdowns are self-
healing, unless the restriking. voltage is approaching the
gap strength voltage, when a restrike is initiated.

The testing equipment used at E.R.A. is based. upon
an.ex-army x-ray unit, and a radar pulse generator. A pure
hydrogen atmosphcre 1s used for demonstration purposes. The
generator injects pulses varying in magnitude and time
according to a pre-arranged pattern,. and oscillograph traces
indicate whether or not a restrike occurs for each type of
pulse. Hundreds of records are taken in a.very short time,
and the results may be plotted as in Fig. 14. Restrikes
are indicated by crosses, and other test points by circles.
A line giving the gap strength voltage may be drawn readily.

‘The curve of gap strength voltage shows a very rapid
increase in the first one or two microsecomds, anmd then an
increase at a slower rate. This total curve may be further
investigated by measuring the gap strcength voltage between
various points in the arc path, If measurements are taken
between the points A B C and D in Fig. 15 (a), the componcrmt
and total voltages arc as shown in Fig. 15 (b ) for no restrike,
and as shown in Fig. 15 (c¢) for a restrikc. - For the latter
case, the total voltage is a continuous curve, but the
.component curvcs indicate clearly the formation and breakdown
of the hard gas layer.

The initial rate of rise of gap strength for a given
contaet assembly, may bc increased by increasing thc pressure,
and the velocity of gas, and it may be possible to extend these
teats to include the normal operating fields of commercial air
blast circuit breakers. However, much more work will be
required before curves of gap strength agalnst tlme, with air
as the gas, are obtainable. :

A bias current may be introduced in the tests, to
. simulate the efféct of "current -chopping'. "Early chopping"
- prolongs the zero pause, and "late chopping" gives faster
rates of rise of gap strength. : : '
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(8L3) ~Post-arc Conductivity.

.An investigation of three types of commonly used
contact material has .been made at E.R.A., to indicate the
possibility of the occurrence of post-arc conductivity. -
Copper, at its boiling point, produces few thermal electrons. .
Tungsten, on the other hand, gives off sufficient thermal
electrons at its boiling point to supply a current of several
amps . Alconite, or tungsten in a copper base; is intermediate
~in its properties, but after belno in service for some time

acts like pure tungsten. :

: In most circuit-breakers, the electrodes are cooled
sufficiently by thermal conductivity to ensure that during

a single break (a few half-cycles) the electrode will not be
heated to its boiling point. A circuit breaker adapted- for
auto-reclosure, however, should be considered more carefully,
as alconite contacts could conceivably reach their boiling
"point after two or three fast reclosures, and the breaker ‘may
be unable to cl ar the 01rcu1t after the flnal shot.

This (uestion has also been considered in Ref. 27,
(8.4) Resistors.

Some manufacturers favour the use of linear or non-
linear recsistances across the circuit breaker contacts, and
claim that.this recduces the possibility of restrikes. .
Published information, however, particularly Refs., 18 and 28,
indicates that the resistors must be tailor-made for particular
locations, as a given value of resistance in a circuit will
be most cffcctlve in damping a partlcular frequency.

As a circuit breaker in a partlcular location may
operate on circuits of widely different characterlstlcs,
depending on the circuit connections, this posés” the
" interesting problem of whether the manufacturer or the , :
customer should decide what value of resistance would. be most
suitable for each location. A useful alternative would be
for the manufacturer to make a range of interchangeable .
resistors. The chief objection to specifying the resistance
to suit the location is that all circuit breakers 'on a system
would not be interchangeahle without modification, but this
is of small moment when the cost of the resistor is compared
to the cost of the circuit breaker.

(9) Conclusions.

© Simplified methods of circult reduction enable
aa RRRV survey of an existing or projected: system to be
carried out expeditiously, with a minimum of calculation,
and with an accurdcy sufficient for most practical purposes.
Critical cases can be checked by more complete theoretical
or practical tests. It is thus possible to specify,. for -
a particular system, the RRRV-MVA characteristic which will be
requlred of the . circuit-breakers.-

. It is also possible to specify a ‘theoretical RRRV-
MVA characteristic which would cover all systeme, and which
could be met by a circuit breaker able to operate against
a rate of rise of :
llne to linec voltage in KV
. 15

KV/microsecond,
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and an undamped amplitude of 3 times the nominal phase to |
neutral peak voltage, provided that additional capacitance
is connected to series reactors, and auto-transformers

with a rcactance on rating of less than 1o¢ The use of
series reactors is deprecated. - ‘

: .Resecarch to determinc circuit breaker dielectric
recovery voltage characteristics is in hand, but much more
work is requlre&.
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Summary .

_ Existing theories on the cause of current "chopping"
are examined, and found to be unsatisfactory.

_ It is shown that, in a three phase circuit, apparent
"chopping", and corresponding overvoltages, may occur in the

second and third phases as a result of transients induced by

the restriking transient in the first phase when clearing at

normal current zero.

Comprehensive graphs are given for use in obtnining
the volues of the induced transients when any phase clears,
in a three phase circuit, and an example is worked.
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List of Symbols. 2
é,b,c = Phases in three phase circuit.

By Bo = Amplitude coefficients.'

C | = (Capacitance in Farads.

C1 . = Capacitance on load side -of circuit breaker.
Co . = Capagitance on source side of circuit breaker.
Dy D2 = Amplitude coefficients.

f = Natural frequéncy.

Fl1 %5 = Frequency factors.

H. . = Capacitance ratio = 1 + g% .

I - = Instantaneous current in amps.

Io = "Chopped" current.

L

J = Inductance ratio = ff .

k = Constant coefficient.

K = Constant.

L - = Inductance in Henries.

Ll = Inductance on load side  of circuit breaker.

L2 = Inductance on source side of circuit breaker.
M = Mutual inductance. . |

M, = Mutval inductance on load side of circuit breaker.
M2 : = Mytual inductance on source side of circuit breaker.
n ‘= 2 II times matural frequency = l___

/e

P = Iaplacian operator.

t = Tinme.

v = Change in voltage.
| W = Instantaneous voltage.

VO -= Power frequency voltage corresponding to IO.
Ve = Voltage écroés‘oapacitance due to release of
energy stored in inductance.
X = Arc iength in cms.
o = Damping factér.

4 = ©Phase angle.
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(1) Introduction.

. In early high voltage networks, it was found that
at particular locaulons, an 011 circuit breaker might take
appreciably longer to interrupt a small current than to clear
the much larger current corresponding to its rated rupturing
capacivy. Investigators pointed out that the efficiency of
arc extinction depended chiefly on the amount of gases genera-
ted, and hence on the current to be 1nterrupted. This theory
was generally accepted, and attention was given to the develop-
ment of arc control dev1ces whlch would be substantially inde-
pendent -of the current. -

Highly efficient arc control devices have been
developed for oil circuit breakers; and air-blast circuit
breakers, in which the quantity and movement of the quenching
medium is independent of the current, are in use, but a
problem still remains. Emphasis has shifted from the considera-
tion of the difficulty of interrupting small inductive currents
tc the prevention of overvoltages when such currents are inter-
rupted.

Transient overvoltages as high as five to six times
normal phase to neutral voltage have been recorded during dis-
connection of shunt rcecactors and unloaded transforimcrs. These
overvoltages have caused rcstrikes .across the circuit breaker
centacts, and flashovers on the bushings of the equipment
concerncd.

Several articles (Refs. 1 to 6) have been written
describing the efficacy of linear and non-lincar resistors,
parallel to the arc, in damping the overvoltages at particular
locations in laboratory and ficld networks. In these articles,
the cause of the overvoltages is usually mentioned briefly.

The theories supported fall readily into two groups.
The first group considers that the quenching action of modern
circuit- breakers, being designed to interrupt very large
- currents in extremely short times, is likely to be severe in
*its effect on small currents, and, if the. characteristic of
. the arc control device is substantially independent of current,
may extinguish them before their normal current zero. This
phenomendn is called current "chopping", and it is shown in
a simplified single phase circuit that if the current through
-the circuit breaker is suddenly reduced to zero, the energy
in the inductance could produce a high voltage across a small
capacitance in accordance with the energy equation :=-

Wi

2 1 2 ‘
IO L - 2 VO C . * e * e LR (l.l)

See References :- | 3 to 10.

The second group considers that it is unlikely that
a current can be forced to zero, and suggests that when the
arc current is low, the arc is relatively unstable, and large
changes may cccur in the arc voltage drop. The resulting
sudden change in the voltage, applied to the circuit beyond
the circuit breaker, would cause a current and voltage transient.

If, due to the transient current, the . total current
uhmounh the Clerlt brecaker showld reach zero at any instant,
‘the brcaker could clear normally. : This theory is then applled
to the same single-phase 01rcu1t as before, and the -same con-
clusicn is reached.

See Referencecs :- 1, 2.
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In this article, these theories are examined,
and found to be incomplete. A new and, it is believed,
correct theory for three-phase equipment is advanced.
Comprehensive graphs are given, so that the probability of
restrikes and flashovers at any circuit breaker location may
be assessed. It is hoped that this will assist in the pro-
duction of a range of interchangeable resistances for circuit
breakers, so that the optimum value of resistance may be used
at each point in the network.

(2)  Gurrent "Chopping".

_ The current "chopping" theory may be dismissed
briefly. This theory requires that the current should be
reduced suddenly from some finite value to zcro. The easiest
type of breaker to consider is the air-blast circuit breaker,
where the effect of the quenching medium is to move the arc
gases bodily. For the current to be reduced suddenly to zero,
the arc length must increase suddenly from a stable length for
the current considered to the critical length for that current,

and the arc voltage drop must increase to its corresponding

“value.

If "suddenly" is defined as one degree of a 50 cycle

wave, Or 1 second, and the air is assumed to be moving.
18,000

at the velocity of sound in air, or approximately 13,200 inches
per second, then the mid-point of the arc gases will have moved
about ¢ inch. Photographic evidence shows that the arc con- -
tinually changes its path, so that even if the gas originally
in the path has moved, it does not follow that the arc length
has been increased appreciably. ‘ ‘

In an oil circuit breaker, the electrodes are moving,
but this movement, and that of the gas generated, is slow in
comparison to the above time of one degree of a 50 cycle wave.
The natural frequency of any circuit involving a transformer
or reactor will be of the order of thousands of cycles per
second, so if a longer period than one degree of a 50 cycle
wave is considered, it should be treated as a series of small
voltage and current changes, each causing a transient. This
leads to the theory of the second group.

(3) Single Phase Circuits.

(%3,1) Variation in Arc Voltage.

The arc voltage drop in a circuit breaker may be

taken as
k. + k. X
kl 5':‘ k2X + I . o0 ) e P ) (3.1010).
“where I = Current in amps

X Arc length in cms.

for -each break. The constants kl and kj, representing the

voltage drops at thce contacts, arc functions of the temperature
of the portions of contact concerned, and since each end of the

arc moves rapidly over its contact, variations in kl and k3

may be expected. The length of the arc, x, also varies
arbitrarily from instant to instant. Thus for a constant
current, the arc voltage .drop may vary appreciably. Since
these variations may occur in a time of the order of a micro-—
second or less, it can be assumed that they take place
instantaneously. -
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_ When an instantaneous change occurs in a circuit
in which energy is stored in inductances and capacitances, the
energy is redistributed between these components in such a
way as to satisfy the new current and voltage relationships..
The change will take place as a damped oscillation about
the new conditions, with an initlal amplitude equalcte the
difference between the steady-state values, and a frequency
fixed by the circuit parameters. This frequency will normally
be high, and the 50 cycle voltage and current can be considered
to be fixed for the first few oscillations of the transient.

If the amplitude of the transient current oscillation
is equal to or greater than the 50 cycle current at that
instant, the resultant current will reach or pass through a

- ecurrent zero. Tests on contact assemblies at the Electrical

Research Association Iaboratories in London have shown that

a high di-electric strength is established within one or two
microseconds from current zero. See Part II, "Rate of Rise
of Restiiking Voltage," Section (8.2). Even for the high
frequencies considered here, the speed of establishment of
di-electric strength may bz sufficiemt to prevent a restrike
from occurring immediately, and the breaker will have cleared.

It is apparent that this phenomenon may occur 1in
any circuit, the load being inductive, resistive, or capacitive,
but its behaviour will be different in each type of circuit.

(%3,2) Circuit with Inductive Load.

Assume that the retwork on the: load side of the
circuit-breaker has been reduced, by the methods of Part I,
"Reduction of Circuits for Transients," 1o a single inductance
L, and a single capacitance Cq, and that the source has been

reduced to a single inductance L2 and a single capacitance
Cye Fig. 1 shows this circuit, with the circuit breaker arc

resistance denoted by R.

A sudden increase in the value of R is equivalent to
a sudden decrease in the voltage across Cl’ the circuit

conditions otherwise remaining unchanged, and a transient,

_caused by the partial discharge of C; from voltage Vy to Vl'

will be superimposed on the steady state conditions, This
transient may be studied by considering Cl to discharge, at

. $i5¢ t = O, from an initial voltage (V, - V,9, or v, the

remainder of the circuit being dead.

