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PREFAC 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 English 
Electric 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 

11/ 	
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 - 
ersworks, in various European countries. 	The 1950 CIGRE 
conference in Paris, and several courses of lectures at 
Imperial 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-
Electric Authority on return to Australia in October, 1951: 

In particular, the investigation into auto-reclosure 
was started at Stafford, and the long arc was studied at 
E.R.A. man 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 
Department 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 o0he staff of the English 
Electric Company (particularly Mr. W.E. Scott, Head of the 
Mathematical Physics Section -i-and Mr. S. Newman of the 
S witchgear Engineers Section), of E.R.A. (particularly 

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



STATEMENT OF ORIGINALITY. 

Part I. 	Reduction of Circuits for Transients. 

(1) Introduction. 

(2) Single Frequency Circuits. 

The expression of X and Y in per cent is an original 
approach, and makes the reduction of a power system 
Wry much easier to rollow than dealing with the 
more mathematical L and C. 

The standard damping is due to Adams, followed by 
Gosland and idortlock. 

Double Frequency Circuits. 

Goneral formulae (3.2) from Hammarlund. 

Use of factors y 	yH , 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 
useful in analysing oscillograms, or setting up 
circuits to give particular shapes of curves. 

Reduction of Double Frequency Circuits. 

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

Cliff's method was expressed as a graphical con-
struction and was only suitable for applying to 
recorded curves. Here it is given a mathematical 
form, and the ratios P + PD  computed so that the 
actual transient need not beArawn. This saves a 
great deal of time. The AKiiresentative value for 
recorded curves is original, and (I understand) has 
been adopted by the I.E.C. 

Reduction of Two Independent Circuits. 

Original. 

(6) Reduction of Uulti-Frequency Circuits. 

The combination of the end sections is original, and 
avoids a formidable mathematical task. 

(3) 

(4)  

(5)  



• 

• 

(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 OVA calculations to obtain the 
impedance of sections electrically remote is original, 
and has removed one of the main complications, namely 
remote power stations and interconnections. 

(9.1) Reactances. 

Due to Gosland. 

(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 
to be outside the scope of a power engineer, and more in 
the line of a mathematician. Consequently, 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. 



STATEMENT OF ORIGINALITY. 

Part II. 	Rate of Rias 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 carried out by Vosper and self. 

(3.2) 	Live Networks. • 	References as noted. 

(3.3) 	Transient Analyser. 

The B.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.13 when I 
left to return to Australia. 

(3.4) 
	

Analysis of Records. 

(4) Calculation of RRRV. 

(4.1) • 	(4.2) 

Existing Methods. 

References as noted. 

Simplified Calculation of RRRV. 

X The concept of - Xtotal „ 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.13. 
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(6) Survey of System. 

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

(7) Limits of MIRY. 

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

(8) Circuit Breaker Characteristics. 

(8.1) Scatter 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) Post-arc Conductivity. 

E.H.A. staff. 

(8.4) Resistors. 

Original comments. 

General.  

The work on "Reduction of Circuits for Transients" 
and "Hate of Rise of Restriking Voltage" was begun as check 
calculations for the British 132 kV grid, and became a 
useful teei for checking the proposed British 275 kV grid, and 
the projected-Australian Snowy Mountains Hydro-Electric 
Authority 330 kV and 132 kV system. Investigation of 
general aspects of circuit breaker operation produced some 
useful by-products. 

-,1111±1 
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STATEMENT OF ORIGINALITY. 

Part III. 	Interruption of Small Currents. 

(1) Introduction. 

(2) Current "Chopping". 

Original, based on available info rnation. 

(3) Single Phase Circuits. 

(3.1) Variation in Arc Voltage. 

(3.2) Circuit with Inductive Load. 

Al]. original work, including comments on 
the references. 

(3.3) Circuit with Resistive or Capacitive Load. 

(4) Three Phase Circuits. 

(4.1) Transients on Clearing Phases. 

All original work. 

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

All original work. 

(4.3) The. Second Phase to Clear. 

All original work. 

(4.4) Interaction of Transients. 

Original. 

(4.5) Effect of Load not Earthed. 

Original. 

(4.6) 	Test Results. 

References as shown. 

(5) Example. 

From Snowy Mountains Hydro-Electric Authority system. 

General.  

This whole tteatment 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 in power systems. 

roe* 
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STATEMENT OF ORIGINALITY. 

Part IV. 	Disconnection of Long Lines. 

(1) The Classical Theory. 

Taken from Ref.].. (Rudenberg). 

(2) The Ferranti Effect. 

This effect, 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), but not previously 
calculated. 

(4) The Restrike. 

Based on Ref. 4 (Peterson) but extended by including 
the source capacitance. 

(5) Subsequent Reflections. 

Reflection operator given in l ef. 5 (Bewley). 

(6) Maximum Voltage. 

Original - variation of generator and line 
voltages not previously considered. 

(7) The Effect of Corona. 

Formula for critical voltage and wave shape 
variation from Ref. 7 (Sunde) and Ref. 9 (Quilico), 
with confirmation from tests by Beckman (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 Mountains Hydro-Electric 
Authority 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. 

,mrs 
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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 arcs '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 subject to the limitations mentioned above. 
It is a qualitative estimate only. 

General. 

This was originally part of "Auto-Re closure", 
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. 	 • 

.,"11••, 
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STATEMONT OF ORIGINALITY.  

Part VI. 	Auto-Reclosure. 

(1) The Technique of Auto-Reclosure. 

This section describes well-known 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 circuits aectkon 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 
original. 

(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) Itesults. 

• 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 	RflDUCTION OF CIRCUITS FOR TRANSIENTS. 

1 . 

Page No 

Summary. 1. 

List of Symbols. 2. 

(1) 	Introduction. 3 . 

(2) 	Single Frequency Circuits. 3. 

(2.1,) 	Circuit with L and C Only. 3 . 

(2.2.) 	Circuit with Resistance. 4. 

(3) 	Double Frequency Circuits. 4. 

(4) 	Reduction of Double Frequency Circuits. :7. 

(5) 	Reduction of Two Independent Circuits. 9. 

(6) 	Reduction of Multi-Frequency Circuits. 10, 

(7) 	Combination of Parallel Arms. 10. 

(8) 	Application to Throo-Phase Systems. 11.. 

(9) 	Impedances. 12. 

(9.1.) 	Reactances. 12, 

(9,2.) 	Capacitances. 12. 

(9.3.) 	Standard Values. 12. 

(10) 	Example. 12. 

(11) 	Conclusions. 15. 

(12) 	Bibliography. 16. 

Figures 1 -' 25. 

Summary. 

In t]- 4 - roport, methods are described, by =anis of which 
complcl, power circuits may be reduced by following definite rules. 
Application of a voltage to the resultant circuit will produce a tr-, T1 4 nnt 
having a voltage magnitude, and initial rate of rise of voltage, 
approximating to those produced by the original cireuit. 

These methods should provide a satisfactory means of rapidly 
reducing networks during a survey of the amplitude and frequency 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 examined more 
closely by a complete analysis. 
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2, 

Ligkof 8711tols. 

a 9  a' 	Ratios of susce?tances. 
b 9  b'• 	Ratios of reactances. 

• Capacitance in Farads. 
Frequency. . 

FH • Higher frequency, 
FL 	

• 	

Lower frequency. 

K2 	

• 	

Ratio of higher to lower frequency. 
- Inductance in Henries. 

M.1 9  M2 etc. 	Mgnitudesof voltage peaks. 
N1 9  N2 etc. 	= 	Times at which voltage peaks occur. 

Factor by which the rate of rise of the lower 
frequency component is Multiplied to give an. 
ecuivalent rate of rise for a double frequency 
circuit. 

= 	Multiplying factor- whe. standard demping is 
assumed. 

• Factors used in general equation for double 
frequency circuits. 
Time. 
Instantaneous value of transient voltage. 

= 	Applied voltage. 
Lines drawn tO . voltage 'peaks,M1 9  M2  etc. 
in Fig. 13. 

Vr 	Line drawn to representative voltage peak in 
Fig. 13. 

X 	Reactance of circuit elements in per cent. 
XH 	

- 	

Reactance of higher frequency component. 
'XL 	Reactance of lower frequency component. 
Xtotal 	Total reactance to the source. 

Proportion of total reactance in a double 
frequency.. circuit attributed to the lower 
frec:uency component. . 

1-x 	= 	Proportion attributed to the higher frequency . 
component. 

• Susceptance of a circuit element in per cent. 
• Susceptance of higher frequency component. 
• Susceptande of lower frequency component. 
•- Proportion of total suscoptance in a double 

frequency circuit attributed to the higher 
frequency component. ' 

• Proportion attributed to lower freouoncy 
component. 

• Angles corresponding to V', V2  etc. 

'-"Trsk 

r), q  • 

v o  
V19  V2  etc. 

YH 
YL 
YH 

YL 

01, 02 etc. 



(1) Intro .d..ue:49n. 

In Problems involving transients in complex Power circuits, the 
usual methods of circuit reduction, involving chiefly series and 
parallel additions of impedances 9  and star—delta or delta-star 
transformations, can-ot be used, as the reduced circuit will not, in 
general )  have the same frequency response as the original circuit. 

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 
independent single frequency circuits in series. The component curves 
may then be plotted, or calculated, to give  the resultant curve. 

. Graphs have been produced for circuits with two component frequencies 
(Ref s.2, 3, 4), Other methods are also available, chiefly based on the 
theory of travellinE; waves (Ref. 5). 

These 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 usually involved sweeping assumptions 
that were not justified, and answers were subject to error. 

In this ro -2ort, methods are described, by means of which complex 
power circuits may be reduced by following definite rules.. The resultant 
circuit will produce a transient, having a voltage magnitude, and initial 
rate of rise of voltage, the sate as those of the original circuit, with 
an accuracy sufficient for most .practical purposes, and with a minimum 
of calculation. It is an added advantage that the parameters are 
expressed in a form familiar to power system engineers, namely per cent on 
a given base MVA. 

(2) Sinjale Freouencircuits. 

(2.1) 	Circuit with L and C Only. 

The natural frequency of a circuit consistitr of an inductance 
L Henries in parallel with a capacitance C Farads is given by the formula:- 

F 	1 	cycles per sec. 	2.1.1.) 
Tr/LC 

If I,' is expressed in per cent‘reactance 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 EVA, then the natural frequency is given by 

F = 	50 
	

5000  

/ loo '165 
	

iTC—Y 

• All calculations of natural frequecy may be carried out on 
this basis, and since system reactances in particular arc normally . 
available in per cent, this method will be used here. 

If a voltage of amplitude V o  is suddenly applied to the single-
frequency circuit of Fig. 1, the resulting transient is specified by:- 

V r. Vo  (1- cos 21T.Ft),. 	.   (2.1.3.) 

or, assuming the shape of the curve, by V o  and F. The maximum magnitude 
is twice the amplitude, or 4V0 



Let o - ---- 
YB 

YA 	XA 
9 

(2.2) 	Cirquit_with_Resistance. 

It is only in unusual cages that the aeries resistance of a 
power circuit has a material effect on the frequency, 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, however, affect the.voltac;e . magnitude, since 
they produce appreciable damping of -the transient. It is a matter of 
observation that the effect i6 usually such as to produce damping to 
about 20 of the initial amplitude in 5 cycles of the transient frequency 
concerned. (Refs. 6, 7). Whilst in particular cases the decrement may be 
greater or loss, the decrement to 20% in 5 cycles may be accepted as a 
reasonable universal compromise for the purpose under discussion. This 
means that for a single frequ - licy circuit, the magnitude of the first peak, 
and the rate of rise of voltage to the first peak are 92% of those - 
appropriate to the undamped transient. 

In this report, all circuits are assumed to consist of pure .  
reactances only, and damping, if required, is applied to the resultant 
curves or values. 

(3) Double_Frequepoy_Circuitql.  

The double frequency circuit which is easiest to consider ia 
that containiiv two independent single-frequency components, as shown in 
Fig. 2. The higher frequency component is represented by XH, YH in 
parallel, and the lower frequency component is represented by XL, YL in 
parallel. 

If a voltage Vo  is agelied -Juddenly to this circuit, the form 
of the resulting transient may be written down by inspection as:- 

\ 

= Vo  ( x ( 1 - cos 2 1r FLt) 	(1-x) (1 - cos 2 IT FHt.) 	--(3.1.) 

X, 
whore 3c = 	= Proportion of lower frequency component. 

XL  4- XH  

XH 
(1 - x) = 	= Proportion of higher frequency component: XL t- XH 

= 	
5000 	_ Frequency of lower frequency component. 

r . 

 .L L 

. FH  = 	= Frequency of higher frequency component. 
/ H YH 

The double-frequency circuit most commonly found in practice 
is that shown in Fig. 3, in which the components norni .113r can- ot be 

. separated by 'inspection. This case has been evaluated generally, the 
formulae obtained being as follows;- 



- 5g2 
AA YA 

FE 
_ _3000 

/XB YB 

FB /7 -  F 147 . A  

    

( 1 4...b 4 ab) 

   

    

K c  = ( 	/ci 	) 

Then, in the equation (3.1), 

   

= 
2 q (1 	b) 

  

FL  = 	/ FA  l'B  

  

(3.2.) 

  

F 	K /FA FB H 

   

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, FL and FH to be obtained quickly from the ratios of the circuit 

, parameters. (See Ref s 2, 3, 4.). For each set of graphs, some extraneous 
calculations are necessary, and it is questionable which set requires the 
least expenditure of effort. 