_ The derivation of the ILaplacian expression for the
current through the circuit breaker is outlined in Fig. 1. .
The form of this equation indicates a solution consisting
of two terms. The first term would be expected to be of
exponential type, as would occur if two condensers, one of which
was ckharged, were connected together through a resistance,
and represents the discharging of one and the charging of the
other. The effect of the residual resistances of the
capacitances my be neglected. . The second term would be
expected to be of an oscillatory nature, representing the
oscillation at natural frequency of the combined circuit of

L, and L, in parallel, and (Cl + C2).

For most power system problems, these two terms may
be separated legitimately, as the condenser discharge and
charge will be virtually completed before the oscillation has
progressed more-than a small fraction of a cycle. ’
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" An attempt was made to solve the final Iaplacian
equation of Fig. 1 generally, but this required the general

solution of an equation of the sixth order, and was dis-
centinued. Several typical cases were investigdted by

the substitution of the appropriate values and the use of

normal methods of factorization, and yielded two types of
solution. _

~a_% S ' 1 -t

(i) I =4 é X 1" L ke 2 4ue 0

1€ 5 3 cos (nt - ﬁ)g'

veotre e '(3.2.1.)

which is of the type expected, the values of n being within
about 1% of

1
/ y and k3 being of the order of
I, L
[ e (©1F Oy
/ 12
( Cq _ L2 )
’-A
(Cy + Cy L, + L, )
~a —al,t -t -o=t
(i1) I = % é kle 1 + k2é 2 + k4e 4 . k5e 5" )

v e (3.2.2.)

which contains only aperiodic members, and indi cates that the
value of R used has caused the oscillation to be over-damped.

Fig. 2 shows a typlcal curve of the tran31ent
current through the circuit breaker, in terms of v , where

v is the change in arc voltage, and R is the arc resistanee.
The case considered hcre has Cl = 02 = 107° Farads,
LI= 10. L§,= 0.1 Henry, R = 500 ohms, and corresponds to that of

a large souwce feeding a bank of singlec phase shunt reactors
through single phase transformers, the circuit breaker being
located between the transformers and the reactors.

The voltage equalization effect is clearly secn, as
a peak of magnitude Y F1 and of very short duration. The

oscillation has a period of 84 microseconds, approximtely
equal to -8

0.1 x 0.01 \
2 11 //(O.l + 0.0l) (2x10 ) = 84.2 microscconds,

and a mgnitude of 0.88 % , approximately equal to

108

+ 10

(
“(To

0.01 . )
)

= 0.8 %
0.1 + 0.01

y
8 8 R -

It would svem that, for C; greater than C,, and L
greater than L2, the magnitude of the oscillation may exceed ¥ .
R
This, howecver, depends to a large extent upon the valuc of R,
and in the example considered above, the effect of 1ncrcas1ng



¢, from 1078 40 107® Farads is to change the result to
an overdamped curve, as shown by the dotted line.

From these results, the maximum transient current

through the circuit breaker is taken as between ¥ and

2 % and clearing will not take place unless the 50 cycle

current through the breaker is less than this value.
ASsuming that the maximum chonge in arc voltage is

K% of the total arc voltage, then since total arc -voltage is

proportional to arc resistance, % is equal to K% > i..o

of the instantaneous value of the 50 cycle current through

"the circuit breaker, and the transient current cannot equal

the 50 cycle current unless K% is greater than 50%. This

is unlikely to occur except close to current zero, when the
arc is relatively unstable. Recent tests (Ref.ll) indicate
that the region of this order of instability may be confined to

a few microseconds before and after current zero.

: Laboratory tests on this phenomenon have been

carried out chiefly on equipment such as single phase air cored
reactors; which have extremely small capacitance, and hence
very high rates of rise of restriking voltage. Published
oscillograms do not, in general, show any clearly defined
"chopping" of the current at times other than very close to
current zero, but do show a rapid rise of voltage, and restrikes.
While "chopping" of even a very small current through such
equipment could produce high overvoltages, it is sometimes ’
difficult to separate the "chopping" effect from the norml
restriking voltage. ' _

An equation for the circuit breaker arc, containing
an oscillatory term, is given in Ref. 1. ~The oscillation is
between the inductance of the circuit breaker connections, and
the circuit capacitance, and it has been suggested that the
amplitude will increase or decrease according to a quantity,

- which is stated to vary on account of irregular blast pro-

duced by the arc. The effect is shown for a current curve
approaching zero. ‘

Ref. 10 contains an oscillogram, of the interruption
o an air-cored inductance, show%ng a current and voltage
oscillation, commencing about 30~ after current zero, and
increasing in amplitude until current zero is reached. This
certainly seems to be a forced oscillation, and as both these
cases are for an air-blast breaker, it is suggested that it may
be caused by pressure waves in the air passages. Ref. 5 has
an oscillogram showing an oscillation at considerably higher
frequency than the restriking voltage, when a multiple break
air-blas® circuit breaker interrupts a small inductive current.

Other factors which may prodﬁce.fransienmao are

‘harmonics due to non-sinusoidal wave form of the generator

(eliminated in fef. 1.) or saturation of iron cores. ,
In Ref. 1, it is shown that hysteresis losses in iron cores
have a damping effect. '

(3.3) Circuit with Resistive or Capacitive Load.

In circuits with a mainly resistive or capacitive
load, large transient currents may occur. However, since little
inductance is present, there will be insufficient.stored
electromagnetic energy available to cause overvoltages, even

" if the total current becomes zero before normal current zero.
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In a resistive circuit, the voltage is substantially
in phase with the current, and recovery voltage is low.

In a capacitive circuit, the voltage is out of phase
with the current and high recovery voltages may be expected,
at low frequency. If no restrike takes place, the capacitance
may remain charged for an appreciable time, and this problem
may be treated by the methods developed for the investigation
of the problem of switching long lines. (See Part §¥ :
"Disconnection of Long Lines"). _

(4) Three Phase Circuits.

(4.1) Transients on Clearing Phases.

In a three phase circuit, where the three phases are
magnetically coupled in the equipment constituting the load,
a transient in one phase will induce a transient in each of the
other two phases. Under these conditions, it is not necessary
to rely on random effects in the circuit breaker arcs to
initiate transients, as transients will occur as each phase is
cleared by the circuit breaker. Resistance loading will
decrease the magnitude of the transient voltages, and this

. effect is not considered, except as it affects damping.

The circuit on each side of the circuit breaker may be
reduced to an equivalent inductance and ocapacitance in each
phase, as for Section (3.2). = This gives the general circuit
of Fig. 3 (a), described by L, Cy on the load side, and L, C,

on the sourcé side, with mutual coupling M; between the three
inductances Ly. Mutual coupling Hl, my also exist between
the three inductances L,. - Fig. 3 (b) shows the phase circuits

for the first phase cleared, neglecting the mutual coupling,
and Fig. 3 (c) shows the phase circuits for the second phase
cleared. The neutral point is assumed -to be earthed on each
gide of the circuit breaker. ’

When phase 1 clears, the capacitance C; of phase 3,

which was charged to a potential V, equal to the peak phase to
. neutral voltage, commences to discharge, and a transient occurs.

.~ The form of this transient may be studied by setting
up and solving the Ilaplacian equations for the circuits. The
following three assumptions are made

- (i) The three single phase networks arec identical.

(ii) Resistances may be neglected, and standard
damping, such that the amplitude of an oscillation is reduced
to 20% of its initial amplitude, my be applied to the solution.

| (iii) Flux associated with each phase will divide into
two equal parts, one part being associated with each of the
other two phases. It follows from this that ¥, = L,

and M2 = Eg . This assumption may not be strictly true, but
2 . ,
o it is only in rare cases that Ml and M2 are known accurately.

For these cases, the complete circuit may be solved rigorously
if desired.
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Flg. 4 gives the circuit and the Laplacian expressions
for currents for the first phase to clear, with M2 neglected.

These expressions are in terms of
°2 . |
H=1+ %=, J = =%, and n) = 1

Cl Ll

K
Ol
[

4 Fig, 5 gives similar expressions for the first phase
to clear, with M2 included. The expressions for the second

phase to olear are-given in Fig. 6. Values for the third phase
to clear are dtained by substituting H = 1, Jd = 00, in the
expressions for the flrst phase to clear.

(4.2) The Flrst (and Third) Phase to Clear.

The expressions of Figs. 4 and 5'give solutions of
the form :- :

V .

conens . (4.2.1.)
Y ( B2 Vi D2 Yip
I, =- "= sin nt + _—=_'sin n.t
2 T, (Z/Fl 1071 2/F, 2 "1 )
Cl ’ oo.noo.o(4'22)

The coefficients have been calculated in terms of H and J, and
plotted as follows :- :

Fig. 7, /F, : Fig. 8, /F, : Tig.9, Pl : rig.10, 21
. i ) /F 7
T T T
ig.ll, 2 . ; Fig.1l2, 2
2/F, - 2/F,

On each graph, values for Fig. 4 (M2 neglected) are shown as
full lines, and values for Fig. 5 (M, included) are shown as
dotted lines. The curve of J = 00 is also included, to give
the values for the third phase to clear.

The form of the transient currents I1 and I, may °

2
be calculated and plotted, standard damplng becing applied to each
component if desired. For the undamped case, the absolute

maximum currents are given by the sums of the envelopes, or :-

I.= ( 51 P ce ee e (4.2.34)
17 2 L =
fe m _
I,= -L ¢ B, L D ) ce e e (4.244))
i 2/F, 2/F |
C



. /B D 10
The function (1 + 1) is plotted in Fig.l3,

Fr
B

and ( 2 + D2 ) is plotted in Fig. 14. The actusl maximum
2/F) 2/%,
will normally be less than the above values.-

The transient voltages associated with these transient
currents may be determined by modifying the Laplacian express-~
ions, but it is simpler to work from the transient currents.
Thus the voltage across the capacitance Cq in the cleared
phase is given by ' '

.Vl = jn L1I1
105

\Where n is 2 7 times the frequency of Il

. D ~
L (E; /fi. n, cos /Flnlt”* 1 /Fin cos/Fant)

1
.5 Ll ny /F]_ ﬁ2

Vl =V . (Bl coS /ﬁl nlt + Dl cos /FQ nlt ve e (4.2.5)

T
1.5

and for the undamped case the absolute maximum is given by

V’l = L (Bl + Dl) O] ) .o @ .. [y (4.2.6)
1.5
'VlmaX = V for all cases:
Similarly.
Vv, = -V (Bocos Font + D2 cos /Fongt) .. .. (4.2.7)
27 T 3 11 2 2 1

the maximum value being given by ,
-_— l ( B2 + D2 )n * ¢ () o ) (4.2'8)
1’5 2
| . B D . o ‘
The expression 2 + 2 is plotted in Fig. 15,
2 -

\'s
2 max

Having determined V2 the current (12 - 13) through the capacit-
ance Cl may be readily calculated; and the current I3 through

the circuit breaker obtained by subtraction.
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(443) The Sec¢ond Phase to Clear.

As a comprehensive treatment of the expressions for
the second phase to clear (Fig. 6) would entail a great
deal of computation, only selected cases were considered,
and the following conclusions were drawn.

(1) I has a maximum value approximately equal to

‘Il for first phase to clear.

(ii) I, is in general a two frequency transient of
the same form as I2 for first phase to clear.

B, . .
(72 + Dy ) is plotted in Fig. 16, the curves being

(iid) 15 has values ihtermediate between Il and 12 ?;8m
(i) and (ii).
(iv} Vi = V as for first phase to clear.
(v) V2 is obtained from I, (see(ii)), and Fig. 17
= B2 + D2
2

(vi) V5 has values intermediate between vy and_Vé

s a imate
show pproxi curves for V2max

from (iv) and (v).

(4.4) Interaction of Transients.

For the neutral solidly earthed, the three phases
may be considered as reasonably separated. Thus the clearance
of one phase will not affect the power frequency current arnd
voltage relationships of the other phases. These relation-
ships are shown in Fig. 18 for reference, the phases being
denoted a, b, ¢c. -

If the first phase, a, clears at a normal power
frequency current zero, the ensuing current and voltage
transients in all three phases may be obtained as described
above. In general, the normal restriking voltage transient
associated with the clearing of this phase will not produce

.restrikes or flashovers. If a restrike occurs, the system

reverts to its state immediately before the clearance,.

When phase a clears, the current transient through
the circuit breaker in.phases b and c, - -2dded to the power
frequency current, may give a total current approaching zero.
This is more llkely to occur in the case of phase b, as the
current is decreasing, and if the transient were not damped
out, the total current would reach zero at some time before . .
the normal current zero. Any particular case may be
investigated readily, using standard damping if the demping
factor of the circuit is not known.

For the case in which the transient is rapidly damped
out, and phase b clears at normal current zero, the new set of
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transients may cause the total current in phase ¢ to approach
zero, but an early current zero would not be expected if this
did not occur in phase b. Also, if no serious overvoltages
occurred on clearing phase b, none would be expected on
clearing phase c.

, If, shortly after phase a clears, the total current

" in phase b reaches zero, and the circuit breaker clears on that
phase, the vecllage in the phase b circuit on the load side of
the circuit breaker will consist of three components:-

(i) The voltage associated w1th the transient
induced by the clearance of phase a. The current associated -
with this tronsient is presumably ncar its maximum value,
and the corresponding voltage will therefore be small, and
may be neglected.

(ii) A transient equal to that caused by a normal
clearunce of the second phase, the form of which is described
in Section (4.3).

. (iii) A transient given by the release of the electro-
magnetlc energg stored in the inductance., This energy is
equal to 317 I where I is the nominal power frequency

current at the moment of clearance, and would produce a voltage
across Cq ( in the absence of the other phases ) of .

4T : : '
Ve = IO//Gl e e . .o (4-4'1)
' 1
, vV f )
or Vo= _o _ for 50 cycles power
50 frequency .. (4.4.2)

where f is the natural frequency of the isolated section, R
S N
2TT /I,Cq

V, is an equivalent voltage,

= 2 II .50. l

Due to the presence of the other phases, Ve must be multiplied
- by 0.817.

The actual value of this component, and the transients
induced in the othcr two phases, may be obtained as in Section
(4.3) for a voltage Ve across capacitance Cl’ this transient
- giving maxiuum voltage across Cq at a time 3 cycle (at its

own frequency) later than the transientv described in (ii) above.

These transients may cause restrikes on either of the
cleared phases, clearance on phase c, or flashovers on any
phase. Any of these phenomena would start a fresh set of
transients. o

If phase b clears, even though before normal current zero,
there may be two sets of transients operating in phase ¢
and an even earlicr current zero could be expected on that phase,
with consequent higher voltages.
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(4.5) Bffect of Load Neutral not Earthed.

If the lcad neutral point is not solidly earthed, it

‘is necessary to modify the above analysis.

The circuit for the first phase to clear would become
as shown in Fig. 19, and for this condition the magnitude
of the restriking voltage will be of the order of 1.5 times
that of the earthed neutral case, This i1s an onerous
condition for the circuit breaker, and restrikes may occur.,

Assuming that no restrike occurs, transients will
continue in the other two phases, and may cause an early
current zero. The power frequency currents in the two
connected phases will now be equal and opposite, since there
is no earth return, and if an early current zero occurs on one
phase, it is likely that the current in the other phase will
reach zero also at about the same time. ~ Thus two transients
caused by - electromaﬁnetlc energy stored in the inductances
may occur S1multaneously, giving the p0831b111ty of high over-
voltages. .

Much will depend on the capacitance between the load
neutral point and earth (CO in Fig. 19a), and as this increases
the condition will more nearly approach the solldly earthed
case. . '

(446) Test Results.

Brescon (Ref. 7), has given the results of field tests

* on the switching of a three phase transformer. Although the

results are presented as supporting the current’"chopping"
theory, they may equally well be interpreted as supporting

the theory outlined above.  The graphs show that overvoltages
increase in.sevewrity for the second and third phases to clear,
for the solidly earthed case, and that difficulty is experienced
in clearing the first phase for the unearthed case, the three
phases sometimes clearing almost -simultaneously. No very high
overvoltages were recorded. : : '

A number of three phase cases were reported in Ref.' 9.
On page 123, oscillograms are given for the disconnection of

"a three phase transformer supplying a shunt reactor bank.

Nothing untoward happens until phase a clears. The induced
transient in the other two phases may be clearly seen, and
phase b reaches an early current zero. The resulting transient
induces transients in phases a and c, 'which, again, may be

clearly seen. A flashover apparently occurs on phase c.

Tests on minimum 0il circuit breakers were made in
Ref. 1, and the results compared with those of air-blast circuit
breakers. The overvoltages, and values of current "chopped",

"were of the same order (maximum value about 20 amps), and

it was concluded that gas pressures were about equal, the
pressure in the minimum oil circuit breaker being somewhat
less stable than in the alr -blast breaker. ,

(5) Example.

An unloaded 100 MVA star-star step down auto-transformer
is connected to the main busbar of a 330kV terminal station
through a circuit breaker, as shown in Fig. 20 (a) Several

transmission lines are connected to the bus, g1v1ng a total of ...

6000 MVA for a three phase fault on the busbar. The effective
capacitance associated with the busbar is that of 50 mlles of
330xV lire .
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From Section (6) of Part I "Reduction of Circuits
for Transients," Rule (ii), the busbar and source network may

‘be represented directly by a single frequency circuit, ard the

reduced circuit for one phase becomes as shown in Fig.20{p),
the mutual coupling to the other phases being indicated.

Taking average values from Figs. 22 and 23 of Part I,
on a base of 100 MVA, : : .

L, = %80 X 3.47 = 0.347 Henries.
I, = %g%o X 3 47 = 0.0578 Henries.

¢, = 204 x 207% x 0.9 x 0,65 = 1.40 x 107° Farads.

: Cz' = 50 x 55%2 x 2.92 x 107° = 0,863 x 10-6 Farads.

Referring to Section (4.1). |

| | C, ’ ' ‘

H = 1+ = 618, =5 - o0aer

. . ’ i I‘lA
n, =  E— = 145,300 T, = 15,800
1 /TG =2 -
.l 1

From Equation (4.2.2.), and Figs, 7, 8, 11, 12 .
12 - 330,000 7z ( — 4+ 0,407 sin l 225 X 45, BOOt)
. /3 .15,80 ¢ | ‘ )
= 6.95 amps peak, at a frequency of 8800 cycles/sec.

Transient current through circuit breaker -

- %"87' .X 6095 = 6095 amPSQ

Normal opén circuit magnetising current is

0.03 x 100,000 /2 - = 7.42 amps peak.

530 /5

Referrlng to Blg 18 (a), when the first phase clears,
the current in each of the other phases is 0.866 X T.42 = 6.42 amps .

Since the peak transient current through the circuit

breaker in the two connected phases is greatep than the

instantaneous value of the 50 cycle current, both these phases
could also clear. The electromagnetic energy due to the

50 cyecle current in I, of each phase will give a voltage across
C, of that phase of

1
Ve = 0.817 I, /I
‘ C

1

V= 0.817 x 6.42 % 15,800 . = 82.7 V.
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There will now be five transients operating, one
in each phase, due to clearance,of peak amplitude 260kV, and
one in each of the. last two phases to. clear, of 82.7 kV.
, Referrlng to Fig. 15, for the ne condition. of
J =0, H=1,V = 0.84, and the first' phaoe to clear will

2max
now have transient voltages of 269 kv, 226 kV, 226 kV, 69.5 kV,
69.5 kV, not necessarily in phase. It is apparent that
restrikes or flashovers may be expected.

(6) Conclusions.

It is concluded that current "chopping! eolely due
%o the action of the circuit breaker are extinction device, or
to the instability of the arc, is not proved.

In single phase cases, other contributory factors _
may be harmonics, due 1o non-sinusoidal wave shape of the generator.
or to saturation of iron cores, and pressure waves in air passages.

- For three phase cases, the process of apparent "chopplmg"
of the current in the second-and third phases by a transient
induced by the clearing of the first phase at normal current
zero, may be clearly followed, and this .is considered. to be the
most 1mportant effect.

If "chopping" in single phase circuits is really a

~ fact,; then the phenomenon may also occur in the first phase to

clear of a three phase circuit, followed by early current zeros
in the other two phases due to induced-transients.-

When early current zeros occur, the values of resultlng

overvoltages may be readily calculated.

The. transients are usually damped by resistance in
the arc and in the 01rcu1t, and by hysteresis losses in iron
COreES .

i

The use. of linear or non-linear resistors on circuit-

. breakers limits the overvoltages, but care is required in select-

ing the value of resistor for any particular.location.
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c; _chaz_'ged»’to V, commences dischérging att‘ = 0. .
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Cl+ charged to V, commences discharging at time t = o
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' (See Section (4)).
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It is evident that the cla 331c~l theory of rﬂstrikes on opening
transmission lines must be modified if the electrical length of the line
corresponds to an appreciable portion of the power froequency wove. For.
this condition, the volu~~o surge must be nregted as a travelling wave,

Methods arc dcv~loped for analysing the eoffeets of several factors,
and it is suggested that, for most long lines at very high voltage, corona
will limit the moximum voltLgos, oven afnor ropeated restrikes, to a
recasonable value,

This is nartly duc to the fact th t very hirh voltngo lines opcrate
nearer to uhe corond criticol voltoge than lower voltage lines,

The effcct of vo rylnb the amount of capacitance connected ncar tho
circuit brcaker is considered in worked oxamoles, and it is shown that

additional capacitance will cause the meximum voltoges to be improssed
on o larger proportion of the 1line lensth, - ‘ ‘
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List of Symbols.
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Source end of line, '

Radius of conductor in meters.

Radius of one of twin conductors in meters.

Remote end of line, .

Capacitance in Farads.

Lirie capacitance in Farads per mile.

Line capacitance in Farads per meter,

Nominal peck line to neutral voltage, .
Averagzé heisht of conductor ahove ground in meters.
Current

‘Mar nltude of curiont surge.,

Con5u01t obtained from n° = -~ K2"4‘ 0,

Ionization constant for corona,

Inductance in Henries.

Line inductance in Henries per mile,:

Linc length in niles,

Any integer,

2 times natural froquonc*r

Laplacian operator,

Regigtance. ,

Velocity of surge. ‘

Time for surge to uruvcl from onc end of the line to the
other, ‘

Tine..

Damping factor.

Peak line t6 neutral volitage at the source end of the line,
Instontancous voltage on line side of circuit breaker,
Critical voltage for corona.

Peak voltaze to ncutral back of gonerator transient reactance.
Inste ntanoous voltase on source side of circuit breaker,
Magnitude of reflected voltage surso.

Rcstr1k1n~ voltage = V! « V'g,

Veriation in power frequency voltage in time T

Magnitude of voltage surgo.

Pcak line to noutrgl voltage at open-circuited -cnd of line,
Por cont voltage rise along open circuitqd line.
Instantaneous per cent voltoge rise on line side of circuit
breeker 0,01 sccs after line is switched out.

Average per cent voltage rise on linc after being switched
out,

Surge inpedance of 1ino.

Spac1nr of twin conductors in mcters.
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3.

(1) The Classical Theory. (Sce Ref. 1).

When, in any LRC circuit, a change in circuit conditions occurs, the
voltage and current do not change immediately to the new steady state values,
but describe damped oscillations about these new volues, with an initial

‘amplitude equal to the difference in steady state values, and a frequency

determined by the circuit paramcters,

In the casc of a three-phase tramsmission line, opencircuited at the
far end, the switching off process may be regarded as the interruption of
three independent single-phasc ecircuits, since the mutual coupling between
the phases is small. The process will be similar in the three phases,
although differing in time, and it is only necessary to consider the
clearing of onc phases

The 01rcuit breqker will interrupt ench phase at a current zero, which
will correspond to a voltage maximum, since the load is chiefly capacitive.
Each capecitance element of the linc will be charged to this voltage, and
since the effective ghunt resistence of ‘the line is extremely high, the
line will renain approximately dt this voltage.

it tlme onc half cycle of the fundamental fr quoncy lator, the
voltage across the circuit breaker contacts will be cqual to twice the systém
nornal peak voltagq. If the gap breaks down under this impressed voltage,
ond a restrike occurs, the line voltage will change to the new voltage, the
change involving a transient of the type deseribed above, Fig. 1 shows the
voltage betweon the line and ncutral for the initial interruption, and 2
restrikes at half-cycle intervals, ' '

In this case, it was assumed that the circuit parameters were such that

'avrclatlvely high frequency transient occurred, and the arc maintained a high

tenperature durlnb the first few passages of the transinet current through
zero, 1t was olso assumed that the transient was heavily damped., Under
these ‘conditions, the maximum voltage across the circuit breaker, contacts

at cny time will be twico the system normel peak voltege; and a point will
be reached at which the contact separation is such that no further restrikes
will toke nlace.

If the natural frequency of the line is lower, the arc tenperature will
have time to decreasc at each passage of the transicnt current through zero,
and the circuit will be clecared again before the tronsiont oscillation has
beon completely danped out.

Since zcro transient current corresponds to peak transient voltnge, it
follows that the new clearing will toke place when the voltage between the
line and neutral is cither more or less than the new steady state volthﬂo.
This is illustrated in Fig, 2, which shows tho effect of cloarlng at
various transient current zcros.

The most unfavourable case is that in which the current is interrupted
at the first transient current zero, i.e., the first and highest voltage
peak, the linc remaining at a voltage above neutral of three times system
normal peak voltagey; or 3 E., One half cycle of the fundamentoal frequency
lator, the voltage across the circuit breaker contacts would be 4 E, and if
a restrike occurred ot this point, followed by clearing at the first trans-
ient current zero, the line would remain at a voltage of 5 E.

If this process could be continued indefinitely, the voltage between
the line and neutral would build up according to the seriecs E ¢« 2n E - .
(neglocting the sign) and could reach an infinite value, Fig, 3, indicates
the way in which such a build up would takeé place, .

The elassieal approach neglects several importont features of an
actual transmission line, which modify the result considerably, and these
will be considered, ;
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(2) The Forranti Bffcct.’