The following method is believed to be faster than previous 
methods:- 

_ 	XA A Obtain the ratios. a . 	and , b 
LB  

Road Read x from the graph of Fig. 4(or Fig. 4A). 

Let FL E 	1 

/-11, YL 
5A -FB 5000 

 

FYi-TkA x13)(YA 477 
Then XL YL •• 	/-7717; . = yr., (xA 4- xn) (YA. 4- YB) 

2 /2-A XB  A B 
YL = 

 K2 	* .X. 4 	v 	v 	---------,- (3.3.) 
. A 	B 

YL  
b 	a * 1 	• 

nay he roar', from thotph of 	5. 

(3.4.) 



Similarly 

5000 
F11 	/711 (xA  ;To 

     

     

     

    

6 . 

and 

YH 7771 
(see Fig. 6) 	— (3.6.) 6  

411  

and may be read from the graph of Fig. 7 (or 7A). 

For any (j_ven double frequency circuit of this type s, read 
X, yr, and YH 	from Figs. 4) 5 and 6 respectively, obtain FL  and FH, 
subsitute In equation (3.1.). 

If the actual values arc required, for insertion in the 
circuit of Fig. 2, these may be obtained as follows!- 

XL 	x (XA  4 XB) (3.8.) 

XH  = (1 	x) (XA  * XH ) ( 3 .9.) 

-------------- (3.10.) 
"Tc 

whore YL  may be read from the graph of Fig. 

• 711 ' 1.1117 ( 711 4.  713 )   - (3.11.) 

where YH may be road from the graph of Fig. 9. 
1-75E 

When the frequencies of the two components are widely separated 
(K2 > 8) they may be . obtainod directly from the circuit parameters of 
Fig. 3. The two frequencies aro given by 

_5000 . 	_5000 and 	9  

/YA 7A /lc; 

and x. is the proportion of total reactance associated with the lower of 
these two frequencies. 

Several other types of double frequency circuits have boon 
analysed and the expressions tabulated (Refs. 2, 3). 

When the relevant values have been substituted in equation 
(31.), curves of voltage against tine may be drawn for each component 
so -earately, and for the res -ulta t, as in Fir , . 10. Tho effect of damping of 
each eompon-nt as described in section (2.2.) is shown in Fig. 11. . 

Voltare time curves showing the variation o; the shape of 

the resultant curve with variation in tho ratios x and r -  are given in 
Fig. 12. 

and 



' (4) Reduction of.Double Freouency Circuits. 

For most problems connected with transients in power networks, 
the most important parts of the voltage-time curve are the rate of rise 
to tIC first peak of reasonable magnitude, and the maximum. magnitude.. 

On this assumption, it is possible- to represent most double . 
frequency -Circuits, of the type shown in Fig. 3, by an equivalent single 
froquoncy circuit having either approximately the same rate of rise, and 
maximum magnitudc 2 or approximately the same equivalent frequency, and 
maximum magnitude. Thosc two representations are taken as interchangeable. 

After an examination of the Curves of Fig. 12, and considering 
the limits of accuracy of the graphs of Figs. 4, 5, 6 and 7, the following 
approximations seem justified. 

(i) If x (Fig. 4.) is greater than 0.85, the effect of the higher 
frequency circuit may be neglected, and the circuit may be considered as 
a single frequency circuit of amplitude V o, and a frequency of 

5000 
. ry-L(TEA-  + XB)(YA + YB) 

-(ii) If x is loss than 0.15, the effect of the lower frequency 
component may ho neglected,. and . the circuit may be considered as a single 
froquoncy - circuitof amplitude V0 .(1-x) and a frequency of 

5000 
/ yH  (XA  + XH )(YA  + 

(iii)If a is very large, and b is of the order of unity, then 
Y
A 

in the circuit of Fig. 3 may be replaced by a short circuit, giving a 
single frequency circuit containing X B  and YB  only. The amplitude is 

XB 
5000  

( 	x 	v ) and the frequency 

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

Lines V1, V2 etc. are drawn to the first and subsequent peaks, 
of magnitude 	M2...., occurring.at  times N1 , N2  a..., as shown in Fig.13. 

From tho first peak, a line V 1 2  is drawn parallel to V2  of such 
V' 2 - M2 - 141 	. 

a length that 	- 
V' 	n1 

A third line V' 3  may be drawn from the ond of V' 2  such that 

V'n 	m 	M 

	

3 	2 
V1 	1 

A reprosontative line Vr  is drawn from the origin .to the end 
of the last lino V' m  . 

etc. 



8 . 
This method may be used for cases not otherwise covered, as follows- 

Let slope of representative line V r 	P 

where M N 
•"m2 mi • 	m3 -M   

--- Sin g 	- Sin 9
3 Sin 9 1 	Sin 91 

M2 M1 	, M . 	M 
and N N, 	- 	Cos A , 	3 	2 

' Sin A 1 	Sin A 1 

1 
Sin A = n 	4. r42 

(Mn) 

Cos'An  

M1  Sin Al  (M2 - M1) Sin A2 4- (M3 - M2) Sin 93  f --- 
Hence P = 	 - (4.1.) 

N1  Sin Al 4. (M2  - M1) Cos G 2 	(M3 - M2) Cos 93 

In case the successive vallies of Tan A oscillate, strict 
adherence to this folm introduces slight differences from the value 
obtained by Cliff's convention, and a suitable correction has been 
made in the calculations described below. 

For the double frequency undamped case, we may take the peak 
. value (magnitude) of the envelope (approx. 2 V 0 ) as unit voltage, and the 
. time to. the first low frequency peak as unit time. With a close degree 
of approximation N1, T12 $  N3 • • . may then be taken as 

1 	, 2 9 1  - y 
K2  K2  K2  

where K2 is the ratio of the 1-igher frequency to the lower frequency, 
and is given in Fig. 7 against a, b. The value P is then the factor by 
which thc rate of rise to tho envelope peak (at the lower frequency) 
must be multiplied to give the equivalent rate of risc. This factor 
P has been calculated over a range of values of a, b, and the results are 
presented in the form of curves in Fig. 14. 

In computing P$ calculations were taken up to and including 
whichever of the, following occurred earliest :- 

: (a) The earliest peak with Mn>  0.75 unit voltage. 

(b) The earliest peak with 	1.00 unit time. 

.(c) The highest peak. 

For cases in which it is desired to allow for the existence of 
damping, at the standard rate described in Section (2.2.), a similar set 
of curves of Pp has been calculated (sec Fig. 15) 9  in which each 
component curve has been considered to be damped separately in obtaining 
the values M1, M2  etc. 
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The equivalent rate of rise P may be considered as that given 
by an undamped single .frequency circuit of 

X = 	X13 

Y 	( YA  YB ) 

P
2 

5000 . P 
F 

/ 	(XA  4 X3  ) (YA  YB ) 

The value PD  may be used in these equations without loss of aecuracy. A 
graph of M1  , the equivalent magnitude of the first peak for the undamped 
case, is given in Fig. 16, while Fig. 17 is a graph of MTD, for the damped 
case. It will be sees that the first peak has a magnitude less than 0.5 
for all values of b greater than 1.0. 

It should be noted that in the calculation of the curves of P 
and M9  the chief approximation is in taking, instead of the actual 
successive peak values of the transients and the. times at which they occur, 
the values of the upper envelope of thc higher frequency component super-' 
imposed on the lower frequency component, at times corresponding to 1,3,5 - - 
half-periods at the higher frequency. This introduces.appreciable error 
only when the frequencies are close and their amplitudes comparable and 
allowance has been made for this in the appropriate range, for both the 
undamped and the damped cases. 

In practice, where a representative value is required for a given 
recorded curve, the line V' 2  may be made of length M2  - M1  2 and subsequent 
peaks treated similarly. This method is somewhat easier, as it is only 
necessary to draw a line from the first peak parallel to V2, mark Off on 
it with a pair of dividers tho scale length M2 - M1 0  and proceed, without 
the necessity of dividing each value by sin O. This method places a 
little more emphasis on the first peak, and gives results which may be 
higher than those obtained by the use of Cliff's method, but the error is 
small (less than 4%). Unit voltage (2 V0 ) must bo known for this case, 
before a comparison with calculated values can be made. 

The areas of application of rules (i) to (iv) in terms of a and 
b are clearly shown in Fig. 18, which includes a table of representative 
values of the parameters for each area. This graph 'should be used as a 
starting point for the reduction of any double-frequency circuit of the 
typo shown in Fig. 3. 

(5) 	Reduction of two Independent Circuits. 

For the case of two independent single-frequency circuits in series, 
as in Fig. 2, the appropriate values may be substituted directly in the 
equation (3.1.), and the curve computed. 

To obtain an equivalent single frequency circuit, the rules of 
Section (4) may be applied.. As the reduction of case (iv) has been carried 
out in terms of the ratios a and b, it is necessary to find the appropriate 
values of a and b before the graphs of Figs. 14 etc. can be used. Those 
values may be obtained from Fig. 19, which is in terms of x, or 

X 

X
L 

YL 
It should be noted that -L  = 	CYA  4- YB  ) and  

when applying formulae from Fig. 18. 

 

9 and: K2  

  

 

or 	/ 
• 

  

ICH 



10. 

(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 
uso of the graphs. 

• To reduce the fourfrequencycircuit of Fig. 20 to a lower order 
. equivalent circuit, as seen from the end S, the two sections farthest. 
from S, X1  Yl and X2  Y2 may be.' considered as a double frequency circuit, 
and replaced, with the aid of 	18, by an equivalent single frequency 
oircuit 	This section may then be combined with X3Y3, and these 
two section's replaced by an equivalent XI

3
V

3 
Finally 	X' Y' and 

X
4
Y4 may - be combined, as X 1 4Y 1 4. The equivalent voltage ampli -6udd is 

4   
vo  ( 	7-2  -1.3  4- A4  ) 

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

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

• . (ii) If the Capacitance nearest the circuit breaker is very 
large, other capacitances may . often be neglected, giving a single 
frequency circuit directly. 	 • 

(iii) If the capacitance nearest the circuit breaker is.small, 
and a very large capacitance occurs elsewhere in the circuit, this large 
capacitance may be replaced by a short circuit, and sections beyond the 
short circuit neglected. Caution should be used in this process, as the 
size of capacitance (or susceptance) which can be short-circuited depends 
on the ratio of the reactances on either side. 

Any multi-frequency circuit may be analysed mathematically if 
required,the curves drawn, with or without damping, and an equivalent .  
circuit obtained as described in Section (4). In Ref. 7, the solution 
of circuits of varous types, having up to .five frequendies, is given in 
a form suitable for tabulation. The time involved in such analyses is 
inordinately large, having regard to the small increase in accuracy 
obtained, and the usefulness of the mathematical approach is limited 
except in critical cases. 

(7 ) 
	

Combination of Parallel Arms. 

Most complex power circuits may be rearranged as severaruarms" in 
parallel. When each of the parallel arms has boon reduced, by the 
methods outlined above, to dn equivalent single-frequency circuit, and 
the representative values of X and Y obtained for the undamped curves, an 
approximate method of solution may be applied. The method is 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. -  

X1 X2 
X = 	and 

 X
1 

4. X
2 

X 
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Xi 	Y1 
If the ratio R; = b' and 	a' the frequency of the combined 

circuit is given by ' 

jsoo  

rfiri / 
X  The voltage amplitude is equal to V o where Xtotal is 

the total reattance to the soul:ce. 	
• Xtotal 9   

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 equivalent reactances. Standard damping 
as described in Section (2.2.) may be applied to the result by 
multiplying the voltage peak ma , nitude by 0.92. 

Checks on the validity of this method of reduction and combination 
were carried out using a Restriking Voltage Indicator in conjunction with 
a network analyser, and gave results within 4% of the correct value. 

(8 ) 

	

Application to Three-?hase aystems. 

Discussion has so far related to 2 ,-.terminal circuits only. When 
practical three-phase power systems are boiug consider0 ;  a variety of 
circuit conditions is possible, according to the type of disturbance 
considered. The full three-phase diagram may be drawn for any particular 
case, and rearranged to give a Combination of series and parallel sections 
as viewed from the circuit breaker, or point of disturbance. The diagram 
may then be reduced as required. 

For many purposes, it is possible to represent the, system by the 
single phase or one-line diagram, in which all the inductive reactances 
conc rned are the normal positive phase sequence series reactances per 
phase, and the susceptances are the effective susceptances per phase 
between lino and neutral, corresponding to the positive phase sequence 
capacitances. 

The effects of switching transients may be estimated at the same 
time as, or subsequent to, the calculation of the fault MVA,at the points 
considered, and it is convenient to use-the calculations and diagrams for 
fault MVA as a basis for switching transient calculations wherever possible. 
Thus Xtotal is the reactance corresponding to the total fault MVA at the 
point considered. 

The per cent reactance of any arm of the network, to the source, 
iS given by :- 

_Base  MVA x 100 X% -  Fault MVA 

This is of use when the fault MVA, the per cent reactance of the first 
elemont, and the, per cent susceptance directly across the circuit breaker 
or point of disturbance, are the only easily obtainable parameters. If it 
is seen that the first element contains a substantial part of the total 
reactance of that arm, detailed investigation of the remaining elements may 
be. unnecessary. 

Where a known fault MVA is contributed over a line of reasonable length 
(say 40 miles) the frequency of that arm will be low, and rule (ii) of 
Section .(6) applies. The circuit may be considered. as a sinrae-frequency 
circuit of capacitance approximately equal to half the total capacitance 
of the lino, and reactance determined from the fault MVA as described 
above. 