The_speed of trevel of o surge along & transmission line is given
by /iMcM where Iy is the inductance in Henries per mile and Cy is
the cap301tance in Farads per nile, ' '

For ovorhowd transrission llnos, this is usually token as equal to
the velocity of light, 186,000 miles ner second, but an exanination of
conductors and phasc ‘spacings in use on high voltobo lincs 1ndicetcs that

. rnorc ncarly correct veloc1ty would be 180 000 niles pcr socond.*

Thus, for a frequency of 50 cycles, ebch oloctglcgl degrco on thc 50
cyclo sinc wave will corréspond to & diftdnce, of & 10 hilds.
Any transmigsion linc may be oxvressed in dcﬂrces ‘ by dividing its
lénqth in niles (M ) by 10; Thls is 6f uge thon bon81der1ng tho voltagc
distribution on d lon' liné, (Ferranti 8ffect).

When a long transm1s51on line is open-circuited at onc ond, the
approximate voltage distribution along its length may be most casily
obtained by con81der1ng a standing wave, of sinusoidal foru,such that the
opon-01rcu1tpd end is at & 90°, and thc end still connected is at .

+ (90 - %U )°, the voltwvc at tho connected end being unlty. This is shown
in Fig. Z. :

The voltage risc at the open-circuited end is given by

: - 1-sin (90 ~ & o 1 - cos i‘i%o, .
ve V(— T 010 ) = V( TR ) == (2.1,)
5in(90 - IU)_ -cos 3w

and the total voltage at the open-circuited end is given by

‘ MO ' - :
. 1 -~ cos
Vo aVeve V(1e = 10 ) = v ~~~---~‘(2.2.
cos %BO . cos B0 . )

If the end of the line which was connccted to the supply is now disw
conncctcd, a transicnt will occur in the line, and will continue until “the
“voltage is cqual at every point in the line, i.e., until the charges ot
the capa01tance clonents along the line have been redlstrlbutcd This
_effcet has been noted by Meyer (Ref.2),

The form of the transient may be studlcd by considering that only the
chorges associcted with that part of the voltage cbove unity arc involved,
Referring to Fig., 4, this ncans thot we noed only consider o stonding
wove of the shape shown shaded, This standing wave may be restated as
two waves, each of half the amplitude of the stﬂndlng wave, travelling in
opnosite directions, as shown in Fig, 5,

Tha woves will te reflocted at cach end of the line, with reflc
ction
factors of ¢ 1, and thus the incremental voltage at elthér spl will. var;
with time as shown in Fi-, 6, where T is the tine taken for a surge to
travel fronm B to A, The maxinun value of the inerenental voltage will

be 2 x % = v, One conplote cycle will toke o time of
frequengy will be ~ of 2T, or the apparent

A 40 S
o . ;;%Jﬁgg cycles per sccond,

When the new stcady state hos been reached, the 1ncrenenta1 voltage all

along the 1i
curvg of Flé?oéY;ll be equal to Vav » the avcrare height of the voltave
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The transient could also be described by assuming the line to consist
of a number of 41 - sections or T - gections in series, with an incremental

charge on each capacitaence element corresponding to the voltage distribution

of Fig, 4. . At time t = o, each capacitance will commence discharging,
and, by using Laplacc transforms, the voltage transient at any point may be
obtained., If the. voltahe increased uniformly from A to B, a difference
equation could be set up in Laplace transforms, and solved for the boundary
conditions at each end

‘An approximate solution may be obtalned by con91der1n~ the line to
consist of 2T - sections or 2T~ _dectiond; These tWo fepresentations give
the same result, and it is wherefore OOﬂvonlent to take 2 T-sections, as
in Figi 7. The capac1tance shovn near énd B i§ charged to a voltage of
v, and at time t 2 o commences discharging. The reSthlno trensient
voltage at point A may be written down by inspection, as

Incronentul voltage (A) = ¥ ( 1 - cos -Z§—t ) ——— (2030)
2 /f- .

G _

Comparing this result.with the travellin:s weve solution, it is found
that the s ape of the transient curve, a cosine wave, is not correct, and
the steady state value, assuming damping, is Y, instead of a higher, ond
more accurate value, The frequency of the osglllqtlon is of the order of

% less than the troavelling wave solution.

Resistance damping will modify both solutions, but the mathematical
expression of its effect is obtaincd most easily in the case of 2 T -
scctions, Fig, & shows a more complete circuit, in which the line
resistance Rl and the resistance of the earth rcturn R, have becn arded
and the shunt resistancce of the.linc has been represented by the
resistances Ry and R4 in series with the capacitance clements, The form
of the transicnt may be writtcn down by 1nsncct10n, as aporoximately
cqual to :~

Ry

Incremental voltage (A) = % (I ~-e L cos /8 nt)==(2.4.)

shore R= R, « R_+R_ &R
where F R « R, ¢ 3 & 4
.1
n = ---s— approximately.

/16

0f thc componcnts of R, Ry is knowi. at 50 cycles only, R, is not knowmn .
with any accuracy, and R3 and RA arc known approximately from tests.

This indicates the difficulty of obtaining the dumpln" factor
accurately, and in such cases the usual approach is vo toke a standard
rate of damping dictated by expericnce, e.f. one that reduces the amplitude
of nn-oscillation o 20% of its 1n1t1al amplluudc in 5 cycles.

Tho number of cycles of the transient corresponding to one hﬁlf cyele
of the power freoquency may be obtained from the graph of Fig. 9 for any
length of 1inc, by dividing the frequency by 100, Fig. 9 also gives curves,
plotted agoinst linc lcnrth of v, the incremental voltage at the end of a
linc open—01rcurtod 0% that ‘ond only, v_, , the peak value of the '
incremental voltage ot one half cycle of power frequoney after disconncection
of the other end, and v,y, the average incromental voltage after dis- ‘
connection. Thesc values aroc basced on the travelling wave solublon.
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- (3) - Voltare Variatibh of the Source.

Whon a long line, OpCA—CchuluOd at tno far ond is disconnccted, the
voltage on the source side of the circuit-brecker may chonge to some new
stecady state value, depending on the circuit conditions.

In the case of a singlc station, or group of stotions, with no local
load, feeding o single lino, the steady state current of the gencrators
aftor disconncction at the ncor ond will, in general, be zero, and the
corresponding steady state voltage on the source side of the circuit
b¢owker will be approximotely cqual o the voltagc back of sub-transient

cectance of the gonorﬂuors,allow1n~ for the transformation ratio, This
wlll of coursc, bc modificd if shunt rcactors-aro connceted at the station.

The change will toke place as o transient oscillation., When no other
high voltaze lines or high voltage cables are connected, the frequency of
the oscillation will be of the order of thousands of cycles per sccond, and
moy be considered to be damped- out long before one half evele of power

frequency has olmpscd This effect hag been noted by Bergstrom and
Sandstrom. (Ref. 3).

whon high voltaze cables or short high voltage lines aro connected,
it is advisable to reduce the nctwork and examinc its natural froguency or
frequencies, as. the oseillation may not bk entirely damped out after one

half cycle of thc power frequency.

When othor long high voltage lincs arc connceted, it may be nceessary
to consider tho ch:nfu'ln voltage as causing a travelling wave to move
alonz cach comnccted line, and study the reflections in detail. Usually,
howcver, in such a casc a reasonable amount of power will still be supplicd
by the generators, and the voltage will not change appreeinbly. Tho lines
can be considered as onc or two Tr =-scctions, and the natura 1 frequencics

‘exomined if desired.

(4) "Tho ROSurlkO.

For the casc in which the traonsionts on the disconnceted line and in
the sour: o network arc of rolatively low frequoncy, the voltago across the
circuit breaker contacts, or restriking voltape Vg = V! & V'g, will vary
as shown in Fig, 10. -

Vg may rcach a moximum voluc greator than 2B, but it docs not follow
that a rvsurrko will occur at the time corrosvondlnn to moximum restriking
voltage, The restrike may occur at any instent if the voltage between the
contacts is sufficient to causc the gap to flash over. It is usually
assumed thot o restrike at the time of maximum restriking voltage gives tho

'worst case, but it will bc shown that this may not bo corrcct for oll cascs.

The restrike is oqulvalont %0 closing the switoh in the reduced
circuit of Fig. 11, at time t = o, (Sce Part I "Reduction of Circuits for
Tronsients®), As V' and V' arc both varying with time, the onalysis of
this circuit is todL%us ov:yn with the wssumotlon that the voltage across the
condenser is equal to the generator voltago.

The some result may be obtained by considering the opplicaition of a
voltage = Vg betwoon the switch contacts at time t = o, as in Fig., 12,
(Som hcf 4) The resultin: voltage and current variations nust be added

o the values existing before. the restrike o give the.complete responsc.

et
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7.

For the circuilt of Fig., 12, the Lanlacian cquations ore:

e l -
IP Iy « (P& 5 ) I, m O )
. OP 2 : . ; ._‘..-.--..-u-----r--v--“"(A,' l. )
: .- )
- 1 =
2I, +F I, = -5 )
from which . ]
T s e B (4e2)
I""""Z” P(Pz'}'(z P""L%) - X1
. - - . 1 21 "
V=12 -V (5 -(P+u)2~;2)"" --------- -(4.3.)
whore u & 207
2 kL,
PTEIC T 46
g 2 -ut '
-V, ==V, (1 ~ 5 e sin nt) (hoks)
for n2 > 0
: 2u -ut ' ) :
-V, ==, (1-F o ginh Kt) mmmmeeemee. (4e5.)

for n? = - K? < 0"

K+t Kt , .
Since sinh Kt =% (c ~-c Y, cquation (4.5.) may bo writton as
(K-u)t -(K+u)t
-V, = (1~ % * % c ) JR— A |
. 2 o=t oL el
now K » u u 76 u o
-1
' K - U - ..._I-'_.C__.
K ¢+u
thus for K 2= v,
Keu=< 2u-= EZ
oL
Keu = IC o - Z
Keu L
- %4 S W
- V'. =~VS (l -c L . & C ¢z ‘)- SREmeT e —<4‘070)

(=V.) deseribes the shape of the surge warich travels down .the line after
the rostrike. Supcrimposed on this weve will be smaller surges, duc to
the voariction with time of V' ond V!e, Variation in V' should be
consldorcd but the change in V' is relatively small, afd may be neglectod,



(5) Subsequent, Rofloctions.

. The voltage surb% - V,s travelling down the linc, is accompanied by a
current surge I. =~ YL whore the positive dircction of current is taken
as down the line. z The surges arc reflected from the open-circuited
end of the line with roflecblon factors of « 1 for the veoltage, and ~ 1 for
the current. : .

Assuming that no ationuation or distortion of the surges take placo,
then when the surge returns to the circuit-breaker, the totel current on
the line side at the moment of rcflection will be approximately zero,
depending on the shape of the surge, ‘

Considering the circuit of Fiz. 13, a Laplacian cquation may be set up
to determine the reflection factors for the surge - V, .

T
( LF ) |
- ST ) «
Ve = (0 .z (Sce Ref, 5) === (5.1.)
g CP + ir )
) EPZ —%‘EPQ ;I.'C- ;
‘7 = V| ( )
i (PP e g-Pr §5) )
= = 1 - —4u )
V.=V, E s (p+u)g—:-;2 .% (5.2.)
V.=V, (1- 4% o fut sin nt) ' (5.34)
for n?" 2 0
V=V, ( 1--4%-;‘0 U ginh Kt) - (5.44)

for n? = - K2 < 0

The new voltoge suge down the line will be of opposite sign to V
and- the now currcnt surge will be of opposite sign to I, .
The total current at tho circuit bresker will buconc p031uivo, and must
pass through a currcnt zero within a few microscconds of the reflection,
This gives the circuit~brecker an opportunity to clear the cirecuit,
leaving. the linc charged at the voltage beforc reflection, the short
reflected surge. being noglected. The magnitude of this voltoge is
cxplained in the next scction,

13
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- (6) Maxirum Voltare.

The maximum voltage at the far end of the line will normally occur
“shortly after the initial surge (~ V. ) reaches that point, and will be
equal to ( V' = 2V, ) or =(2V, '+ V'), The voltage at the circuit breaker
end of the line will reach a maximum, before reflection, of (V' -~ 2V, +2Vw),
where V,, is the variation in the power frequency voltage in a time T,
If the circuit breaker clears at this point, the whole line is left
charged at this voltage. This is shown also in Fig., 14.

If the restrike had occurred at the instant when V' _ was at its
negative maximum, 6

Mo
10
reducing the magnitude of the line volvtage, but if the restrike had
occurred beforc the instant when V' was at its negative maximum, 2V, will
" be- negative, increasing the maximum®voltage at the circuit brecaker., In
the limiting case, the maximum voltage at either end of the line will be
aporoximately ( V ¢ v,y = 2 Vi max), where Vi max is thc magnitude of the

av
voltoge surge if the rostrike occurs when V'g is at its ncgative maxiumum,

2V, 27, (1 - cos

), and will be positive,

If the circuit breaker does. not clear, then an even greater voltage
may occur if n< > 0, as V, then conteins an oscillatory term. This should
be checked also: ' :

A Further restrikes may take placc, and may be analysed in a similar
" manner, When other lines arc connectod near the circuit breaker,

(se¢ Ref, 6) the analysis bocomes somewhot more complex owing to the
reflections from the far ends of the other lines, and o lattice diagram
moy be necessary. If the other lincs arc comparatively short they may
be represented by lumped capacitanco,

(7)  The Effect of Gorona.

The formation of corona-requires energy, which is obtained from the
front of the surge. For o short surge, this mcans that the peak is
reduced, but for a long surge the shape of the wave front is changed, the
moximum value being unaltered. ’

E,D, Sunde, in Ref. 7, pp 282, by cquating the ionization energy
required for corona to the chiange in electromagnctic energy associated
with a change in voltoge, shows that a point on the surge front at
voltage Vi ; less than the critical voltage Ve, will move forward at
velocity S, while »oints on the surge front at a voltage greater than Vg ,
will apparcnily move forward at a reduced velocity,

s .
- (701-)
1:k (1-Jc

where ‘
S = Normal velocity of surge propagation on the line,

C,= Line ccpacitance in Forads per meter.

k= 8.4 x 100 //:5 for a positive ‘surge,
S 2h

X -0 -
= 3.6 x 10 /a2 for o nogative surge.
| / 2h



a = Radius of conductor in mecters.
h = Averoge height of conductor above ground in meters.

V. = Gorona critical voltage.

[
= 3 x 106 a log 2% .
This hos been substantiated by tests (Ref.8).

For twin conductor lincs, a is calculated from:
3x10°x2a' log2h 6

v = . /57 = 3 x 107 a log 8 __ (7.2.)
c ey » -8

1+

O

-4

Where a' = Radius of the twin conductor in meters, and & = Spacing
between the conductors in moters.” (See Ref, 9.)

When a surge on a line causecs the maximum voltage to be greater than
Vc, it is convenicnt to consider the surge as several componcnt surges;
one, which raises the line voltage to Ve, being transmitted at velocity S;
and the remainder being divided into convenicent steps of say 50 KV, moving
forward separately at appropriate reduced velocities, TFor a switching
surge, - thesc component surges may be assumed to have rectangular fronts,
and o suitable adjustment mode on the voltage sraphs.

Surges at various velocities may be represcnted on o normal lattice
digarem. Fig. 15 shows o lattice diagram for o line on which V, = & 200 XV,
‘There s on initial cherge on the line of + 100 KV (surge a). At time t=0,

a surge of - 200 KV, b, moves from A towards B, rcaching it at a time T
scconds later., At B, it is reflected; with a reflection factor of ¢ 1, and
splits into 3 component surges b'y = (=V, - 100 « 200) = - 100 KV, at
velocity S, b's = = 50 KV at velocity S's, and b'y = - 50 KV at velocity S's,
Thesc threc surges move toward A at their respective velocities.

It was also assumed that the power frequency voltage was at its
negative moximum ot t = O, and varied by ¢ 30 KV in a time T, This is
taken as a surge ¢; of « 30 KV at t = T, for the purpose of the
illustration. When surge ¢y meets surge b'y. the resultant voltoge is
less than Vg, so each surge continues at velocity S. When surge cy meets
surge b'p, the resultont voltage is-(Vy « 20 KV), Surge ¢q slows down,
and surge b's continues at an increascd velocity. Similarly, when surge cy-
meets surge b's, the resultent voltage is-(Ve # 70 KV). Surge cj slows
down further, and surge b's continues at an increased velocity.

At time t = 2T, surge b'j rcaches A, and is assumed to be reflected
with o reflection factor of -1, At the same time, a further powoer
frequency voltage increment cp of & 30 KV moves from A, The resultant
surge, b" + cop = & 130 KV, When this surge meets surge b's, the
resultant voltage is less than V., and each surge procceds at velocity S.
Similarly, when the surge mecets surge b'a, the rosultont voltoge is less
than Vg, and cach surge proceeds at velocity S. Fig. 16 shows the voltage
at point A; on the linc. Damping has been ncglected, Fig. 16 should be
compared to Fig. 1.

Any actual case moy be analysed in this menner, using the appropriate
reflection factor at A, for restrikes at various points on the power
frecu ncy voltage wave, to obtain the moximum voltage., Cireuit brecker
clearing at the first current zero (immediately after t = 2 T) may also
be included. _ '
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When the line is long, fno time intervel between the crrival of
successive surges, soy b'l and bl,, at point A, may bo hundreds of micro-
seconds, and these surges may be %re"ted individually, with ﬂporoprlnte

reflection factors.

The maxinun voltage at the end B will be (returning to the notaiion
of 8cction (6) ), (V! - 2V as before, but the voltago at end A4 at the
time of return of tho flTS% purt of the reflection will be (-V, ¢ Vi) s
which will bz less than if corona is not included. Also, the rofIGColon
at this cnd will be of o surge of mornitude (Ve # V! - Vl) which will bo
equal to or less thon Vi,

The maximum reflcction wiil be obtained at this cnd if Vg =(2Vl'— V)
and will be of & surge of mognitude Vl’ the moximum voltage at B being
+ (2V'g s V).

For o very long line at very hlgh voltage this will olso be the
absolute maximum voltage for any number of restrikes, as no portion of a
surge giving a total voltage on the line greater than V, could ever reach
B. :

(8) Bxomples on a 240 Mile Linc,

(8.1) Txample (1) n? << 0

. Fig. 17 shows 2 generctors, with no local load, connected to a
single tronsformer oand supplying full load over one 330 KV line 240 miles
long,

Circuit breoker B onens; dropping the load, thc voltage at A rising
to 1.3 normal, After o stecady state is reached, but beforc the voltage
regulator has acted, circuit brcoker A opons. For restrikes and reflections,
the circuit may be reduced to that shown in Fig. 18, (Sec Part I. "Reduction
of Circuits for Traonsients®.)

Source i = 0.20 on 180 MVA, 330 KV basc

0.30 x 3302 _ _ .
.f > 4T 50x180 - 0.578 Henries | | ‘

Q
1

0.006 x 10 =0 Farads (from menufacturer)

1 L
21 /10 2710 cycles per sec,

, V, = 1.0 = -3-30-—-42 - 269 KV.
/3

V'g = 2859 KV constant (oscillation domped out)
Line Twin conductors 1,125 in, Adicmeter, spaced 18 in,
a' ='0.5625 in, = 0,0143 ncters.
/2l & = 0,265 ft. = 0.0806 meters.
Flat construction, 37 ft. spacing, = 46.6 £, equiv, delte,

h = 42 Tt. = 12,77 meters



a = 0,863 in, = 0.0219 meters (Scction (7) )

X1, = 0.536 ohms/mile

Ly = ghgfé-ga- = »0;00171 Henrics / mile

Xg = 0,184 x 10° ohms / mile |

o = CC = 1,730 x 10~% Farads / mile

M T2 7 500,184
1 = 184,000 miles / scc.

/Tag Oy
'z = /X XC = 314 ohns.

" Linc Oseillation

. M .
240 miles =— =24 © .
M = 240 niles 10 4
Apparent frequency = 375 cycles / sec. (Fig.9)
Te 250 __ . 1305 microscconds

184,000 .
v = 9.4 % (Fig, 9)
Vay = 6.5 % (%)

V = 1,3 x 269 = 350 KV

VP2V e v, = 1,065 x 350 = 372 KV constant

Rcstrike

Vg Max. = V' & V1,372 ¢ 269 = 641 KV,

= T3 -7 = 2.8 x 108 -7.05x 107

. BN - 5
oz = Vg (1 Y 53 x 107%,

(Scetion (4) )

This is a surge having an initial peak of masnitude - V_, decrcasing
to zero in o few microscconds, and then increasing cxponentially from zero
at time t = 0 to -0.53 Vg at t = T, and ~0,77 Vg at time t = 2T,

Sce Fig, 20, :
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Reflcctions

Reflection fector at B is + 1.

Reflection factor at A for a surge V1 is given by

-ut . :
V.=-V; (L-4Fc  sinnKt) (Secwion (5) ) 5
o 2 5 t =Je A
Vp = = Vg (1 -c =243 t 46 -5 3 x 10 t)(l 2% =543 s 2 5.3x10 t)
Cn nululvlyln" mnd calculeoting,
v,
~= = - 1 as a fair avpproximation, o
Vg

" On rofloctlon at A, currcnu DASSCS uhrouuh zero, ond circuit
breoker mey clear.

Max. voltoges

If circuit breoker clears, neglecting resistence damping, var-
iation in V_ and corona, ' .
8

At B, (V' - 2Vq),

372 - (2x641) = - 910 KV,

At A, (V! = 27p) = 372 = (L.77x541) = - 662 KV,
| This is a very short peal.

Moxinun sustoined volt-ge at any noint on the line is given
by (V! - (2%0.77Vg) ) = 615 KV,

Including the variation in VU,

Restrike 480 before nay VB’ nax sustained volt“go 565 XV,

) 36° " 581 KV,
i ’ 40 it . it 580 KV
it 120 it . o 555 KV,
[{. 0% " ] 525 KV,

A sccond restriko could thus have a theorcticsl moximun restriking
voltege of 581 « 269 = 850 KV,

Max, voltares

If circuit breaoker does not clear, neg 100L1nb r031stance damping,
variztion in Vn; and corona,

The lattice diagrom is shown in Fig. 19, the sufgo V; being
assuncd to vary with timc as described above., 4

The voltagcsat B and A arc shown in Figs. 21 and 22 rcsnoctlvcly.
The highest voltage occurs at B at time © = T, and is 910 KV as before.
The effect of variation in V, has been indicated for the maximum values
Only. 2 )
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Corona

6

ol

VC = 3x10

o]

lox

r
W

" (Section (7) )

465 KV,

Maximum voltage

o gl

&
S

If circuit breaker clears
At B, V' - 2V, = 910 KV as before (very short duration),
Llscwhoro on }1ne = Vg = 465 KV,
Maxinum sustained V\ltabcs on line, 581 KV a8 above, deecroasing to 455 KV
by about t = AT.
Maxinum restriking voltoge for sccond restrike 465 &« 269 = 734 KV,

If sccond restrike occurs, naximun voltoge at B bocomes 2V! o * V., = 1003 KV,

which is th: meximum for any nunber of restrikes.
If circuit broahor does not clear, maxinum voltage at B is 910 KV as

before, and clséwhere on line 465 KV (with the oxception of a possible
refleetion at A), This is shown on Figs. 21 and 22,

Resistance Danwing

Assuning a standard rate of damﬁing, the moximunm at B of 910 KV
is reduced to 836 KV or 3.11 E, ond the absolutc moxirmum of 1003 XV is
reduced to 923 KV or 3,43 I,

(8,2)  Examole (2) n? % 0

Some system as for ckxample (1), Figs. 17 and 18, but with the
addition of high voltare cables between the sending cend transformor and
circuit breaker A,

coble 0.18 x 10~6 Farads per 1000 yards

Source. | H.V.
2 cables in parcllel, cach 400 yards long.
¢ = ((0.18 x 0.8) + 0.006) x 10~6 = 0, 150 x 10~0 Farads
= C = 560 1 | o
T cycles per sec, |
vt = 259 KV constont (oscillotion daomped out)
Restrike

Vg mex = V! o V'g = 641 KV,

R = 1 _ 1 - 8 _ 8
n To T = = 0,115 x 10 1.125 x 10
4C™ Z 1
K2 = 1,01 x 108 K = 104
w = 1.06 x 10%

K «u=2.05x 104

K-u=—'ZL'=-5.43

- V1 ® = Vg (1-1.06 ¢ “543 t 4 1,06 ¢ ~2.06 x lOAt)

The shape of the voltoge surge is annrox1n~tolj the some as in

exarple (1), the only differcnce being in the time constant of the initial
pecak, which hos incrcased from 2 to 50 microscconds, or 0.038 T.

Figs. 19, 20, 21 and 22 represent this case also. The maximum
voltoge peak of 910 KV at B may extend over a distance of a few miles from
the circuit breaker.
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(8.3) Example (3) n° =0

As the capocitance C is incrcased, the time constant of the
initicl peak of the voltoge surge on restrike will become longer, but
the shape of the surge will be of the same general form until n<)» OC.

2 - O l - 1

For n * o TR,
o L
C = ZEQ

For the system of cxample (1), .