The example which is worked through later contains several typos of 
network arms encountered in practice. 
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(9) 
	

Impedances. 

(9.1.) 	Reactances. 

Tests made on power network elements indicate that ;  for the order 
of frequencies encountered in switching transients, the positive sequence 
reactance of generators and transformers is approximately.constant, at 'a 
value somewhat less than the power frequendy positive sequence reactance. 
The ratio of the reactance at high frequency to the reactance at power 
frequency appears to vary from.0.85 to 0.95, and an average ratio of 0.90 
has been suggested. (Ref. 9) , . 

As a result of this change in reactance under transient 
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 calculated value,giving a 5% loWer rate of rise in a single frequency 
circuit. Neglect of this factor will give a conservative answer, and, in view 
of the nature of the assumptions involved in tie problem, it has been neglected. 
here. All reactances . used in the calculations are the normal positive, negative, 
and - zero sequence reatances of the various elements. 

(9.2.) 	'Capacitances.  

Transmission lines may be taken as one tr - section, with half 
the total capacitance at each end. 

For transformers, the measured capacitance of the isolated high 
voltage winding, to the earthed secondary is divided in two, half being placed 
at each end of thc reactance in the equivalent circuit. Both sections of 
capacitance are considered to be referred to the high voltage base. If 
one side of the transformer is earthed through a fault, the capacitance on 
that side is short-circuited, and the capacitance on the other side is 
increased to 0.65 of the value measured above. (Ref. 3 and tests at the. 
.Electrical Research Association' Laboratories, London). For cases in which 
the capacitance is not known, the graph of Fig. 22 may be used. This graph 
is based on values supplied by various manufacturers ;  and the information 
from.Refs. 3, 6 and 10. 	 4  

The capacitance of generator windings may be measured in a 
similar manner, but where this value is not known a suitable minimum value 
is 0.004 microfarads at each end of the winding., or 0.005 micro-farads at 
the terminals if the neutral is earthed. These values are referred to. 
the generator voltage. 

The capacitance of a shunt reactor is taken as equal to that of 
a transformer of the same rating. 

A cable is represented by its capacitance only. 

The capacitance of various other network elements is discussed 
- in Refs. 3 and 6. 

(9•3.) 	Standard Values. 

For a projected system, it is desirable to draw up a table of 
system parameters, using minimum or average values, expressed in per cent 
reactance and susceptance on the system bases. If the same MVA base is 
used for all voltages, the values from the table, for the correct voltage 
base, may be inserted directly on the system diagram. Such a table is 
given in Fig. 23. 
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(10) 	Examnle. 

Consider the system in Fir:. 24(a). A three-phase to earth fault has 
occurred en,the transmission line just beyond circuit-breaker (A) and the 
equivalent circuit as seer from (A) is required. 

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

Reactances. 

100 Each transformer 10 x -516 = 20% - 3 in parallel = 6.67 % 

Each alternator 10 x 	= 207 - 3 in parallel = 6.67 % 

Reactor 	20 x 	. 20% 

Total fault MVA contributed by transmission line with reaCtor 	. 
300 MVA (given). . 

100 Reactance of this arm 	x 100 = 33%. 
300 

Suscoztances. 

Each transformer 0.006 micro Farads (moasurod) 

0.006 x 100 = 0.0328 %, or 0.016 % each end. 
18.3 

Three in parallel = 0.048.% each end. 

Each alternator, neutral earthed,. 0.005 micro Farads (measured) 

x loo = 0.00027 %. °Three in parallel = 0.0009 %-at.terminals. . 1830 

Reactor - 0.0028 % or 0.0014% each end. 

20 miles overhead line. 

0.5 x 20 x 0.079 = 0.8 % cach.end. 

H.V. '..-bars = 0.0056 %. 

411 	L.V. busbars and short tables neglected. 

The diagram may now be redrawn as Fig. 24 (b) and each arm 
considered in turn. 

Reactor line and source. 

6 c' a = utu6-1.4 = 570  b = 12 = 0.65 
20 .  •  • 

. From Fig. 18.- - YA is short circuit X = XB  = 20, Y = y.13  - 0.0014. 

2  Local transformers and alternators.. . 

a = 	. 1.02 	h . 6.67 	1.  
0.048 	6.67 

From .Fig. 18, single low frequency circuit 

= 0.66 (F:.g. 5) 

X = (X4.- XB  ) = (6.67 4. 6.67) = 13.3 

Y =YL(YA  YB ) = 0.66 (0.0494. 0.048) = 0.063. 



Reactor and other section of station. 

Combine two outer sections. 

0.042 	6.67 
a 	0.055 - 0.89 	b  

From Fig. 18, single low frecuency circuit 

. 0.68 (Fib,. 5) 

X = (XA  XD ) = (6.67 4. 6.67) = 13.3 

= YL  CYA YE) = 0.68 (0.049 0.055) = 0.070 

The reduced arm is XA = 13.3, XD = 20, 

YA = 0.070, YB  = 0.0014. 

14. 

a  = 	- 50 
0.0014 -  

b = 1242  - 0.665. 
20 

From Fig. 18, YA  is short circuit. 

X = Xp = 20. 	 Y  YB  0.0014, 

Alternatively, consider as single high frequency section 

x = 0.4 (Fig. 4), 
X = (1—x) (X A  Xn  ) = 0.6 (13 4- 20) = 19.8 

YTT = 0.015 (Pig. 5 ) 
YH (YA YB) = 0.015 (0.070 4,  0.0014) = 0.0011. 

This indicates the order of errors in borderline cases. 

132 KV Busbats. 

Y = 0.0056. 

Combination.L  

The circuit has now been reduced to that shown in Fig. 24 (c), and 
the arms may be combined in parallel to give 

= 5.70 
 

Y= 0.071 	XY = 0.405. 

Xtotal, from Fig. 
parallel, or 7.4 %. 

Total fault MVA = 

24 (b), is given by 33, 13.3, and 33.3 in 

lgg x 100 - 1350 MVA. 
7.4 

X 
Voltage amplitude Xtotal   = 0.77 per unit.undamped 

= 0.71 per unit damped. 

5000 
Frequency - 	= 7960 cycles per sec. 

/75:405 
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Alternative.  

The insertion of a section of 132 KV cable, of assumed 
capacitance 0.015 % (about 30 ft) between the local busbar and the inter—
bus reactor would give a circuit, for this arm, as shown in Fig. 25 (a). 
This may be reduced, as shown above, to the circuit of Fig. 25 (b). 

For this section, 

0.070 _ 3751; - 4,4 13.= 0.665. 
2 

From Fig. 18, this 

= 0.41 (Fig. 5) 

X = XA 	XB = 13.3 

YL 
Y = —7 ( A Y  Y ) = p 	B 

is a double frequency 

P = 1.10 

20 	= 33.3 

case. 

(Fig. 14) 

0.016) = 0.0292 (1.10)4 	(0.070 

Substituting these values in Fig. 24(c), and calculating as above, 

Veltace amplitude = 0.872 undamped. 

Frequency = 6250 cycles per sec. 

(11) 	C onclus ion . 

The method .  of reducing circuits described hero should provide a 
satisfactory means of rapidly Surveying the voltage and frequency of the 
transients to which switchgear at a given sito .  or number of sites is 
subject. Whilst the calculations are approximate, and in the. more 
coml.Dlicated cases cannot be supported by . theoretical reasoning, the method 
will clearly indicate which of a.number of cases will sot limits. The 
latter may then be examined more closely by complete analysis, in which 
account can be taken of details of netWork parameters neglected in the 
wider survey, 
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Pig  I: Sir\gle Frequency.,  Circ.uit 
[See Section (2 .0.1 

Fi521 Double Frequency Circuit with Iruteloenclent CornloonentS. 

[See Section (3)1 

• 3: Tyl)kcii Double. Frequemel Ctmvit 

!see. sec.tior, (3)] 
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Voltage 	 KV. 

Dqse 	. 

13.2 33 132 

, 
1 

1 

MVA 	 MVA 100 100 100 
impedance 	 ohms 
reactance 	HenrieS 

1.74 
0.00554 

10.9 
0.0347 

- 174 
0.554 

susceptance 	micromhos 575,000 91 9 600 5,750 	' 
capacitance 	micro Farads 1830 292 18.3 

Leactances on_100 ..MVA_base_or rating 

•
 . 	

0
2
  

1 

Overhead line 	% per mile 30 5.5 .38 
Cable single core 	% per 100 ft. 

11 	three core 	% per 100 ft. 
.13 
.13 

.028 

.028- 
.002 

- 
Generators steam Xud 	'io 	on 	rating 10 10 - 

si 	hydro Vd. 	% 	on 	rating 20 20 - 
Transformers 2-winding 	% 	on 	rating 10 10 10 

10 
	

Transformers auto 	% 	on 	rating 5 5 5 
Shunt Reactors 	c/;, 	on 	rating 100 100 100 
Series Reactors 	% on 100 MVA 10 10 20 

Susceptances on 100 MITA base 
• 

Overhead line 	% per mile .0011 .0062 .079 
Cable single core 	% per 100 ft. .0009 .0038 .045 

it 	three core 	% par 100 ft. .0009 .0038 - 
Generators steam 	% .00044 .0027 	• - 
Generators hydro .00066 .0041 - 
Transformers 2 winding 	% on H.V. base .0004 .0017 .02 .. 
Transformers auto 	% on H.V. base - - .01 .1 
Shunt reactors 	• .0004 .0017 .02 .. 
Series reactors - oil immersed 	GP 

, 	/,) 
ii 	11 	- air cored 	% 

- 
.00001 

- 
.00007 

.0028 
- 

.+ 

Total substation excluding above 	% ..00005 .00035 .0056 
Poet -mtial transfoYmer c-/ /0 .0028 .1 

0 	Current transformer - oil filled 	° .0017 •1 
11 	ii 	- compound filled 	% . 	. .0006 .1 

Circuit breakers -  .0011 .1 
Isolators 	- 	% .. .0006 ., 
Bushings - condenser 	'/: _ _ Lightning arresters 	,0 

.011 

.0001 
.1 
• 

Insulator strings  .00003 .• 
Strung busbars 	'id per 100 ft. .11 .i 
Rigid busbars 	% per 100 ft. .0022 •. 

-.1 

0 
90 
47 
6 
92 

48 
004 

0 

9 
06 

0 
5 
0 
18 

36 
18 
11 
04 
07 
04 
07 
01 

"2004 
07 
14 

330 

LEJ..23. 	"jetwork Plements_7 _Standard Values(See Section 9.3.) ). 

• 

For generators with neutral earthed, or transformers with a fault on one side, 
increase capacitance another side of equipment to 0.65 of total. 
Otherwise 0.50 of total capacitance at each side of equipment. 
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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 reviewed, with particular emphasis on a method 
of calculation based on simplified circuit reduction. The 
order of accuracy of this method ie 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. 

R e cent tests on circuit breaker contact assemblies 
are described, and it is shown that knowledge of the dielectric 
recovery characterietio of commercial circuit breakers is 
lagging behind the customer's specification of the performance 
required. 
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Vs 
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Xfiq = 

Xtotal = 
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List of Symbols. 

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

2 II times the frequency associated with 

the corresponding component. 

Rate of rise of restriking voltage, in KV/ 

micro-second. 

Time. 

Peak power frequency line to neutral voltage. 

Instantaneous value of restriking voltage. 

Reactance in per cent on the system base. 

Generator direct-axis subtransient reactance, 

Generator quadrature-axis subtransient reactance. 

Total positive sequence reactance per phase to 

the source. 

Susceptance in per cent on the system base. 

oc  Damping factor. 

• Factor depending on fault conditions - max 1.5. 

Xild 
	. Factor depending on generator 

characteristics. 

• 2 II times power frequency. 

L 
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(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 difference, or recovery 
voltage between the open contacts. 	The total voltage between 
the contacts 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 second, 
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 increased, 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 
breakere 

These locations were investigated closely, and 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 

411 	(2) Three-Phase Systems. 

In three-phase power systems, locations which should 
be investigated are those involving large fault MITA, 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 reactor 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. 
Alternatively, 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, ard which 
usually gives the highest RRRV across a single pole of a 
civ.:uit breaker, is the interruption of the first phase to 
clear a three phase unearthed fault, where the system beyond 
The 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 capacitances). 

The three phase diagram 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 parameter sJ 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 1.5. 	This factor is 
designated p. 

Similar reductions may be carried out for other types 
of faults. 	Fig. 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 p 
is 1.5, as found above. 	A three phase unearthed 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 zf = xila  is suggested 

Xnd 

111 	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. 

(3) Methods of Testing. 

(3.1.) Passive Networks. 

The transient response of any existing passive circuit 
may be tested by the application of -a surge of known character-
istics, the response being displayed on an oscilloscope. For 
the high frequencies involved.. it is desirable 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. 

*Ire 

Several suitable instruments have been developed. A 
description of the Restriking Voltage Indicator used by the 
British Electrical Aesearch 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 
difficult to arrange. Another drawback is the time taken to 
change the section under test, as actual circuit connections 
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must be broken and made, and normal safety precautions in 
respect of earthing, and circuit checking, must be observed. 
The effect of pick-up from adjacent line sections may be 
appreciable at voltages of 132 KV and higher. 

Results of investigations by the L.R.A. on 66 KV 
networks, using the Aestriking 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 Llectricity Authority 132 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. 

411 

	

	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 r  
cases involving larger sections of the same network may 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 extrapolation 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 Poison (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 l 'in Ref.8, describes tests in Switzerland, 
using a reactive load absorbing 10% of the short circuit 
outrsilt. 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. 