¢ = 2978 = 1 47 x 107 Parads.
4x314
The surge is now specified by

\

Wy E-V, (1-2ute ” YY)
e 100 = 1,083 x 103
1. 47X,

[ 4

- This surge is shown on Fig. 20, The reflection factor at A
would be -1, Maximum voltoges arc as found in oxample (l), 910 KV at B
(now extending over a larger portion of the linc) and sn absolute naximum
of 1003 KV (also extendin; over a larger portion of the line),

(8.4) Example (4) n°> 0

8 generator-transforner sets in parallel, cach pair haﬁing 2 high-
voltage cables 400 yords long, and 29 miles of high voltage line connccted
to the bus, ‘

Source + L = Qﬁ%;§' = 0,145 Henrics,
¢ = (0.576 + 0,006 + 0.50) x 10~6 = 1.082 x 100 Farads

1 ‘= 403 cycles pér sce,

2 11 52?&-

v'g = 269 KV constent (oscillation damped out)

Restrike ' A \
Vg nax = 641 KV,
n? = i% - b = 6,37 x 100 = 2,16 x 10°
4CZ
= 4.71 x 100
n - 2050
u = 1470
-V ==V 1 - 2% e fut sin nt)  (Scction (4) )

== Vg (1= 144 o "470% g3n 20501)
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The shone of this surge is also shown on Fig, 20, and it is secn that
it nay be considered as a roctangular front, flat-topped surge of
magnitude -= V. The method miven in Section (7) moy be used to analysc
this casc, ° and maxinum voltages cre as found in example (1), 910 KV
at B (now extending over.a considerable portion of the linc) and an
absolute moximum of 1003 KV ( also cxtending over a considerable portion
of the linc).

C would hove to be inordinately large to give a volue of Vg
appreciably grocter than Vg,
(9) Conclusions

For a very lon:: linc, two solutions cxist, depending on the. value of
C in Fig, 18.

IfC ¢ L2 , the ncrmal casco, the moxtimun voltage.on the linc will
occur at  ~4%°  the remote ond, and will be cquel to & (2V!. & V'),

" This-voltage will be of very short duration, On other scciion8 of the line, .

apart from this peak, which will be ropidly oticnuated by corona and

resistance damping, there will boa sustained voltage of a lower valuc,

which will be aticnuated by corona to the corona critical voltage V.

Further restrikes may give a voltage of & (2V', & Vo) cxtending over part
. o

of the linc at the remote cnd. -

Ir ¢ > 4%2 , which rocuires the addition of a considersble amount of
capacitance necar the circuit breaker, the maximum voltage will

again be equol to ¢ (RV'y, « V') but moy extond over a considerable portion

of the line, Further restrikes may give a voltage of # (2V'g - Vc)
cxtending over a considerable portion of the line. '

For the systenm considered here, and allowing for resistance damping,
these moxinum voltages are 2 3.11 B and & 3.43 E respectively. This low
result is partly duc to the length of the line, which gives corona
sufficicent distonce to cffectively remove the upper part of the voeltage
surge, and partly duc to the fact that very high voltage lines oporate
- nearer corona critical voltagze thon lower voltage lines, c.ge. for this
330KV systom, Ve/Vp = 1.7, whercas for an average 132 KV linc Ve/Vgy = 2.1,

It is apparcnt that, for cny linc configuration, and sourcc nctwork,
there will be a critical length of line.” For shorter lines, the classical
thecory should be uscd, partly nodified by the offecet of corona, but for
longer lincs the maxinunm voltoge will be a constont, deternined from tho
corona criticol voltege as above. VWhen testing circuit breakers for dis-

conncction of tronsmission lines, it is importaont that the most scvere case

be tested. This will nornmally be the disconnection  of o linc of less than
the critical length, '
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The physical charactorlstlcs of arcs are descrlbed w1th the

aid of oualltatlve diagrans,

An energy balance equation is set up, equating the electrical
input to the losses tbrouvh thernmal- conduction, convection, and

d1ss001atlon.

Tt is shown that this substantiates the theory that there is a
critical value of current for self-extlngulshlng, in a long arc.
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Buoyancy force tending. to cause gas to rise.

-Viscous restraining force.

Acceleration due to gravity.
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. ) 3.

(1) “Arc Characteristics.,

Recent tests at the Flectrical Research Associatior Laboratories,
London, indicate that the arc consizts of three portions :-
. 4 . . .

(a) The central Qord, carrying most of the ¢ current, and
at the-highest temperature.  The diameter coi this
portion will vary as a function of thC‘ curreats

(b) The outer core, carrying little éurrentﬁ but
Jlumirious -owing to the preseice of nitrcus oxide.

(¢) The outer cavelcpe of heated airs

Tigs 1 shows the spaiial diutrlbutloﬁ of these areas for a
D

short arc, For a long awrc wec can’consider three cencentric *JWnaorsg

Fige. 2 shous the tenperature gradicnt over the arc diancior, the
central core having o moximun Semperature that varies with the current,

Tig. 3 portrays the voriation of lannoul*v with radiuc for cach’
scetion, and indicotes that visual or photograpnic rocords would tend to
give arg diancters which would be too high.

The variations .in the choracteristice of air at high twemperaturc

a%o also important. Fige 4 & hows the change in ”DOC;IlO conguctance,
"Lgs 5 whowu discociaticn and (nrokably) the formntion of active nitrogen,

iat ion in thernal conductiviﬁyg

and ¥ig, & shows the varig

3 rpall leekage current, of the order of 0.3 o, secns to exist
hotween cleoctrodes cven when no arc is visible, but in goaeral, ¢iffid

P Y
Licuavy
el ~ynrioncod 3 TAFINnINn o - -~ - ok v Nalsl 117 s ) ¥ l
ig experienced in defining are characteristics at currents lecs vhan 1 ampe

Exporinental studies have beon caryied out at currents fron
i to 10 cims. (scc Neows. 1 & 2) but figures for arc dienmcters were obtalned
by visual netheds.  Theery supports sonc of the resultc (Refc. 3 & ) bt
doubt has becon cas® on the constantc uced in this investigoticn, particularly
tho dissociction nutontlwl of nitrogen.

f"'."

cter of the
contral core increcascs up to a ouﬂronu of a fow arps., thon {lottcns out
about 10 IS e s with a possible slight contraction chbout 15 aiws., Tac
diamncter thon 1ncre;sos again, a o;“ﬁouncod contraction appcoring at oboub
80 anps.  Another cohiraction nay occur at sonc nmuch highe— onrreat.
Contilderation oi the cacrgy ozlﬁ‘“c of The arc. sappoztu the poopibility cf
a transition in the »cgion 10 - 15 anpo,

¢ BuRek. toots indicatc that the curve of diar

\ e - . oY
(2} ducresy Balance.

20159 Elegtrical Tg

‘Tris hos bocq ,ALOlLJontﬂllj detex nqud 0+ 14 1)
watts per ey, V"Ch ig in linc with forin

: OLt&Lﬂ;ng arc ltng Do

O —.
(xS

l——‘ C‘J
©
=y
O
}.’

(2:2.)  Loss Tarough Thernal Conduction.
if we asguc o& average temperature in the contral
coro of 5000 ha and o 5 T”lgh" linc tenporature
grodicat fron 6000°K to 300 K, -then the heat losso
is givon by ~-

2Tr g dT,
dr .

wiicre & is the overorss thernal eondnctivity _
. in thc regien r to (r = dr) and dT ic the wi~wge In

<t 1“’"..1.;:‘4.!.0 in dr,



’

(2.3 )

_ din

Fron Rof 1, g—i- 16 of the order of 5100 °C/en, and |

taking k =3 x lO"'3 “the heat loss is 96 rl watts/cn
: where ry is tho radius of the ccntral core,

Loss Through Convection.

Let the huoyancy forcc on the gas arca bec denoted by
Fb = 1mr"gap , wherec ap is the difference in density
duc to tcmperaturce. ‘

The restraining force is cqual to Fv = 2nry g%

wherc 9 is thc VluCO ity, ond = v 5 the velocity:

dr
grac1ont ot tho uurfaco of a CJllndcr of radius .

BEquating tﬂCuC two. cxprossions wt the boundary of tho

centrol corc, ¥ = T goap
dr 2\7

Fig. 7 shows a curve of vclocities obtained oxperincntally,
(R01,l) wvhich indicates that vy is approxinately oqual
to dv at rl,

dr _ :
ap= 0.00124 (1 - 3—%9) = 0,00117 at> 6000°K.

9 #=-0,00135 ot 6000°K, (Extropoloted from Tof. 5)

chcé‘#max £ 425 1y

_ Tor prectical cases o figure of 80% of this, or.340 ry

is suggested.

The totel heat loss by convection is cqual to He Efé‘"'r dr v 47
where A-is o constont, oqual to 0.020 watts/cc for air. (Ref.l.)

* Congidering v = vpay for radius O to ry, and decrcasing

12.5)

lincarly to O at (r - 1),

He = 34Q<(r13 * rl o ? rl) watts PCr Cle " we e '...(2.3,1).

Loss Through Discociotion,

Dicsociation ic likely to occur suddenly, (scc Fig.5 and
Ref.6), as the cffcct of partial dissociation, in increasing
the total lossces, will be to causc the arc diancter to
~decreasc, to restore cquilibrium,  This will give an -incrcascd
temoerature in the central core, owing to the 1ncr01uod

current donultj, and henee nore. d1 sociation,

Conplcte dlSSOClktlon is considered (Refoe 3 & 4) to
give o loss of the order of twice that duc to thermal |
conduct1v1ty, and 200 Ty wattu/%n ic suggesteda

It pCO“u’ oluo, thgt a certain cnount of nitrogen beconos
Mactive! at the same tinc as dissociation: ocecurs, but
the effcct has not been fully inves tigateds The.
nitrogen affccted appears to remain in the actlvatcd
state for an apnrcciable tine, of the order of -

hundrcdths of a uOCOHd, or longcr.

Other Lossces.

The loss due to radiction, thernmionic offccts at the
clegtrodes, thermel conduction alona the cloctrodou, and
diffusivity, arc not cxpected to reach nmorc than 10%

of the total, and a factor of 1 1 can be 1ncludcd to
cover thlu.'h



(2.6)° unorgy ualanco Ecuntion.

The cquilibriun cquations now hﬂvc the forn :-

60 + 14 I :é(gé v+ 340 (27w ry? 4 L 5 ry) gl.l ver(246010)

for no dissociation, and

60.* 1, I %96 ry o+ 340 (rl e _12 + é rl) * 200r1; 1.1¢

for full discociation. ‘ eoe(2.6424)

A ;
(3) Conclusiong,

Tron theso cquations, two curves of arc rodius avﬁlnst
current can be drown, o8 shown in Fig, 8. A tronsition fron tho curve |
for no dicsociation to the curve for full dissocization nay be cxpected in
the region chown, beecausc of the 1ncr0151ng tomperature of the arec at
higher currontu. .

, Oncc the transition has occurred, it can be assuncd that the
dissociation and activation will have matericlly incrcased the possibility
of 2 conducting arc path being avoilable.,  This ncans that, under conditions
of no wind, o currcnt in air greater than the critical valuc would be much
lese likely to be uolf—cxi1n0u1oh1ng thwn o currcnt leosg thon tho eritical
valucs

This is of great inportance in the application of “uto—rcclouurc,
(Soo Part V1, "Auto~Rcclosurc!), but norc cvidencc is roquired before a
critical valuo can be fixeds :



(4)

1.

2o
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Summary. | o T \\

huto~reclosure, in both threc-phase and singlo-phasc forms, is
now an established tcchnloue in power system engincering, .and has been used
with con51dorable SUCCeSSs

However, it has becomc apparent that thero aro limits to the
use of auto—reclosurc, and an.attempt has becen made here to define the limits
of application to long, hlgh voltago llnes.

A rcady indication of the practicability of threo-phasc or
. s1ngle phasc auto-reclosure. for any line from 132kV to 380kV is given in the
t&blOSo



List of Symbols.

Qg b, c
4,B,G,D,I.
4,B,D,E,J,K.
Ab

Ab?

Cab, Cbc, Cea
- Cao, obo, Cco

G

Co

V2
Va, Vb, Ve
X
Y

Z

Zoa, Zab, ctc.

it 1t i n 1 1 1 i1 ]

n

it

HH

o

11

no.n

Phascs in three~phasc circuifo

Pqints on the curves in>Fig. 3e

Tower dincnsions in fcct.

Distance fron a to b in fect,

Distanco-ffon a to‘tho inage of b in fect.
Capacitances between pairs of condﬁctors..
Capacitances botqgon conductors aﬂd ground.
Average §f Cab, Cbe, Ceg,

Average of Coo, Cbo,‘Cco.

Diamcter of singlc conductor in ins,

Equivalent diancter of multiple conductors in i

“ Diancter of carth wirc in ins.

T'«eSe currcnt,

Avoragb height of conductor a above ground in

Radius .of conductor or cquivalcent conductor.

Voltcge impressed on tost circuite
Voltage across Co in test circuit.

T.NeSe phasc voltages.

Reactonce in per cent on a suitable basc.

Susceptonce in per cent on the same basc,
Spacing of twin conductors in ins,

Inpedances.

2

féct-



will rectur

The Technigue of Auto-Reclosure.

(1,1) Transient Faults.

It is a matter of experience that a high provortion. of faults which
occur on high-voltage three-nhase overhead transmission lines is of .
transient orisin, A tyvical case ig the flashover of a string of
insulators by a lightning discharge. A nower arc, of hundreds or
thousands of ampercs, may then flow through the ioniged gas path in
the air, The fault current causes the protective relays. to operate,
and the circuit~breakers at each end of the affected nortion of the
line open and isolate the section,

It would be possible, in such a casc, to reconnect the line,
after a suitable nause to allow for the de-ionization of the arc path
by natural means., Auxiliary equipment has been developed to enable
circuit-breakers to reclose one, two or more times, with pre-determined
intervals betwcen successive reclosures, The scries of operations
continucs until the fault is cleared, and the relays do not operate to
open the circuit-breaker after a reclosurc, or until the series of
operations concludes, leaving the circuit-breaker in the open position.,

For the particular foult quoted above, imvelwing only one phagc,
it would be possible to opply the reclosing technique to that phase
only, and discriminatory equipment has been developed to cnable the
circuit-breokers to verform this operation. Single-phase reclosurc
moy have advantoges from the point of view of system stability,

(1.2) System Stebility.