Fourmarier, in Ref.9, deseribes 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-
ted.. (Aef. 12). 

If a transient analyser is not available, good results 
can be obtained by using a Restriking Voltage Indicator in 
conjunctidn with an A.C. Network Analyser, This method is 
of 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 substantially constant characteristics 
over a frequency range of 100 to 1, and apply corrections 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 

411 	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 a 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 L: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.14), 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 
resistancY, 

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 af 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' wasapplied to 
a large network (Ref. 17). 



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 Laplace transforms, that 
many types of networksections 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 usal 
by Ter Horst on the 110 KV Netherlands system (Ref.' 19) and 
laterby Johansen on the Swedish 220 KV system (Ref. 20). 

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

In all these methods except the last, it is necessary 
to calculate the component curves, add them, and plot the form 
of the restriking voltage transient. The methods of measurement 
described in Section (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 (4f. 18), the following 
assumptions are made : 

(i) Power frequency voltages and currents are 
sinusoidal. 

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

(iii) The circuit breaker is ideal. 

(iv) Recovery voltages are based on system nominal 
voltage. 

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

(vi)The quadrature reactance factor, 	is equal 
to unity. • 

(vii) Field decrement is neglected. 

(viii) Armature 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 :- 

- at 
Vs  = pV (cos t - 

x1 	e 	cos nit - X2 	e 	2t  cos n2t +-) 
. Xtotal 	Xtotal 

(4.2.1.) 

(11■•••• •  



	

where V = 	Instantaneous valueof restriking voltage. 

p = Factor depending on fault condition. 

V = Peak power frequency phase to neutral voltage. 

	

(4.)= 	2 II times the power frequency. 

Time. 

X
1'2  Reactances associated with the corresponding' 

components. 

Xtotal = Total positive sequence reactance per phase to 
the source. 

	

1,2 	= 	Damping factors. 

	

n112  2 fl times the frequencies associated with the 

Assuming that the frequency of the transient is high' 
•compared to the power frequency, this equation may be rewritten 
as :- 

( 	X
1 	 - VS  - BV / Xtotal 	- e  *Ilt  cos n1t) + X2 	(1 - e °I2t  cos n2t) k 	( 1   Xtotal 

) 

•• (4.2.2). 

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

V 	- V' .  xp 	(1 - e 	211 .500  cos 	°) 	..(4.2.3). S Xtotal 	 /7Y 

where X = Representative reactance seen from the circuit 
breaker in per 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 peak of the representative single frequency transient, 
as shown in Fig. 3, the RRRV in terms of the r.m.s. line-to-line 
voltage E L  may be obtained as follows :- 

Amplitude of peak (undamped) = EL (f  2x. p  KV Xtotal- 

. . 	.. (4.2.4). 

Time to peak =  1 	 • • •• 	" 	6.  (4.2.5). 
2.5000 	seconds 

corresponding components. 

/TY 
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RRRV – Amplitude  

Time EL/7  . 

X.13 	.. 
Xtotal 

2  X.B 	2.5000 KV/second 
Xtotal /7Y 

•1 	—(4.2.6) . 

KV/microsocond (undamped)... RRRV= 0.0163 

• (4.2 .7) 

where  X  and XY are the known representative Values., and p 
xtota,, 

rilay.be taken as 1.5 for the worst case. 

Fig. 4 is a graph of 44 against X for various values of 

X B 	while Figs. 5 1  6, 7 give RRAV for SyStem voltagbs of . 
Xtotal 

13.2 KY, 132KV and 330 KV respectively. 

The,RRRV to the damped curve is obtained by multiplying 
the value from the appropriate graph by 0..92. 

If the slope of the line tangential to the curve of Fig. 
3 is required, for the undamped or damped 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 

.quidkly obtained by reading the RARV for each component from 
the graph, for the appropriate value of x p  9  and adding them.. 

Xtotal 

Another value often referred to is the Amplitude 
FaGtor , or ratio of the maximum voltage magnitude to the power 
frequency peak-recovery voltage. 	For an undamped circuit, 
this is equal to  -2X  2  with a maximum of 2, and for a damped 

Xtotal 	
1.84 X  . • 

circuit the maximum value may be taken as 
Xtotal .  

An abridged description of this method, including the 
simplified methods of circuit reduction, is given in Aef. 22. • 

• (4.3) Example of Simplified Calculation. 

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

XY = 	0.405. 

X D 	0.77 x 1.5 . 1.16, for a three phase unearthed fault. 
Xtotal 

Amplitude = 	132. 2 /7  .  X 'D 	= 249 	Ky. 

• p3. 	Xtotal - 

Amplitude .Factor Xg-LI 	= 	1.42. -  

RRRV (undamped) 	from Fig. .6 	= 3.89. 

RRRV (damped) 	. 	0.92 x 3..89 	= 3.58. 	KV/microsecond. 

100  
.Xtotal 

Fault MVA x 100 . 	1350 MVA. 
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For the alternative, 

XY 

XD 	. 0.872 x 1.5 . 1.31 
Xtotal 

Amplitude = 	282 Ky. 

Amplitude Factor = 1.60. 

RRRV (undamped) 3.51 

RRRV (damped) = 3.23 

Fault MVA = 1350 MVA 

(5) Accuracy of Simplified Calculation. 

In order to. demonstrate the accuracy of the 
simplified method of calculation deseribed 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. 

Location Case RRRV MVA Amplitude 
Factor. 

Hams Hall 2.1 3.5(3.7) 230 1.84(1.84) 	' 
II 	II  2 ,;)2 	- 3.4(3.1) 230 1:84(113 first peak 
It 	It 2.3 2.8(3.0) 800 1:50(1.84) 
11 	11 2.4.- 705(7.5) 380 140(1.40) 
It 	II 2.5 4.1(3.7) 1020 _ 1.69(1.57) 
u 	ti 2.6 1180 1.72(1.62) 
it 	n 2.7 

3.8(3.1 
1.2(1.2 1750 . 1.82(1.64) 

Coventry.  5.1 3.9(3i1) 230 1.87(1.84) 
It 	II 5.2 6.8(6:2) 350 1.64(1.30 first pea] 
It 	u 5.3 1.7(1.5). 740 1.53(1.53) 

The diffetence 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. 

Bearing in mind that average values ofcapacitance 	• 
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 consist 
of 14 hydro generating stations ., the larger ones being 
connected through step—up transformers directly to a 330 KV 
transmission system, - and the power from the smaller stations 
being collected at 132 KV, -  and thence transformed to 330 KV. 
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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, 330/132KV, 
are installed at each of these five stations. In all 
there are 14 major switching stations, with approximately 120 - 
circuit breakers, and approximately 40 132 V elrouit -breakers.' 
There are no series reactors in the proposed system. - 

The envelope Of the results for the 330 KV breakers 
is shown in Fig. 8. 	This envelope shows two distinct. 
cases :- 

( ) 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 ..),ce gives RRRV up to 14.5 KV/micro-
seCond, for faults up to 2500 MVA. 

(ii) Fault  On line, with other high voltage lines 
qonneeted, c ilearedby . line cirCUit breaker 
or bus  -coupler., OWing .  to the high CapaCit- 
dnce Of the 1ifteSi 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 operating 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 size. 
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 outgoing line, or the 
transformer side of a circuit breaker, it is possible, under 
some switching 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 being 
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 connection 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%4 
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.could then supply 1000 MVA to a three phase fault. 
Two 50 MVA transformers, with a reactance on rating of 
10%, could also supply 1000 MVA, but the RRAV would be 
somewhat less. A graph of RRRV against size of transformer, 
for any total fault MVA, is given in.Fig. 10 for 132 KV 
transformers, including standard damping. 	Normal transformer 
reactance is taken aS 10%, 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 traT:flformers. • 

From this graph, a reasonable maximuth 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-second is reasonable for most cases, but' this 
value may be associated with the full rupturing capacity of 
the circuit breaker. . 

A similar graph has been drawn .  for 330 KV 
transformers (Fig. 11) 9  and indicates . a maximum of 16 KV 
per microsecond as a reasonable value for Most cases. Again, 
this value cold be associated with the full rupturing 
capacity of the circuit breaker, but the probability is less. 

Several writers have expressed the opinion that 
RRRV tends to diminish with increasing voltage owing to the 
increase in size of the system. 	These graphs show that .this 
is not necessarily 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 breaksis 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 voltage range may be sufficient. 	A reasonable 
value of RRRV is Line, to  line voltage in KV  KV per micro 

15.  
second. 	This gives 9 KV/microsecond at 132 KV. 

Fig. 12 is a graph for 132 KV series reactors, and 
shows RRRV against MVA throughput, for reactances 'on rating 
of 10% and 20%, 	This graph indicates 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 capacitt at an RRRV of 15 -  KY 
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 hot be used on 
higher voltage systems. 

An alternative t‘o 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 
high voltage cab7:le to each piece of equipment'. This cable. 
is only required to provide additional shunt capacitance, 
and need not be in series with the equipment. 

. 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 higher RRRV than 
'this are now a necessity, 
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(8) Circuit Breaker Characteristics. 

• (8.1) Scatter of Test Results. 

It is well known that, if a circuit breaker 
is operated, in a testing station, to . interrupt a Succession 

. of faults, of increasing total MVA, the distinction between 
satiefactory and unsatisfactory operation 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, RRRY; contact gap, contact 
material, and the point on the power frequency wave at which 
the operation 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 due to the variable composition of the air, and 
partly chic to-variation in the amount of active nitrogen 
produced during the operation.. 

For an air blast breaker, the three parameters . 
be most easily varied are the fault MVA, the 
the air pressure. 	Most commercial breakers_ 
d at constant RRRV and air pressure, and with a 
fault MVA, to .demonstrate that the rated rupturing 
of the breaker is less than the scatter band. 
have been made to obtain. maximum RRRV, in a single 
circuit, for constant fault MVA and air pressure 
,23,24,25). ' The results also-'showed considerable 
and insufficient tests were made to give reliable 

• E.R.A. have conducted tests with constant fault MVA 
and RRRV I  to define the scatter band in terms of air pressure. 
The results (Ref.26) give the range of critical pressures 
fr 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 three points in the scatter 
•band, say A, B, and C in Fig. 13. 	A few preliminary shots 
*would be required 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 relation between fault KVA, RRRV 
for single frequency circuits,* and air pressure, for various , 
commercial 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 showing 
somewhat less- scatter (about 10% less). 	.Later tests, on 
•short arcs, indicate that with pure gases the 'scatter may be 
much less, ,and r  in partiCular, that -the band maybe very 
narrow for pure hydrogen or "white-spot" nitrogen: 	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 

• 
which may 

,RRRV, and 
are teste 
range of 
capacity 
'Attempts 
frequency 
(Refs. 18 
scatter, 
•values.. 
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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 progress at E.R.A. with a view to 
determining the dielectric recovery cure of contact 
assemblies for air blast Circuit breakers. 

Preliminary experiments indicated that at current 
zero a thin layer of hard deionized gas forms near the Surface 
of one electrode. 	This layer appears to be about 1 mm in 
thickness for low current and atmospheric.ptessure. The 
remainder of the arc path is. still ionized, and may be 
cOnsidered to act as a resistance. 

After current zero, as the gap strength voltage is 
rising, breakdowns, of infinitesimal duration, occur at 
intervals of abOut 1 microsecond: These breakdowns are assumed 
to be duelto impurities in the hard .gas layer, or thermal 
electrons, 	The path thus formed .  is normally nbt 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 atmosphere is used for demonstration.purposea. The 
generator injects pulses varying in magnitude and time 
according to a pre-arranged pattern l .and oscillograph traces 
indicate whether or hot 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 .01' two microseconds, and then an ' 
increase at a slower rate. 	This total curve may be further 
investigated by measuring the gap strength voltage between 
various points in the are path. 	If measurements are taken 
between the points A B C and D in Fig,. 15 . (a), the component 
and total voltages are as shown in Fig. 15. (b) for no restrike, 
and as shown in Fig. 15 (c) for a restrike. -  'For the latter 
case, the total voltage is a continuous curve, but the' 
.component curves indicate clearly the 'formation and breakdown 
of the hard gas layer. 

The initial rate of rise of gap strength, for a given 
contact assembly, May be increased by increasing the pressure, 
and the velocity of gas, and it may be possible to extend these 
teas to include the normal operating fields of commercial air 
blast circuit breakers. 	However, much more work will be • 
required before curves of gap strength against time, with air 
as the gas, are obtainable. 

. A bias current may be introduced in the tests, to 
simulate the effect of "current chopping". 	"Early.chopping" 
.prolongs the zero pause, and "late chopping" gives faster 
rates of rise of gap streneb, 



15. 

(8.3) Post-arc Conductivity. 

An investigation of three types of commonly used 
contact material hais,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 being in service for some time 
aCts like .  pure tungsten. 	. 

' 	In most cireuit-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-reclnsure, 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 circuit after the final shot. 

This question has also been considered in Ref. 27. . 

(8.4) Resistors. 

Some manufacturers favour the use of linear or non-
linear resistances across the circuit breaker contacts., and 
claim tha -L.this redUces 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 effective in damping ,a particular frequency.. 

AS a circuit breaker iri a .particular' location may 
operate on circuits,of widely different characteristics, ' 
depending on the circuit connections, this poses'the 
interesting problem of whether the manufacturer or the . 
customer should decide what value of resistance Would. be most 

	

1.1itable 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 interchangeable without modification, but this • 
is of small moment when the cost of the resistor is compared 
to the cost •f the circuit breaker. 

(9) Conclusions. 

Simplified methods of circuit reduction enable 
an RRRV survey of an existing or projected system to be 
carried out expeditiously, with a minimum of calculation, 
and with an accuracy 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 ce . 
required of the, circuit-breakers.' 

• 
It is also possible to specify a :theoretical RRRV-

MVA characteristic which would cover all systems, and which 
could be met 'by a circuit breaker able to operate against . 
a rate of rise of 

line to line' voltage in KV 	KV/microsecond, 
. 15 
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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 reactance on rating of less than 10%. 	The use of 
series reactors is, deprecated. 

.Research to determine circuit breaker dielectric 
recovery voltage characteristics is in hand, but muCh-more 
work is required. . 
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Photograph 1. 	Connecting Aestriking Voltage Indicator. 

Photograph 2. 	Operation of Variable Frequency Oscillator. 
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Figures 1 - 20. 

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 overvoltagps, 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 obtaining . 
the values of the induced transients •hen any phase clears, 
in a three phase circuit, and an example is worked. 
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List of Symbols. 

a,b,c 	= Phases in three phase circuit: 

B1 B 2  . Amplitude coefficients. 

= Capacitance in Farads. 

Cl 	. Capacitance on load side of circuit breaker. 

C 2  = Capacitance on source side of circuit breaker. 

D1 D 2 	. Amplitude coefficients. 

. Natural frequency. 

. F1 F 2 	. Frequency factors. 

H. 	= Capacitance ratio . 1 —2 
c  • 
1 

•  = Instantaneous current in amps. 

411 1 0 	. "Chopped" current; 
Lo  

= Inductance ratio = L1 • 

Constant coefficient. 

Constant. 

. Inductance in Henries. 

L
1  

. Inductance on load side of circuit breaker. 

L2  
. Inductance on source side of circuit breaker. 

. Mutual inductance. 

M1  . Mutual inductance on load side of circuit breaker. 

410 	
M
2  

. Mutual inductance on source side of circuit breaker. 

1 = 2 II times natural frequency = 

Rid 
. Laplacian operator. 

= Tine . 

Change in voltage. 

V 	. Instantaneous voltage. 

_= Power frequency voltage corresponding to 1 0 . 

. Voltage across capacitance due to release of 
energy stored in inductance. 

. Arc length in cms. 

. Damping factor. 

. Phase angle. 

V o 
V e 

ex 



(1) 	Introduction. 
	 3 

In early high voltage networks, it was found that, 
at particular locations, an oil circuit breaker might take 
appreciably longer to interrupt a small current than to clear 
the much larger current corresponding to its rated rupturing 
capacity. 	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 interrupted. 	Thia theory 
was generally accepted, and attention was given to the develop-
ment of arc control devices which 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 avervoltages 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 reactors and unloaded transformers. These 
overvoltages have caused restrikes .across the circuit breaker 
contacts, and flashovers on the bushings of the equiPment 
concerned. 

Several articles (Refs. 1 to 6) have been written 
describing the efficacy of linear and non-linear resistors, 
parallel to the arc, in damping the .uvervoltages at particular . 
locations in laboratory and field 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, 

411 	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 suddenlk reduced to zero, the energy 
in the inductance could produce a high voltage across a small 
capacitance in accordance with the energy equation - :- 

I T 21, 	1- V 2C 2 — 0 	= 2 0 
• • • s• S. .. (1.1) 

See References :- 	3 to 10. 

The second group considers that it is unlikely that 
a current can be forced to zero, and suggeststhat when the. 
arc current is low, the arc is relatively unstable, and large 
changes, may occur 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 
wit) 
	through the circuit breaker should . reach zero at any instant, 

the breaker could clear normaaly. 	This theory is then applied 
to the same single-phase circuit as before, and the •same con-
clusion is reached. 

See References :- 1, 2. 



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) Current "Chopping". 

The current "chopping" theory may be dismissed 
briefly. This theory requires that the current should be 
reduced suddenly from some finite valueto zero. 	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 muot 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 	I 	second, and the air is assumed to be moving. 

13,000 
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 af thousands of cycles per 
second l  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
3 
+ k

4
x 

k1  k2x + 	
(3.1.1.). 

where I . Current in amps 

x = Arc length in ems. 

for -each break. 	The constants k1 and k -
' 
 representing the 

3  
voltage drops at the contacts, are functions of the temperature 
of the portions of contact concerned, and since each end of the 
arc moves rapidly over its contact, variations in k1 

and k
3 

gar' 
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 instantaneouschange 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 initial alliplitude eqUa13tOthe 
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 
current zero. 	Tests on contact assemblies at the Electrical 
Research Association Laboratories 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 Restiking Voltage," Section (8.2). 	Even for the high 
frequencies considered here, the speed of establishment of 
di-electric strength may b-3 sufficient to prevent a restrike 
from occurring immediately, and the breaker will have cleared. 

111 	It is apparent that this phenomenon may occur in 
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 mtwork on the load side of the 
circuit-breaker has been reduced, by the methods of Part I, 
"Reduction of Circuits for Transients," to a single inductance 
L1 and a single capacitance C

1 , and that the source has been 

reduced to a single inductance L2  and a single capacitance 

C 2
. 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 cicrease in the voltage across Cl , the circuit • 

conditions otherwise remaining unchanged, and a transient, 
caused by the partial discharge of Cl  from voltage V1  to V/' 

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

t. = 0, from an initial voltage (V 1  - V1,, or v l  the 
remainder of the circuit being dead. 

The derivation of the Laplacian 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 ctIlarged, 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 
capacitance's may 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 
L1 and L2 

in parallel, and (C 1  + C 2 ). 

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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6 
An attempt was made to solve the final Laplacian 

equation of Fig. 1 generally, but this required the general 
solution of an equation of the sixth order, and was dis-
ccntinued. 	Several typical cases were investigated by 
the substitution of the appropriate values and the use of 
normal methods of factorization, and yielded two types of 
solution. 

-01,t 	- q.xt 
(i)-  I = 	( k1  e 	+ k2e 	+ k

3
e 	cos (nt - /6)? R (  

11 111  S0  SO  (302110 

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

1 

  

and k
3 
being of the order of 

/L L /  1 2 ( c  4_ 
Li+L2 	1 	2) 

( 	1 	2  - 
(0 1 + C 2 	I1 + L2 

-al t 	-4
2t 	

-act _O 5 
 t

)  
) 4  v ( kle -L 	k

26 	
+ k

4
e 	k

5
e R (  

• • 	• . 	• • 	.• (3.2.2.) 

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

Fig. 2 shows a typical curve of the transient 
current through the circuit breaker, in terms of v ; where 

v is the change in arc voltage, and R is tAe arc resistanee. 
The case considered here has C i  = 0 2 	10-°  Farads, 

L1= 10.1_44= 0.1 Henry, R = 500 ohms, and corresponds to that of 
46 

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

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

R • 
oscillation has a period of 84 microseconds, approximately 
equal to 	 -8 /(0.1 x 0.01)  ( 

2 x 10 ) 2 II 	'0.1 + 0.01' ' 	= 84.2 microseconds, 

and a magnitude of 0.88 R  , approximately equal to 

	

2 ( 	108 	0.01 	) v 

 

( 08  + 108 	0.1 + 0.01 )R 
0.82 I  

It would seem that, for 01  greater than 0 2 , and L1  
greater than L21 

 the magnitude of the oscillation may exceed v . 

This, however, depends to a large extent upon the value of R, 
and in the example considered above, the effect of increasing 



C 1 from 10-8 to 10-6 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 y, and 

2 R.- y and clearing will not take place unless the 50 cycle 

current through the breaker is less than this Value. 

Assuming that the maximum change in arc voltage is 
K% of the total arc voltage, then since total arc °voltage is 
proportional to arc resistance, I is equal to K% 

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.11) 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 chien,y 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 
oscillogtams 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 "choppingu'of even a very small current through such 
equipment could produce high overvoltages, it is Sometimes' 
difficult to separate the "chopping" effect from the normal 
restriking voltage. 

An equation for the circuit breaker arc, containing 
an oscillatory term, is given inRef. 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 ate. The effect is shown for a current curve. 
approaching zero. 

Ref. 10 contains an oscillogram, of the interruption 
af an air-cored inductance, sho4ng 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-blast. circuit breaker interrupts a small inductive current. 

.c. 

Other factors which may produce transienac) are 
harmonics due to non-sinusoidal wave form of the generator 
(eliminated in Icef. 1.) or saturation of iron cores. 
In Ref. 1, it is shown that hysteresis losses in _iron cores 
have a damping effect. 

(343) Circuit with Aesistive 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 insufficieiat istored 
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 capacitance in each 
phase, as for Section (3.2). 	Thir gives the general circuit 
of Fig. 3 (a), described by L1  C1  on the load side, and L2  C 2  
on the source side, with mutual coupling M 1  between the three 

inductances L1.  Mutual coupling M
2 may also exist between 

the three inductances L 2'  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 
side of the circuit breaker. 

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

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 Laplacian equations for the circuits. The 
following three assumptions are made :. 

(i) The three single phase networks are identical. 

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

1 — 
2 

and M2 	. 	This assumption may not be strictly true, but 
2 

wade. 	 it is only in rare cases that M 1  and M2  are known accurately. 

For these cases, the comPlete circuit may be solved rigorously 
if desired. 
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• /72 / Cl  
v  ( B2  4. 	D 2  

2/f  277 
•• 	(4.2.4.) 

9. 
circuit and the Laplacian expressions 
phase to clear, with M 2  neglected. 

erms of 
1 . 

/L1C 1 
Fig. 5 gives similar expressions for the first phase 

to clear, with M 2  included. 	The expressions for the second 
phase to clear are given in Fig. 6. Values for the third phase 
to clear are obtained by substituting H = 1 J = 00, in the 
expressions for the first phase to clear. 

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

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

V  
III  

( Bl 	 D I1 = 

i/c 
/1-T ( - 	sin /YT nit + 	sin /P3 ni  

12 	

t ) 

/F1 1 	
ric 

I 	( B 	
Sin 

2 	 . D o  
+ 

2/ 
	A--.  n t ) .-i-3.-  

— 	. 1 	
F-- 	2 1 ) 

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

Fig. 7 . , /T, : Fig. 8, /ff2 	Bl 	Fig.10, D1 	: 

/1D
2 	

2 
Fig.11, B 2 	Fig.12, 

	

2/71 
	 2/F2 

On each graph, values for Fig. 4 (M2 
neglected) are shown as 

full lines, and values for Fig . 5 (M2  included) are shoNn'as 
dotted lines. The curve of J = GO is also included, to give 
the values for the third phase to clear. 

The form of the transient currents I 1 and 1
2 

may 
. be calculated and plotted, standard damping being applied to each 

component if desired. 	For the undamped case, the absolute 
maximum currents are given by the sums of the envelopes, or :- 

V I1 =
/11 
 -  ( 

B1 ) 	 ( 4.2.3.) 
D1  

Fig. 4 gives the 
for currents for the first 
These expressions are in t 

C 2 
C1 ' 

._2 
L 	' and  

1 

2 
	 (4.2.1.) 

(4.2.2.) 
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The function ( B1 + D1.) is plotted in Fig.13, 

/71  2. 

and ( B2 + 	) is plotted in Fig. 14. 	The actual maximum 

2/Y1  2/72 

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 C 1  in the cleared 
phase is given by 

vl = 	j n Lill  

1 .5 

where n is 2 Tr times the frequency of I, 

v ,= V. Ll  
1 - 	- 	(Bl 41171 . ni  cos /71 nit - 4. Da. /172n1  coe/Y2nit) 

1.5 L1  n1 	ty,  72 	. 

V1  = L. (B1  cos /71  nit + D, pOS 52 .. n1t 	.. 	(4.2.5) 

and for the undamped case the absolute maximum is given by 

Vi = 175 (B1 	D1 ) 	• • 	• • .• • • • • • 	(4.2.6) 

. V for all capes. 
Vlmax 

V 2  = 	V 	(B2.  cos /71n1t + D2 cos /Y nit) .. 
105 	2 	2 	2 

(4.2.7) 

the maximum value being given by 

V ( B2 + D2  • ( .2.8) 2 max 1.5 	2 

The expression B2 + D2 	is plotted in Fig. 15. 
2 

Having determined V 2.  the current (1 2  - 1 3 ) through the capacit-

ance Ci may be readily calculated, and the current 1 3  through 

the circuit breaker obtained by subtraction. 
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(4,3) The_SeCond 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. 

(i) I1 has a maximum value approximately equal to 

for first phase to clear. 

(ii) 1 2 is in general a two frequency transient of 

the same form as 1 2 for first phase to clear. 
B • ( 2 	+ D2 ) is plotted in Fig. 16, the curves being 

2/71 	2/172  

apprOximate',-  

(iii)1 5  has values intermediate between I and 1 2  from 

(i) and (ii). 

(iv)Vi = V as for first phase to clear. 

(V) V
2 
is obtained from 12 (see(ii)), and Fig. 17 

shows approximate curves for V
2max = 

B
2 

+ D
2  

2 

(vi) V
5 
has values intermediate between V 1 and V2 

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 ard 
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 t • clears at a normal power 
frequency current zero, the ensuing current and voltage 
transients in all three phases maybe 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.phaseslo and c,-added to the power 
frequency current, may give a .  total current approaching zero. 
This is more likely 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 damping 
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 c 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 voltage in the phase b circuit on the load side of 
the circuit breaker will consist of three components:- 

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

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

(iii)A transient given by the release of the 
magnetic energy Stored in the inductance. 	This energy 
equal to -I-Li rg where 1 0  is the nominal power frequency 

current at the moment of clearance, and would produce a 
across C1  (.in the absence of the other phases ) of 

ve = I /L1 	(4.4.1) o/ 7- SO 
	••  .. 