When a fault occurs on a system, the total load on the generating
stations changes suddenly, and thc demand on cach generating station
changes also.

.If, at a perticular station, the new demond is greater than the
previous demond, the extra cnergy roquired will be provided by the
rotational cnorgy of the machines, which will tend to slow down. If the
new demand is less than previously, the machines will tend to speed up.
The. phenomenon will also be affccted by the variation with time of the
generatorts anparent rcactance, and by the corrective action of the
voltage regulator and the governor., For the purpose of calculation,
it is usually cssumed that the time constant of cach of these thrce
factors is long in relation to the time of operation of the fault; and
their effect negligible,

B, If o foult remains on the systom long onough to cause one
part of the system to be lagging, or leading, another part by more
than 180 eclectrical degroes, the two sections will lose synchronism.
This is known as system instability, '

The same effect can occur if one section of a transmission line
is taken 8§§r8§ service, after a fault, as although the total load
~to normal, the distribution of the demand on the various
genercting stotions will depend on the new digtribution of
interconnecting lincs, and instability moy still result.

Any particulor system may be studied by means of a network analyser,
to determine alloweble limits for single and three-phasc reclosure times
for various foult locations. - In genercl, it is found that the open
period may be considerably longer with single-phase than with three-
phase operation,
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The permissible open periods for the system may then be compared
with the time required for the de-ionization of the arc path.

(1.3) De-ionization Times for Three-Phasc Auto-Reclosurc.

Tests to simulate the condition of single circuit lihes, at various
voltages, and with large foult currents, werc made in U.S.A. (rofs.
1 and 2)., As a result of these tests; the following de~ionization times,
on a 60 cycle basis, were rccommended as thosc for which the chance
of a restrike was less than 1 in 20,

Linc Voltage in kV 23 45 59 115 138 161 230
Time in Cycles 4 5 6 8,5 10 13 18

The times were stoted to be slightly lengthened by increase in arc
duration or currcnt, ond slightly decreased by an incrcase in the gop

-length, or the presence of wind,

Latoer tests gave general agreement with these fipgurecs.

Photographic evidence shows that the heavv current arcs considored
were of considcroble cross-scetion. ittle "bowing" of the arc was
obscrved, but, aiter the current wog cwitched off, the Tuminous gas
could be scen to risc under the influence of convection. . Restrikes
occurred betwcen the lower electrode and the bottom portion of this
rising mass of gos. '

Results of investigations into the rate of veortical movement of
the ionized mass indicate that, for heavy-current arcs of very short
duration (less than0.,2 sec.) the velocity is proportional to the cnergy
input.  The low limit of veclocity appcars to be of the order of
100 cms/scc., and this corresponds to approximately0,4 kW secs. per
em length of ere, This is ccuivalent to 1000 amps., for@05 sccs.

2000 amps. at0,025 sces., ctc,

From this.evidence, it would scem that o new scale of
de-ionization times could be drawn up, toking 1000 amps, ford.05 :
sccs. (a rcasonable breaking time) a vertical velocity of 100- cms/scc.,
and the diclociric strength of the new air as 4 kV per em.  This
gives, on a 50 cycle basis,

Line kV . 23 45 59 115 138 161 230

 Time in Cyeles 2.3 4.6 6,9 11,5 13.8 16.1. 23.0

The fact that expericnce has shown these figures to be conservative
for the higher voltages indicates thot, for most faults on high-voltage
lincs, orc currents arc appreeiably greater than 1000 amps. or thot
the implied condition of no wind is not fulfilled in practice.

- It is doubtful if more than one attempted rcelosure can be
justificd cconomically -

(1.4) De=ionizntion Times_for Single-Phasc Auto-Reclosure.

When onc phase of a scction of a tronsmission linc has becn opened
at cach cnd, the conductor, though isolated, will still have a certoin
residual restriking voltage to carth, owing to the copacitive coupling
between the isolated conductor and the two line .conductors, and also
to carth, This is shown in Fig, 1.

The restriking voltage between the faulted phose and carth can be

‘calculoted as o function of the ratios of the capacitaonces, which arc

determined by the physical distances involved.
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The actual values of the capacitances, and hence the value
of the capacitance current which could continue to flow after the Oower
arc has been cleared by the isolation of the conductor, is determined
by the length of the line.

Values of the restriking voltage and available current may exist
for any line which would »reclude the possibility of the capacitance
current arc being "self-snuffing", In such a caseg, s1ﬁ~1e—ohase
auto-reclosurc would be impracticable.

For cascs vherc this does not apply, the capacitance arc should
cease in 3 vo 5 cycles after the nhase is de-~energized, and a safety
margin of 3 cycles can be added to the times used for threce-phase
reclosure.

(1.5) The Effect of Other Gircuits,

For three-phase auto-rcclosurc, the nresence of a second circuit

on the same towers would have a gimilar effect to that described in the
brevious section.

This effect is small in the case of lower voltoge circuits, and
can be covered by the addition of 1 or 2 cycles safety margin, but
may bc considerable in the case of circuits of 220 kV or higher,
particularly when two or more conductors per phase arc used.

For single-phase cuto-reclosure, the capacitonce current is affected
to o considerable extent by the configuration of the conductors, the
presence of othor circuits, and the use of earth wires, and calculations
should be made for any long line at a voltage of 132 kv or hisher,

Laboratory and Field Tests on Copacitance Arcs,

(2.1) Test Circuit.

For testv purposes, the capacitive coupling shown in Fig, 1
mey be simplified, and we may usc the circuit shown in Fig, 2,
where C is the average of Caby; Cbe and Cea and Co is the average value
of Cao, Cbo, Uco, V1 is cquel to vhe sum of Vb and Ve, which is equal

On closing the circuit-brecker, an arc is initiated across a
string of insulctors connected in parallel with the capacitance Cqe
A power arc follews, thc currcnt being limited by the amount of additional
rcactance in the circuit, After o vpredetermined interval, the
circuit-brecker is opcned, and a capacitaonce current will follow,

'(2.2) The Ferm of the Conacitvance Arc.,

Test ogcillogroms (Ref, 3) show three stages in the capacitence
arc: -

(2) Tronsient oscillation of froquoncy 300 to 1000 cycles per scc.,i
damped cut in about0,01 secs.

(b) Steady state capacitonce currant, the duration varying with
the current,

(¢) A succcssion of restrikes occurring at successively higher
voltages, until final clearance takes place. The duration of this
stage is to scme coxtent dependent on the current.

(2.3) The Quonching of the dre.
Referring to Fig 3, which shows stages (b) and (¢) for a typical arc,

we sce that up to noint A, the arc voltage and current are in phase,
while the smaller current through the canacitance Co leads by 90°,
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At the arc current zero A, the arc does not restrike immediately.

The voltage across Co tends to rise, and the current in Gy, vhich is
normally small compared with the arc current increases. A transient
ensues, after which the voltage rapidly increases until the arc
restrikes at Bs  The voltage falls to the normal arcing value, and the
current in Co follows its previous pattern, .

At point C the arc current reaches zero again, and the process
described above is repeated, A higher voltage is recuired for the
restrike to occur at D, and the transient is correspondingly greater '
in magnitude, The curve passes through zero, and the arc ceases, the
current- curve having the appearancc of a pulse at this point.

, Within one or two half CJClOS,:thO maximum restriking voltage
appears across Co without cau51nv a rostrlke, and the arc is offectively
guenched,

The physical significance of this may be c&plalnod by considering
the main mass of 1on1zod gas to risc (sce g=ction (1.3}, Unless the
tcmporaturo of thc arc’in the spacc between the lower clectrode and the
mass of gas is sufficicnt to causc dissociation, progressively higher

*voltages will be required to cause restrikes. Also owing to the rapid

deercase in specific conductivity as the temperature decreasocs,
the voltage rcquired to maintain the arc will be' increascd.

A typical curve of arc tempcraturc variation during ¢#e cycle is
shown in Fig. 4, thc position of thec. band of variation on tac tomperature
scalc varying with currcant, After stage (c) is rcached, dcterioration is
rapid, as thc rem.s. valuc of the current during the half cycle docreases
very quickly owing to the delay in starting and the transicent offcct.

(2.4) The Transiont Effccta.

The test circuit of Fige 2 may be rodrawn as in Fige. 5, whore
X denotes the combined rcactance of the generator, transformer, and
rcactor, in per cent on a suiltablc basc, and C and Co arc rcprescnted
by Y, their combined suscoptance, in per cent on the samc basc. .

For sudden changes in arc conditions, wec have a single-frequency
circuit, which gives a transicnt of frequency gggg s which for
' XY

most‘practical cascs is of-tho ordcr of 300 to TOOO cyclds por SCCe

The maxinun rostriking voltaco appogrlnﬂ across Co wlll be

2[2 v x C

C«C
_ o}
This transicnt is thic onc kﬂlch appcars on the OuCll og“aphlc rocord at
cach changc in arc characteristic,

(2,5) Currcnt and Voltagp'Limitse

It scems probablo, from & setion (2. 2) that unless tlic availablce
cwpa01tancc currcnt is sufficicnt to kcep the tomperaturc of the arc
high cnough to causc considcrable dissociation and/or the formation
of active nitrogen, the capacitance arc will be quenched rapidly,

It would be cxpected that the critical range of current is small, and
for a particular casc (Ref.3) a sharply defined break at 15 amps. was
rccordcds  This is in linc with the current at which considcrable
dissociation is cxpected from theorctical considerations. Scc Part V,
A Theory of the Long Arc'"., Another scrics of tests gave the eritical
range as somcwhere betweon 10 amps, and 20 amps. (Rof. 4)e Tests made
in U.S. (Ref. 5) arc of doubtful valuc, as thc cascs tested bore little
rclation to practical cascs, Scec, also Ref, 6, in which a critical -
currcat of 10 amps. is cxpccted.

Any linc of length groat'cnough'to‘mako a capacitance current
of morc than 10 ampe. probablc should be considered carcfully, from
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the »oint of view of auto-rcclosure, and where a capacitancce current
of 15 amps. secms likely, auto-reclosurc should be rcjected.

The voltage limit is not so.critical.  Assuming that the slowcst
rate of vertical movement of the mass of gas is 100 cms/éec.,‘a gap
of the order of 1 em will appcar, rcquiring a.peak flashover voltage of
about 4 kV. The voltage rcquired to sustain a low-current arc
220 cms long is of thc order of 3-~5 kV r.m.s.,and a total recovery voltage
of the order of 1C-12 kV r.m.s. would scem sufficicent to maintain an
other~-wisc stable arce '

The above valucs apply to no wind conditions. A cross wind of the
order of 100 cms/sce. would be sufficient to incrcasc the peak voltage
requircnents by 6 kV, and would also incrcasc the losscs by thermal
conduction, ‘

(3) Calculations.

Calculations of cepacitance currcnt flowing in che isolated phase
of a threc phasc system have been made on conductors and tower
configurations suitablc for voltages from 132kV to 380 kV,

, The method usced was to write down the standard set of cquations
for cach configuration, consider any conductor isolatcd and carthed,
and solve for the currcent in that conductor.

~——

Va = Zoa Ia « Zao Ib = Zac Ic « =

Vo = Zba Iz +‘be Ib < Zbc Ic L "'}(3'1)

5

I
-

Ve = 7Zca Ia «» Zcb Ib # Zee Ic + +
cte, ctea-
Va etc. = rem.s. phase to ncutral voltages in kV.

Zaa cic, = =j 0.08187 log gha. negohns per milc,
J 10 7o g

ha "= Average height of conductor a above the
ground in fccts '

T 7 Radius or cquivalent radius of the conductor

in feobe '
< 3 - 3 o Ab'!
Zah ote. ¥ &) 0,08187 log 10 i

Lp is the distance fron o to b in feet.
Abt 1s the distonce from a to the image
of b in fcct. '

Ta cles = reolles. currcnts in milliamps per nilcs

For phasc a corthed, Vo = CQ, Vy = V(0.5 =j 0,866)

Ve =V (~0.5 ¢ F. 0.866), Sincc all the impedances arc imaginary
quantitics, i% is comvenicnt to solve the cquations twice, obtaining
the real and inaginary narts of Ia, -The value rcquired is ndde -Ia.

The cquations arc normally well-conditioned, and the casicst:
nevhod of solving is to guess the ratios Ib , JIc ctc., and substitule,

. - Ia Ia .
to obtain a number of cquations in Ia only, Ia is found from the
cquation in Va, The ratio Ib is then adjusted fron the

la ,
cquation in Vb, the ratio . is adjusted from the cquation in Ve, cte,

rcpeat the process.  This wmethod gives results correct to the nearest
nilliamp in two or three trials, and can be donc with a slide rule,
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uriting the adjusted rotios in on the matrix.  The process is rencated
for cach conductor, to obtain thc worst casc.