/  

or 	Ve = /T o f  for 50 cycles power 
50 	frequency 	(4.4.2) 

where f is the natural frequency of the isolated section, 

Vo is an equivalent voltage, 

= 2 II .50. L1I 0  

Due to the presence of the other phases', V e  must be multiplied 

. by 0.817. 

The actual value of this component, and the transients 
induced in the other two phases, may be obtained as in SeCtion 
(4.3) for a voltage V e across capacitance C l , this transient 

.giving maxilAum voltage across C1  at a time * cycle (at its 

own frequency) later than the transien .i; 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. 

If phase b clears, 6/en thuugh before normal current zero, 
there may be two sets' of transients operating in phase c - 
and an even earlier current zero could be' expected on that phase, 
with consequent higher voltages. 

electro- 
is 

voltage 



(4.5) Effect 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 is 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 electromagnetic energy stored in the inductances 
may occur simultaneously, giving the possibility of high over-
voltages. . 

Much will depend on the capacitance betweeh the load 
neutral point and earth (C 0  in Fig. 19a), and as this increases 

the condition will more nearly approach the solidly earth'ed 
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 . oyerVoltages 
increase in.severity 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 

three phase transformer supplying a shunt reactor bank. 
Nothing untoward happens until phase a' clears. 	The induced 
trahsient 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 oil circuit breakers were made in 
RQX.. 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 air-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, giving a total of J ,) ,  
6000 MVA for a three phase fault on the busbar. 	The effective 
capacitance associated with the busbar is that of 50 miles of 
330kV 
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From Section (6) of Part I "Reduction Of Circuits 
for,Transients,". Rule (W, the busbar and source network may 
be represented directly by a single frequency circuit, an:I .-the 
reduced circuit for one phase becomes as shown in Fig.20(b), 
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, 

'
T

1 
= x 3.47  =  0.347 Henries. 

100 

100 L
2 

= — x 3.47 = 0.0578 Henries. 6000 . 

C  = 2.4 x 10
9 
 x 0.9 x 0.65 = 1.40 X.10

- 9 
Farads. 

' 	- 
1 

C 2 = 50 x .100  2122  x 2.92 x 10 = 0.863 x 10-6 Farads. 

Referring to Section (4.1). 
C o  

H =  1+ -= =  618. 
Cl 

. 1 
=45300  iff, =  15 .,800 

/L1Ci  
'  

From Equation (4.2.2.), and Figs'. 7, 8, 11, 12 

	

I 2 
=. 122L222_17 ( 	+ 0.407 sin 1.225 x 45.300t) 

/3 . 15,800  (  ) 

=  6.95 amps peak, at a frequency of 8800 cycles/sec. 

Transient current through circuit breaker , 
617 	x 	6.95  = _ 

- 618  6.95 amps. 

Normal open circUit magnetising current is 

0.03  x 100,000 /• 	= 	7.42 amps peak. 
330/7 . 

Referring to Fig 19 (a), when the first phase clears, 
the current in each of the other phases is 0.866 x 7.42 = 6.42 amps. 

Since the peak transient current throughthe circuit 
'breaker in the two connected phases is greater than the • 
instantaneous value of the 50 cycle current,' both these phases 
could also clear. 	The electromagnetic energy due to the 
50 cycle current in L1  of each phase will give a voltage across 
C 1 of that phase of 

V e = 0.817 I /f- o 	1 
C 1 

0.817 x 6.42 .)c1. 5. ..800 	82.7 kir. 

J = 
L
2 =  0.167 

1. 
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There will' now be five transients operating, one 
in each phase s  dueto clearance, of peak amplitude 260kV, and 
one in each of the.last two phases to clear o of 82.7 kV. 

Referring to Fig. 15, for the new condition. of 

• j  = °°, H  = 1,  V2max'=.C.84i and the first'phase to clear will 

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': solely due 
to the action of the circuit breaker arc extinction device, or 
to the instability of the arc, is not proved. 

In single phase cases, other contributory factors 
• may be harmonics, due to 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 "choppimg" 
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 important 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 threa.phase circuit, followed by early current zeros 
in the other two phases due to induced-transients. 

When.early current zeros occur, the values of resulting 
overvoltages may be readily calculated. 

The transients are usually damped by resistance in 
the arc and in the circuit, and by hysteresis losses in iron 
cores. 

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. 

MI" 
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Summary. 

It is evident that the classical theory of restrikes on opening 
transmission lines must be modified if the electrical length of the line 
corresponds to an appreciable portion of the power frequency wave., For 
this condition, the voltage surge must be treated as a travelling wave. 

Methods arc developed for analysing the effects of several factors, . 
and it is suggeated that, for most lonr: lines at very high voltage, corona- I, 
will limit the maximum voltages; oven after repeated restrikes to a 
reasonable value. 

This is partly dUe to the fact that very high voltage lines operate 
nearer to the corona critical voltage than lower voltage lines. 

The effect of varying  the amount of capacitance connected near the 
circuit breaker is considered in worked exalAples, an it is shown that 
additional capacitance will cause the maximum voltages to be impressed 
on a larger proportion of the line lonth, 

    



2. 

List of Symbols. 

A 	= 	Source end of line. 
a 	= 	Radius of conductor in meters. 
a '....: 	Radius of one of twin conductors in meters. 
B Remote end of line. 
C 	= 	Capacitance in Farads. 
Cm = 	Line capacitance in Farads per mils. 
C1 = 	Line capacitance in Farads per meter. 
E - 	Nominal peak line to neutral voltage. 
h - - 	Average height of conductor above ground.in  meters. 
I 	= 	Current. 
I t 	= 	•Magnitude of current surge. 
K as 	Constant obtained from xi' = - K 2-4... 0. 
k 	= 	Ionization constant for corona. 
L 	- 	Inductance in Henries. 
Lm =• Line inductance in Henries -oer mile.. 
M 	tine length in miles. 
in 	= 	Any integer. 

- n . 	21T times natural frequency. 
Laplacian operator. 

• - 	Resistance. 
= 	Velocity of surge. 
• Time for surge to travel from one end of the line to the 

Other. 
• Time. 

'u 	Damping factor. 
✓

- 	

Peak line to neutral voltage at the source end of the line. 
V' = 	Instantareous voltage on line side of circuit breaker. 
Vc = 	Critical voltage for corona. 
✓ Peak voltage to neutral back of generator transient reactance. 
✓ g 	Instantaneous voltage on source side of circuit breaker. 
Vr = 	Magnitude of reflected voltage surge. 
Vs 	= 	Restriking voltage = VI 4. Vtg. 
Vw 	•Variation in power frequency voltage in time T. 
V1 = 	Magnitude of voltage surge. 
Vo  = 	Peak line to neutral voltage at open-circuited end of line. 

• Per cent voltage rise along open circuitrd 
v 	= 	Instantaneous per cent voltage rise on line side of circuit 

breaker 0.01 sec. after line is switched out. 
vav 	Average per cent voltage rise on line after being switched 

out. 
Surge impedance of lino. 

a 	= 	Spacing of twin conductors in meters. 



• 

3. 

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

When, in any LRC circuit, a change in circuit conditions occurs, the 
voltage and current do not change immediately to the now steady state values, 
but describe damped oscillations about those new values, with an initial 
amplitude equal to the difference in steady state values, and a frequency 
determined by the circuit parameters. 

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

The circuit breaker will interrupt each phase at a current zero, which 
will correspond to a voltage maximum, since the load is chiefly capacitive. 
Each capacitance element of the line will be charged to this voltage, and 
since the effective Shunt resistance of the . line is extremely high, the 
line will remain approximately at this ii -oltage. 

At a time one half cycle of the fUndamental troqUency later -, the 
voltage across the circuit breaker contacts will be equal to tWice the system 
normal peak voltage. If the gap breaks down under this impressed voltage, 
and a restrike occurs, the line voltage will change to the new voltage, the 
change involving a transient of the type described above. Fig. 1 shows the 
voltage between the line and neutral for the initial interruption, and 2 
restrikes at half-cycle intervals. 

In this case, it was assumed that the circuit parameters were such that 
a relatively high frequency transient occurred, and the arc maintained a high 
temperature during the first few passages of the transinot current through 
zero. It was also assumed that the transient was heavily damped. Under 
those conditions, the maximum voltage across the circuit breaker, contacts 
at any time will ho twico the system normal peak voltage, and a point will 
be reached at which the contact separation is such that no further restrikes 
will take nlaco. 

If the natural frequency of the line is lower, the arc temperature will 
have time to decrease at each passage of the transient current through zero, 
and the circuit will be cleared again before the transient oscillation has 
boon completely damped out. 

Since zero transient current corresponds to peak transient voltage, it 
follows that the new clearing will take place when the voltar;e between the 
line and neutral is either more or less than the new steady state voltage. 
This is illustrated in Fig. 2, which shows the effect of clearing at 
various transient current zeros. 

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 lino remaining at a voltage above neutral of three times system 
normal peak voltage, or 3 E. One half cycle of the fundamental frequency 
later, the voltage across the circuit breaker contacts would be 4 El  and if 
a restrike occurred at 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 series E 2 m E 
(neglecting the sign) and could reach an infinite value. Fig. 3, indicates 
the way in which such a build up would tak6 place. 

The classical allproach neglects several important features of an 
actual transmission line, which modify the result considerably, and these 
will be considered. 

01016-* 



(2) 	The Ferranti Effect. 

The speed of travel of a surge along a transmission line is given 
1 

by Amcm 	where Lm is the inductance in Henries .  per mile and Cm is 
the capacitance in Farads per mile. 

For overhead transmission lines, this is usually taken as equal to 
the velocity of light, 186,000 miles per second, but an examination of 
conductors and phase spacings in use On high voltage lines indicates that 
a more nearly correct velocity would be 180,000 miles per second. 

Thus, for a frequency of 50 cycles, etch cleatticaledegroe on the 50 
-1(3 111.5 2  t . cycle sine wave will correspond to a dibtanc0,6t 	it) Miles , 

Any transmission line may be mnressed in degrees 3 	by dividing its 
length in miles (A)p by 10, 	This is of uSt When bonSidering the voltage 
distribution on a long line. (Ferranti effect). 

When a long transmission line is open-circuited at one end, the 
approximate voltage distribution along its length may be most easily 
obtained by considering a standing wave, of sinusoidal form i such that the 
open-circuited end is at 90 0 , and the end still connected is at 
4. (90 - TPA )°, the voltage at the connected end being unity. This is shown 
in Fir. Z: 

The voltage rise at the open-circuited end is given by 
m  o 

1 - sin (90 - 	) 	1 - cos -- 
v = v ( To  ) •  v  To  2.1.) 

m sin(90 	No 	cos 	° 10 

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

Vo  ma V 4..v . V( 1 4. 
m 0- 

T - cos T5 
  ) = 	V  

IT 	m o cos 	cos 
10 	' 	10 

 

(2. 2.) 

 

If the end of the line which was connected to the supply is now dis. 
connected, a transient will occur in the line, and will continue until the 
voltage is equal at every point in the line, i.e., until the charges at) 
the capacitance elements along the line have been redistributed. This 
effect has been noted by Meyer (Ref.2). 

The form of the transient may be studied by considering that only the 
charges associated with that part of the voltage above unity are involved, 
Referring to Fig. 4, this moans that we need only consider a standing 
wave of the shape shown shaded. This standing wave may be restated as 
two waves, each of half the amplitude of the standing wave, travellinig in 
opposite directions, as shown in Fig. 5. 

The waves will II) reflected at oaoh end of the line, with reflection 
factors of 4. 1, and thus the incremental voltage at either eni 'will vary 
with time as shown in Fi'. 6, where T is the time taken for a surge to 
travel from B to A. The maximum value of the incremental voltage will 
be 2 x = v. One complete cycle will take a time of 2 T, or the apparent 
frequency will be 

180 000 
2M 

When the new steady state has been reached, the incremental voltage all 
along the line will be equal to vav  , the average height of the voltage 
curve of Fig. 6. 

cycles per second. 



5 . 

The transient could also be described by assuming the line to consist 
of a number of -ri - sections orT - sections in series, with an incremental 
charge on each capacitance element corresponding to the voltage distribution 
of Fig. 4. . At time t = o, each capacitance will commence discharging, 
and, by using Laplace transforms, the voltage transient at any point may be 
obtained. If the voltage 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 obtained .  by considering the line to 
consist of 27 - sections or 2T- sectional These Wo tepresentdtions give 
the same result, and it is therefore cerVenient to take 2 T-sections, as 
in Fig i 7. The capacitance shown noar end B ib Charged to a voltage of 
v, and at time t = o coMmentes dischar ging. The resulting• transient 
voltage at point A may be written down by inspection, as 

	

/8-  1 	 

	

Incremental voltage (A) = V  ( 1 - cos ---- t ) 	(2.3.) 7 
Comparing this result .with the travelling wave solution, it is found 

that the e . .ape of the transient curve, a cosine wave, is net correct, and 
the steady state value, assuming damping, is .1,1; 1  instead of a higher, and 
more accurate value. The frequency of the os6i1lation is of the order of 
5;0 less than the travelling wave solution. 

Resistance damping will modify both solutions, but the mathematical ' 
expression of its effect is obtained most easily in the case of 2 T - 

- sections. Fig, 8 shows a more Complete cirauit,'in which the line 
resistance R1 and the resistance of the earth return R2 have been .addod a  
and the shunt resistance of the .line has boon represented by the 
resistances R3 and R4  in series with the capacitance elements. The form 
of the transient May be written down by inspection, as approximately 
equal to 

• 	 R t  
Incremental voltage 	= 	Y. (I e 	cos /Tnt)--(2.4.) 

2 
where R = R

1  R2 
4- R

3  R4 

n = 	approximately. 
/- 

Of the components of R, R1 is knowl. at 50 cycles only, R2  is not known 
with any accuracy, and R3  and R4  are known approximately from tests. 

This indicates the difficulty of obtaining the damping factor 
accurately, and in such cases the usual approach is to take a standard 
rate of damping dictated by experience, e.g. one that reduces the amplitude 
of an oscillation to 20% of its initial amplitude in 5 cycles. 

The number of cycles of the transient corresponding to one half cycle 
of the power frequency may be obtained from the graph of Fig. 9 for any 
length of lino, by dividing the frequency by 100.- Fig. 9 also gives curves, 
plotted against line length, of v, the incremental voltage at the ond of a 
ling open-circuited at that end only, vat  , the peak value of the 
incremental voltage at one half cycle oi 4  power frequency after disconnection 

, of the other end, and vav, the average incremental voltage after disr 
connection. These values are based on the travelling wave solution. 
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6. 

(3) 
	

Voltage _Variation of the Source. 

When a long line, open-circuited at the far end, is disconnected, the 
voltage on the source side of the circuit-breaker may change to some new 
Steady state value, depending on the circuit conditions. 

In the ease of a single station, or group of stations, with no local 
load, feeding a single line, the steady state current of the generators 
after disconnection at the near end will, in. general, be zero, and the 
corresponding steady state voltage on the source side of the circuit 
breaker will be approximately equal to the, voltage back of sub-transient 
reactance of the generators i allowing for the transformation ratio. This 
Will, of course, be modified if shunt reactors are connected at the station. 

The change will take place as a transient oscillation. When no other 
high voltage lines or high voltage cables are connected, the frequency of 
the oscillation will be of the order of thousands of cycles per second, and 
may be considered to be damped out long before one half cycle of power 4 
frequency has elapsed. This effect ha S been noted by Bergstrom and 
Sandstrom. (Ref. 3). 

When high voltage cables or short high voltage lines aro connected, 
it is advisable to reduce the network and examine its natural frequency or 
frequencies, as. the oscillation may not be entirely damped out after one 
half cycle of the power frequency. 

When other long high voltage lines arc connected, it may be necessary 
•to consider the change in voltage as causing a travelling wave to move 
along each connected line, and. study the refloctiens in detail. Usually, 
however, in such a case a reasonable amount of power will Still be supplied 
by the generators, and the voltage will not change appreciably. The lines 
can be considered as oto or two 1r -sections, and the natural frequencies 
'examined if desired. 

, (4) 
	

The Restrike. 

• For the case in which the transients on the disconnected lino and in 
the sour J network are of relatively low frequency, the voltage across the 
circuit breaker contacts, or restriking voltage V s  = V' 4. vi a , will vary 
as shown in Fig. 10. 

Vs  may roach a maximum value greater than 2E 0 _ but it does not follow 
that a restrike will occur at the time corresponding to maximum restriking 
voltage.. The restrike may occur at any instant if the voltage between the 
contacts is sufficient to cause the gap to flash over. It is usually 
assumed that a restrike at the time Of maximum restriking voltage gives the 
'worst case, but it will bc shown that this may not be correct for all cases. 

The restrike is equivalent t6 closing the switch in the reduced 
circuit of Fig. 11 0  at time t = o. (See Part . L"Reduction of Circuits for 
Transients"). As V' and V' are both varying with time, the •analysis of 
this cire ,At is todigus ev:n with the assumption that the voltage across the 
condenser is eoual to the generator voltage. 

The same result may be obtained by considering the application of , a 
- voltage - Vs  between the switch contacts at time •t op as in Fig. 12. 

(See Ref. 4). The resultirr .  voltage and current variations must be added 
to the values existing beforo.the restrike to give the.complete response. 
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For the circuit of Fig. 12, tho Laplacian equations arc! 

1 LP It - (LP 4. op ) 12 ra 0 

1 , 	vs 
zi, 4. cp. 12 	^ 

from which 	1 v ( P2  + ru 
1 	1 I t   ) P 	p 	) 

) -v, = Ilz = - vs 	1 ( p 	2 u  (p u) 2 	 

1 
whore u = 2CZ 

n 	1 • 1 , 
- 4 -Z 

    

2u -ut 
= - V, (1- 	e 	sin nt) - -- 0 

  

(4.4.) 

  

for n2 > 0 

2u -ut 
- V I  = - Vs  (1 - K c 	sinh Kt) 

   

(4.5.) 

   

	

for n2  = 	< 0' 

	

Kt 	-Kt 

	

Since sinh Kt = ir (e 	- 0 	), equation (4.5.) may he written as 

(K-u)t 	-(14u)t 
- V P  =-Vs ( 1- 	c 	c) 	--(4.6.) 

' now K 2  - u2  = u2 1 	-2  - 1  a - " 	E6' 
1 . 

K u 
k u 

thus for K 4 U s  

1. 
K u = 2 u = CZ 

_ 1. 
K - u = LC - 

K u 

- 	- 	t 
- v =-v(1- c L  o 	CZ 

s 	(4.7.) 

(-VI) describes the shape of the surge which travels down the line after 
the restrike. Superimposed on this wave will be smaller surges, duo to 
the variation with time of VI and vt,. Variation in VI r, should be 
considered, but the change in VI is rel,..tively small, ad may be neglected. 

------------(4 . 1 . )  



--- (5.2.) 

- (5.3. ) 

V . 
(p 	(p4,01) .271772  

-ut  
Vr  - V I  ( 1 - 	sin nt) -  

8 . 

(5) 
	

Subsequent Reflections. 

•. The voltage sure 
current surge I I  - 
as down the line. 
end of the lino with 
the current. 

V I , travelling down the lino, is accompanied by a 
J. where the positive direction of current is taken 
Z The surges are 'reflected from the open-circuited 
reflection factors of 4- 1 for the voltage, and - 1 for 

Assuming that no attenuation or distortion of the surges take place, 
then when the surge returns to the circuit-breaker, the total current on 
the lino side at the moment of reflection will be approximately zero, 
depending on the shape of the surge. 

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

     

) 

) 
(Soo Ref. 5) --- (5.1.) 

) 

( CP 

r 	

4.- 

=  (  1  
p 	

1 
CP  LP 

• p2 _ 1_ p 	1- 	) 
) 

= V t 	( 	2 	) 
( P(P 	P 	) 	) 

n. 
for n4  9 0 

Aa   
Vr  = VI 	

-ut 
- 	o 	sinh Kt) 

 

(5. 4.) 

 

for n2  = K2  4, 0 

The now voltage suge down the line will be of opposite sign to V I  p 
and.the new current surge will be of oPposite sign to 
The total current at tho circuit breaker will become positive, and must 
pass through a current zoro within a few microseconds of the reflection. 
This gives the circuit-breaker an opportunity to clear the circuit, 
leaving the lino charged at the voltage before reflection, the short 
reflected surge. being neglected. The' magnitude of this voltage is 
explained in the next section. 
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(6) Maximum Voltarie. 

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 ( VI - 211, ) or -(2V g  4. VI). The voltage at the circuit breaker 
end of the line will reach a maximum, before reflection, of (VI - 2V 1  t-2Vw), 
where Vw  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, 

M  2 VW 	0o ' 2 V (1 - cos - ) and will be positive, 1  

reducing the .magnitude of the linevoltage, but if the restrike had 
occurred before the instant when V', was at its negative maximum, 2Vw will 
be-negative, increasing the - maximuevoltage at the .circuit breaker. In 
the limiting case, the maximum voltage at either end of the line.  will be 
approximately ( V t- vav  - 2 Vt max), where vi max is the magnitude of the 
voltage surge if the restrike occurs when Vtg is at its negative maxiumum. 

If the circuit breaker does. not clear, then an even greater voltage 
may occur if n2. > 0, as V, then contains an oscillatory term. This should 
be checked also: 

Further restrikes may take - place, - and may be analysed in a similar 
' manner. When other lines are connected near the circuit breaker, 
(see Ref. 6) the analysis becomes somewhat more complex owing to the 
reflectionsfrom the far ends of the other lines, and a lattice diagram 
may be necessary. If the other linos are comparatively short they may 
be represented by lumped capacitance. 

(7)  
The Effect of Corona. 

  

The formation of coronarequires energy, which is obtained from the 
• front of the surge. .For . o. short surge, this means that the peak is 
reduced, but for a long surge the shape of the wave front is changed, the 
maximum value being unaltered. 

E.D. Sunde, in Ref. 7, pp 282, by equating the ionization energy 
required for corona to the chomge . in'electromagnetic energy associated 
with a change in voltage, shows that a point on the surge front at 
.voltage VI 9 less. than the critical voltage V c , will move forward at 
velocity 5 2  while :)oints on the surge front at a voltage greater than V c  
will apparently move forward at a reduced velocityi 

 

=   
h (1- YR ) 
G, 

   

(7.1.) 

where 

   

S = Normal velocity of surge propagation on the line. 

C 1  = Line capacitance in Farads per motor. 

/-- k = 8.4 x 10-10  / a 	for a positive surge, 
/ 

= 3.6 x 10 10  / a 
/2h 

for a negative surge. 
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a = Radius of conductor in meters. 

h = Average height of conductor above ground in motors. 

Vc  = Corona critical voltage. 

. 3 x 106  a . log 

This has boon substantiated by tests (Ref.8). 

For twin conductoy lines, a is calculated from 
3 x 10° x 2 a' log 2h 2h 

V   42a = 3 x 106 a log -- -- (7.2.) a 
'20' 
4 

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

When a surge on a line causes the maximum voltage to be creator than 
Vc1 

 it is convenient to consider the surge as several component surges 
one, which raises the line voltage to Vc) being transmitted at velocity S ;  
and the remainder being divided into convenient steps of.say 50 KV, moving 
forward separately at appropriate redliced velocities. For a. switching 
surge, these component surges may be assumed to have rectangular fronts, 
and a suitable adjustment made on the voltage graphs. • 

Surges at various velocities may be represented on a normal lattice 
digaram. Fig. 15 shows a lattice diagram for a line on which.V c  + 200 KV. 
'Mc:rots an initial charge on the line of +.100 KV (surge a). At time t=0, 
a surge of - 200 KV, b, moves from A towards B, reaching it at a time T 
seconds later. At B, it is reflected, with a'reflection factor of 4. 1, and 
splits into 3 coMponent surges :13' 1  = (-Vs - 100 + 200) = - 100 KV, at 
velocity 3,,b' 2  = - 50 KV at velocity S'2, and b' 3  = - 50 KV-at velocity S'3. 
Those three surges move toward A at their respective velocities. 

It Was also assumed that the power frecuencY voltage was at its 
negative maximum at t = 0, and varied by 4. 30 KV in a time T. This is 
taken as a surge c l  of 4. 30 KV at t = T, for the purpose of the 
illustration. When surge•ci meets surge b' l. the resultant voltage is 
less than Vc , so each surge continuesat velocity S. When surge c1 meets 
surge b'2, the resultant voltage is-(V0  + 20 KV). Surge ci slows ,  down, 
and surge bip continuos at an increased velocity. Similarly, when surge c 1 . 
meets surge b' 3 , the resultant voltage is-(V 0  4. 70 KV). Surge ci slows 
down further, and surge b'3 continues at an increased velocity. 

At time t = 2T, surge b'l roaches A, and is assumed to be reflected 
with a reflection factor of -1. At the same time, a further power 
frequency voltage increment C2  of + 30 KV moves from A. The resultant 
surge, b"1 + c 2  = + 130 KV. When this surge meets surge b'2, the 
resultant voltage is less than V c , and each surge proceeds at velocity S. 
Similarly, when the surge moots surge b'3, the resultant voltage is loss 
than Ve , and each surge proceeds at velocity S. Fig. 16 shows the voltage 
at point A, on the line. Damping has been neglected. Fig. 16 should be 
compared to Fig. 1. 

Any actual case may be analysed in this manner, using the appropriate 
reflection factor at A, for restrikes at various points on the power 
frecu ncy voltage wave, to obtain the maximum voltage. Circuit breaker 
clearing at the first current zero (immediately after t = 2 T) may also 
be included. 
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When the line is lonr, the .  time interval between the arrival of 
successive surges, .say b'l and 1:0 9, at point Ay may be hundreds of micro-
seconds, and these surges may be treated individually, with appropriate 

reflection factors. 

The maximum voltage at the .end B will he (returning to the notation 
of Section (6) ), (VI - 2V1  ) as before, but the voltage at end A at the 
time of return or the first part of the reflection will be (-V c  2Vw) 2  
which will bo less than if corona is not included. Also, the reflection 
at this end will be of a surge of marnitude (Vc VI - 111) which will be 
equal toor less than V1. 

The maximum reflection will be obtained at this end if VC =(2V1 '- VI) 
and will be of a surge of magnitude V11 the makimum voltage at B being 

(21/1 g  t Vc). 

For a vory long line at very high voltage this will also 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 Vc  could ever reach 
B. 

( 8 ) 	Examples  on a  241Mile Line. 