Fromn. an cxanination of wublished linc designs, and rcgulations
applicablc in various countrics, "standard" towers have been sclected;
having dincnsions conforming to average practice.  Three typcs
of towers have been considered at cach voltasc, single circuit flat
sna 01ng, singlc circuit triangular spacing, and double circuit vertical
spacing, cach carrying cither singlc or rultiplc conductors, and with
and without carth wircs and conductor transposition.

(4) Results,

It was found that, for any particular linc, a departurc fron the
standard tower dinensions could be allowed for by naking a percentage
corrcction in the final coupling cocfiiciont.  This corrcction,
depending only on the tower shapc, is scnsibly indepondent of voltage,

.conductor sizc, and the prescence of carth wires, ~ Vherc a particular

linc differs in scoveral rospects, the percentage variations for cach
of the scparatc diffcrences arc added arithmetically, and the rcsult

~applicd as a corrcction to tho coupllng coefficicnt,

The d1ncns1ons of the standard towers, together with the
variation pcrcentages for variations in dincnsions of * 10% arc given
in Tables Ia, IIa, IIIa.

The currents in an isolated conductor, in nilliamps per nile,
for various conditions, arc givoen in Tables Ib IIb IIIb for the
threc types of towers. The valucs given arc for the uorut casc, which
is usually that of phasc 'b' isolated,

Table IIIb contains valucs for the cffeét of the sccond
circuit., - The nagnitudc of the offcect varics with the phasc arrangenent
on cither side of the tower, and, if transposcd, on thc type of trans-
position. The usc of the positive valucs given is recornondeds
1, :
Valucs of the open circuit rccovery voltage to carth of the
isolated phasc arc given in Table IV,

The accuracy of the current valucs is of the order of * 1% and,
for a tower of the sanc voltege class, -but considerably nodlflcd,

- ¥ 5% Extrcnc cascs, as for instance a 380 kV linc opcrated at 220 kv,

arc witbin + 107

If tho correcctoed currcnt, Pultlpllcd by thc length of the

line in niles, is > 10,000 nillianps, caution should be uscd in wpplylng

singlc phasc auto»rcclosuro, oand for valucs > 15,000 singlc phasc auto-
rcclosurc should not be uscd.

For thrcc phasc auto-rcclosurc, on the double circuit
towors of Tablc ITTa, thc valucs of current in the worst phasc will be
nuncrically the sanc as the values given in Table IIIb for the “Effcct
of Other Circuit All\O" '

For transposcd circuits on scparate towcrs, these valuces nay
be multinlicd by the factor:-

(2J fron Tablc IIIa for given voltagc lovcl. )
(Distance in feet between centros of circuits % .o (4el)

c.gs for 2 singlc eircuit transposcd lincs at 380 kV, ccntrc distance
160 ft., currcnt is cqual to
58,5 x 226

150

and o linc length of 500 miles would be suitable for threc-phasc
auto-rcclosurc,

= 19,0 nillianps per nile,
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(5) Conclusions.

The naxinun capacitance currcent likely to flow under single
phasc or three-phase auto-reclosurc conditions may be readily determined
fron the tables, for a large range of tower and conductor configurations,
and voluagcs., ' '

‘The currcent is decrcased by transposing or by adding carthwires,
and increcascd by the usce of nultiplc conductors,.

- T'or & singlec conductor, linc lengths of less than 200 niles
at 132 %V, to 100 niles at 380 kV, scen suitable for single phase auto-
rcclosurc, and for nultinle conductors less than 100 miles at 132 kV to
70 niles at 380 kV.  Thesc linits may be raiscd appreciably for sonce
configurations, ‘ .

For threc phasc auto-rcclosurc, suitoble linits would be :
400 niles at 132 kV to 200 milcs at 380 kV for double circuit towcrs,
ond two to four tincs thesc valucs for single circuit towers.
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Table Ia Singlce Circuit Ilat Spacing,

132kV 220KV 275kV  315kV  380kV
Slnslb Conductor :
2 carth wircs 39,6 56,3 65.9 72.9 844
1 carth wire 45.4 63.2 7347 81.4 94,0
0 coarth wire 51.8 75.2 86.8 5.1 109,0
2 carth wircs transposcd 29,3 41,5 48.6 53.8 52.3
1 carth wirc transposcd 3443 48.5 56,9 62.9 73.0
0 carth wire tronsnoscd 42,0 5945 69.7 77.1 89,3

Multinle Conductors -

2 corth wires 81,4 95.0 103.1 108,9 118.6
1 carth wire 91.1 106.0 114.9 121.3 132.0
0 carth wire 106,1  123.0 133.1 140.4 152.5
2 carth wirocs transposed 50,0 69.5 75.1 79.2 86,0
1 earth wirc transposcd 68,0 79.2 85.9 90,7 98,8
0 corth wirc transposecd 82,00 95,0 102.8 108.5 117,8

- £
e ha = Average distance to ground for normal
’ ’ span
R da = diemeter of singlc conductor
' v P d'a = couivalent dlameter for mulnlple-
) conductors
- = J2d Z for two conductors where Z is
L dbes distance between in ins,
? de = diazmecter of corth wire,
l Svandord Towers Variation?
P 152kV " R20kv 275KV 315kV 380kV +10% -10%
D ft., ! 9 15 18,8 21.5 26 +1.5 ~1.5
o ft. i 7.5 12.5 15,6 17.9 21.5 +0.3 ~0.3
tha £t 34.5 40 4344 46 50 +4.0 -5.0
do. ins . 0. 5 1.1 ’ 1.37 lu57 109 *205 "'205
d'a ins : 5.5 5.5 565 5¢5 5.5 +3.6 ~3.6
do inS 057 007 017 007 007 i "005 4005

!

® "Wariation" is the nercontage variation in the value given by the
currcnt table, for variations of *10% in the dimensions of the standard
tower for that voltage.  For cases in which soveral dimensions have been
varied, the scporate variations are added arithmetically, and the total
variation epplied to the velue from the current table.

J

SINGLE CIRCUIT ~ FLAT SPACING
Teble 1B..

Current in Isolated Conductor (worst case) in milliamps per mile’
for Standard Towers. :

Multiply velue from this tgblo, correccted for tower varlﬁtlon, by
length of linc in miles.

Rosult should be < 10,000 for satisfactory oneration
< 15,000 for feasible operation

. “_-——‘..,_._\,7_._\



SINGLE CIRCUIT TRILNGULAR SPACING ~

. _
n: ¢__J' _...'.1 Elblo IIA.Q
R S .
' ﬂf— : » ha = Lverage dlstance to ground for '
e~ T —= . ' nornol span. o
o] LANN ) da = Diancter of single’ conductor L
) d'a = equivalent diancter for multiple
—K | —l : o : ' conductors
5 ' = /24 Z for two conductors where Z
‘ ' is distonce between in ins, .
" gg de = diancter of earth wire.
Stonderd Towers ' .1 . Veriaotions ¥
132KV 220KV - 275kV  315kV  380kV *10 . - 105
‘B ft 12 20 R5 2845 . 345 "'+o 7 ~048
J ft lO 13 lllbe) ) 180 : 2235 "'5‘)5 "‘600
K £t 10 13 16.3 187 22.5 - -1.3 . +1.3
D ft : 9 15 18,7 21.5 26 +0,8 =~0.8
ha ft - 3445 L0 43u, L6 50 120 =360
1 da ins - 0.65 1.1 1.37 1.57 1,9 | +2.0 2.0
d'a ins 595 . 5r5 - -‘.505_ ' 595 505 ’1'3:96 : "3-6
. dO ‘inS . 007 007 0-7 007 007 “003 ) +003

£  "Woriotion® is the oorcontﬂgc variction in tho voluo glvon by the
“current teble, for veriebions of % .10% in the dincnsions of the stendard tower

foxr that vVoltages For coses in wh:n_ch scveral dimensions have been voried,
the scparate variations arc. added arithneticallyy, and the totel variotion

applied to the value fron the current table.

SINGLE CIRCUIT - TRIAHGULLR SPACING
© Tablc .c_IIB.

Current in Isolutcd Conductor (worst cqso) in mllllﬂnps por nllo
for Standord Toviers, |

¥

o - ] 132V 220KV 275KV 315KV 380KV
d Sinplc Gonductor ; e ' ' .
1 carth wire I 439 - 7T1.5 88.3 10044 111.1
0 carth wire ;. 50.8 79:9 95,1 106.3 12347
1 carth wirc transposcd s 397 . 87.1 81..9 . 926 10445

0]

carth wirc transposcd ﬁ_ 5.6 7663 90,7 10151 118.0

1 earth vire . ) 8/;59 11609 13238 144..3 148.5
0 corth wire 1 94¢8 1280 142.0 152.1  168.2
1 carth wire transposcd i
0 carth wire transposecd ;

75,8 108.8  122.8 132¢9  140.8

!
!
| Multiplc Conductors. ‘ |
|
! \ ‘ .
5 86,0 12135 - 134:8 14445 160.0
} ‘(

Multiply value fron this table, correéted for tower variation,
by length of 1inc in niles. '

Result should bo. < 10,000 for'satisfactory oncration
<:15,000 for foasiblc operation.

-
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a e ] DOUBLE CIRCUIT VERIICAL SPACING
o N - Table IIIA.
ot o
;3 >§K < ha = Average distance to ground for normal span
. 3 e da = Dicmeter of single conductor
T d'a = Equivalent diemeter for multiple
l conducors.
——p ® = J2d Z for two conductors where 2 is
s distance between in inches.
i de = Diameter of carth wire
Standord Towers Variation ¥
132kV 220KV 275kV_ 315kV__ 380kV -~ +10% -lQ%
B ft. 24 40 50 57 69- ~547 +7.3
J £t 11 15 18,8 21,5 26 +2.1. ~2.4
K ft 3 3 3 3 3 - -
DIt 11 15 12,8 21.5 26 +1,0 -1,0
1B ft, 11 15 18,8 21,5 26 +0.5 -0,5
ho ft. 3445 40 43.4 46 - 50 +1.0 -2,0
da ins 0.65 1,1 1.37 1.57 1.9 +2,7 ~2.7
d'a ins ‘ 5.5 545 5.5 545 5.5 +3,6 -3.6
dC inS 007 0.7 007 007 007 -053 +0.3

® "Variction" is the percentage vorigtion in the valuc given. by
the current table, for variation of # 10% in the dimensions of the stondard
tower for that voltage., TFor cascs in which. several dimensions have been
varied, the scporatc voriations arc edded arithmetically, and thu total
variation DDllOd to the value from the currcnt table.

DOUBLE GIRCUIT VERTICAL SPACING
Table IIIB, ’ . . .
Current in Isolated Conductor (worst case) in Milliamps, per mile
for Standard Towers.

132KV 220kV  275kV 315kV 330KV

Single Conductor
(other circuit dead)

earth wires : 51.7 8l.2 99.8 113.2 135.5

2

1 earth wire 53.6 83,8 103.3 117.4  140,8
0 earth wirce 56.5 82,2 109.3 123,9 148,0
2 earth wires transnosed. 4044, 60,8 73,7 83.0 98.5
1 earth wire transposed 42,3 54,0 774 87.2 103.3
0 earth wire transposed 4lie9 67,0 8l.5 92,0 109.4
E

ffe€t of other circuit alive +12.0 +20,.5 +25,0 #28.2 * 33.5

Multiple Conductors
(other circuit deed)

2 earth wires 101.3 132.4 151,7 165,0 187,0
1 earth wire 10445 139,0 157.8 171.4  194.0
0 earth wire 109.3 145.6 165,6 130,0 204.0
2 earth wires transnosed 7545 98,5 108,9 117.9  132.7
1 earth wire transposed 78.2 100.4  113.6 123.2  139,0
0 earth wire transnosed 81,8 106,0 119.7 129.7  146.8
Ly

ffect of other circuit alive !+ 25,0 + 37.5 + 4be? # 50.0 + 58.5

Multinly velue from this oable, corrected for tower variation,
bJ length of line in. miles.

Result should be .« 10,000 for satisfactory operation
< 15 000 for feasible operation.
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OPZN_CILCUIT VOLTAG: DOTWZZH ISOLATSD GONDUCTOR AND GROUFD IN kv,
Table 1V,

)

122V 220kV 275KV 315kV 380k

Single Conductor

-Single Circuit - Flat Spacing | 7-11 15-27  L4~22  15-24 17-27
Single Circuit- Triangular

Spacing 9-13 17-2 19-24 R1-27 24=31

Double Gircuit - ' 11-15 17-25 20-30 22=34  26-40

Multinle Conductors

Single Circuit - Flat Spacing 8-12 13-26 15-28 15-30 18-33
Single Circuit ~ Triangular

i Spacing 12-18 20~25 23=29 25-32 20-36
. . Double Circuit 15-23 21-32  24=37 R7-42 31-48
. ) . Jl

The larger values are

associated with no earth wires and no
transposition, AT =L ' :
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