(8.1) 	7,xamPle (i) n2  << 0  

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

Circuit breaker B opens, dropping the load, the voltage at A rising 
to 1.3 normal. After a steady state is reached, but before the voltage 
regulator has acted, circuit breaker A opens. For restrikes and reflections, 
the circuit may be reduced to that shown in Fig. 18. (See Part I. "Reduction 
of Circuits for Transionts".) 

Source 	XL = 0.30 on 180 MVA I  330 KV base 

0.30 x 3302  
L - 	= 2 IT 50x180 	0.578 Henries 

C = 0.006 x 10 —6  Farads (from manufacturer) 

1  2 11. /77  - 2710 cycles per sec. 

330  /7 Vg =: 1.0= 	. 269 KV. 
/3-  

V' = 269 KV constant (oscillation damped out) 

Line 	Twin conductors 1.125 in. diameter, spaced 18 in. 

a' = 0.5625 in. = 0.0143 meters. 

/ a' A4 = 0.265 ft. = 0.0806 meters. 

Flat construction, 37 ft. spacing, = 46.6 fit. equiv. delta. 

h = 42 Tt. = 12.77 meters 
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a = 0.863 in. 	0.0219 meters Section (7) ) 

XL = 0.536 ohms/Mile 

_ 0.136  

2 IT 50  
0.00171 Henries / Mile 

XC = 0.184 X 10 5  ohms / mile 
—6 

'Line Oscillation 

M = 240 miles  
10 

Apparent frequency = 375 cycles / sec. (Fig.9) 

240'  T = 	= 1305 microseconds 
184,000 

v = 9.4 cio (Fig. 9) •  

vav = 6.5 % (" ) 

V01 = 7.1 % (" ) - use vav  

V = 1.3 x 269 -.7. 350 ay 

Vt . = v vav  = 1.065 x 350 = 372 KV constant 

Restrike  

411 	Vs  Max = VI t V g=372 t 269 = 641 KV. 

n2 = 17 _ 	= 
4 	

2.88 x• 108  - 7.05 x 1010  
0 Z 

• = 2.65 x 10 5  

K u = 5.30 x 105  

K u = - 

_v1 — Vs 

— 543 
0.578 

—543t  —5.3 x 105  - (1 - e 	c 	t) (Section (4) ) 

This is a surge having an initial peak of magnitude - Vs , decreasing 
to zero in a few microseconds, and then increasing exponentially from zero 
at time t = 0 to -0.53 V s  at t = T, and -0.77 V s  at time t = 2T. 
See Fig. 20. 

CM -'2
10  

1.730 x 10-8  Farads / mile 
 IT 50x0.184 

1  . 1849 000 miles / sec. 

/W- 

Z = /77E- 07 = 314 ohms. 
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Reflections  

Reflection factor at B is 1. 

Reflection factor at A for a surge V1  i8 given by 
-ut 

Vr 	(1 -.4  e 	sinh Kt) 	(Section (5) ). - 

1-2e-543tf 20 - 5.3x10
5 t) 

Vr  = - 	(1 - -0 -543 t 4.-0  -5.3 x 105 t)( 

Cn multiplying and calculating, 

V r _ 
- 1 as a fair a-oproximation. 

On reflection at A, current passes through zero, and circuit 
breaker may clear. 

111 	Max. voltages  

If circuit breaker clears, neglecting resistance damping, var- 
iation in V, and corona. 

b 
At D. (V' - 2V1).  = 372 - (2x641) = - 910 Ky. 

At A. (Vi - 2V1) = 372 - (1.77x641) = - 662 KV. 

This is a very short pea. 

Maximum sustained volt-ce at any point on the line is given 
by (VI - (2x0.77V6 ) ) = 615 Ky. 

Includinc the variation in V g , 

Restrike 480  before max Va, max sustained voltage 565 KV. 
581 Ky. 
580 Ky. 
555 Ky. 
525 KV. 

A second restrike 'could thus have a theoretical maximum restriking 
voltage of 581 4- 269 = 850 KV. 

Max voltnr,es 

If circuit breaker does not clear, ne4octinc resistance damping, 
variation in Val  and corona. 

The lattice diagram is shown in Fig. 19, the surge V1 being 
assumed to vary with time as described above. 

The voltacosat B and A are shown in Figs. 21 and 22 respectively. 
The highest voltage occurs at B at time t = T 9  and is 910 KV as before. 
The effect of variation in V, has been indicated for the maximum values 

Vs 

U 6° 	0 	 0 

O 240 	0 . 	 0 

O 120 	0 	 ' 	" 
It 

• 	
00 	0 	 It 

only. 
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Corona 

2h Vc = 3x10
6 a lo-) -- (Section (7) ). , a  

= 465 Ky. 
Naximum voltPrios 

If circuit breaker clears 

At B, V' - 211, = 910 KV as before (very short duration). 
Elsewhere on iine, = Vc  = 465 Ky. 
Maximum sust..-.,.ined voltages on line, 581 KV aS above', decreasing to 465 KV 
by about t = 4T. 
Maximum restriking voltage for second restrike 465 t 269 = 734 Ky. 
If second restrike occurs, maximum voltage at B . becomes 2V 1 , Ve  = 1003 KV, 
which is th:.: maximum for any number of restrikes. 

If circuit breaker does not clear, maximum voltage at B is 910 KV as 
before, and elsewhere on line 465 KV (with the exception of a possible 
reflection at A). This is shown on Figs. 21 and 22. 

Resistance  Damping 

Assuming a standard rate of damping, the maximum at B of 910 KV 
is reduced to 836 KV or 3.11 E, and the absolute maximum of 1003 KV is 
reduced to 923 KV or 3.43 D; 

(8.) 	Examle (21_11L-_ o 

Same system as for eXamplo (1), Figs. 17 and 18, but with the 
addition of high voltage cables between the sending .end transforMor and 
circuit breaker A. 

Source. . H.V. cable 0.18 x 10-6  Farads par 1000 yards 
2 cables in parallel, each 400 yards long. 
C = ((0.18 x 0.8) t 0.006) x 10-6  = 0.150 x 10-6  Farads 

1 
= 560 cycles per see. 

V', = 269 KV constant (oscillation damped out) 

Restrike  

Vs  maX = V' r VI g  = 641 RV. 

n2  = _1 _  1 ,  - 0.115 x lo 8  - 1.125 x 1o8  
LC 42 	' 

K2  = 1.01 x 108 	K = 104  
u = 1.o6 x lo4  
K + u 2.06 x 104  

K - u =  = - 543 

- V1 - vs  (1-1.06 c -543 t  1.06 e -2.06 x 104t) 

The shape of the voltage surge is approximately the same as in 
cm:L. :plc (1), the only difference being in the time constant of the initial 
peak, whic has increased from 2 to 50 microseconds, or 0.038 T. 

Figs. 19, 20, 21 and 22 represent this case also. The maximum 
voltage 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) n2 = 0 

As the capacitance C is increased, the time constant of the 
initial peak of the voltage surge on restrike will become longer, but 
the shape of the surge will be of the same general form until n 2 > 0. 

For n2 2 	1 	1  = Of 	- 
LC - 4C2  Z2  

For the system of example (1),. 

22-228  - 1.47 x 10-6  Farads. 
4x3142   

The surge is 'now specified by 

= - Vs  (1 - 2 u t e ut) 

u = 	106 = 1.083 x 103  
2x1. 47x314 

This surge is shown on Fig. 20. The reflection factor at A 
would be -1. Maximum voltages are as found in example (1), 910 KV at B 
(now extending over a larger portion of the lino) and an absolute maximum 
of 1003 KV (also extendin over a larger portion of the line). 

( 8 .4) 	Example (4)  n2 > 0 

8 generator-transformer sets in parallel, each pair having 2 high-
voltage cables 400 yards lorw, and 29 miles of hicji voltage line connected 
to the bus. 

Source . L = 1122- = 0.145 Henries. 
•  4  

= (0.576 I. 0.006 	0.50) x.10-6  m 1.082 x 10-6  Farads 

1 	.= 403 cycles per soc.' 
2 

. 269 KV constant (oscillation damped out) 

Restrike 

Vs max = 641 KV. 

2 _ 1 n - EE  - 	 6.37 x 106  - 2.16 x 106  1 

40 Z 

= 4.21 x 106  

= 2050 

= 100 

2u 	-ut - V1 = - Vs (1 	sin nt) 	(Section (4) ) 

= - Vs  (1 - 1.44 0 -1470t sin 2050t) 
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The shape of this surge is also shown on Fig. 20, and it is seen that 
it nay be considered as a rectangular front, flat-topped surge of 
magnitude - V . The method given in Section (7) may be used to analyse 
this case, s and maximum voltages are as found in example W I  910 KIT 
at B (now extending over a considerable portion of the line) and an 
absolute maximum of 1003 KV ( also extending over a considerable portion 
of the line). 

C would have to be inordinately large to give a value Of V1 
appreciably greater than Vs . 

(9) 
	

Conclusions 

For a very ion: line, two solutions exit, depending on the. value of 
C in Fig. 13. 

If C 4 	, the normal case, the maximum voltage on the line 	will 
occur at 	- 4Z-  the remote end, and will be equal to f (21T 1 r;  f V I ). 
This-voltage will bb of very short duration. On other sectionS of the line, _ 
apart from this Peak, which will be rapidly attenuated by corona and 
resistance damping, there will be.a sustained voltage of a lower value, 
which will be attenuated by corona to the corona critical voltage V. 
Further restrikes may give a voltage of (21/ 1 , t Vc ) extending over part 
of the line at the remote end. 

If C 	—2 2  which. requires the addition of a considerable amount of 4Z  
capacitance 	. near the circuit breaker, the maximum voltage will 
again be equal to . t (217 1 r)  t V') but may extend over a considerable portion 
of the line. Further restrikes may give a voltage of 4. (21/ 1 g  t Ve ) 
extending over a considerable portion of the line. 

For the system considered here, and allowing for resistance damping, 
these maximum voltages arc 4- 3.11 13 and 4- 3.43 E respectively. This low 
result is partly due to the length of the line, which gives Corona 
sufficient distance to effectively ropey° the upper Part of the voltage 
surge, and partly due to the, fact that very high voltage lines operate .  - 

• nearer corona critical voltage than lower voltage lines, e.g. for this 
330KV system, V c /Vc = 1.7, whereas for an average 132 KV line Vc/V g  = 2.1. 

It is apparent that, for any line configuration, and source network, 
there will be a critical length of line. For Shorter lines, the classical 
theory. should be used, partly modified by the effect of corona, but for 
longer lines the maximum Voltage will be a constant, determined from the 
corona critical voltage as above. When testing circuit breakers. for dis-
connection of transmission lino, it is important that the most severe case 
be tested. This will normally be the disconnection of a lino of less than 
the critical length. 
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Figures 1 - 8, 

Summary.  

The physical characteristics of arcs are described with the 
aid of qualitative diagrams. 

An energy balance equation is set up, equating the electrical 
input to the losses through thermal conduction, convection, and 
dissociation. 

It is shoun that this substantiates the theory that there is a 
critical value of current for self-extinguishing, in a long arc. 
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A Corwtant for co:c1vection lonG. 

Fb "' Buoyancy force tending-to cause gaG to rice, 

Fv Viocouo· re::;training force. 

g Acceleration due to gro.vity._ 

He Toto.l heo.t lose throuGh convection. 
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e k Therrial conductivity. 
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._ 
T Tunorature in °C .• 
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(1) *Arc Characteristics. 
	 3 . 

Recent tests at tho Electrical Research Association Laboratories. 
London, indicate that the arc consists of three portions :r 

(a) The central core, carrying most of the current, and 
at the :. highest temperature, 	The diameter of this 
portion will vary as a function of the current 

(b) The oUter core, carrying little current, but 
luminous owing to the presence of nitrous oxide. 

(c) The OWC79:: envelope of heated airs 

Fig 1 shows the spaLlal distribution of these areas for a 
short arc. For a long arc we can'consider three concentric cylinders. 

Fig. 2 shows the temperature gradient over the arc diameter, the . 
central core having a mm;imum temperature that varies with the current. 

Fig, 3 portrays the variation of luminoSity with radius for each 
section, and indicates that visual or photographic records would tend to 
give arc diameters - which would be too high°, 

The variations in the characteristics of air at high temperature 
are also important 	Fig. 4-Shows the change in specific conductance, 

' Fig, 5 shows dissociatien and (probably) :tide formation of active nitrogen, 
and Fig, 6 shows the Variation in thermal Conduct:I:Tit:T. 

A mall leakage current, of the order of 0.3 aMp, ;  seem to exist 
I .hetween electrodes even when no arc is visible, but in general, difficulty 

is.c::perienced in defining arc characteristics at currents less than I amp. • 

' 	E::Perimental studies have boon carried out at currents from 
to 10 amps, (see Refs. 1 & 2) bLit figures for arc diameters Wore obtained 

by visual methods° 	Theory supports some of the results (Refs7 . 3 & 4) but 
doubt has been cast Dn the constants used in this investizatien, particularly 
the dissociation potential of nitrogen' 

The F.R.A, tests . indicate that the curve of diameter of the 
central core increases •  up to a current of a few amps., then flattens out at 
abe.J,t 10 amps°, with a possible slight contraction about l'e" amps. Tao 
diameter then increases again, a pronounced contraction apPearing at about 
80 amps- Another contraction may occur at some much hic,h-7 zurrent. 
Con s ideration of the energy balance of the arc. supports the possibility of 
a transition in the region 10 7 15 amps. 

( 2 ) Enorpv Balance, 

(2,1,) 	Electrical InreA, , 

This has been ex.tscriDentally determined as (60 14 I) 
watts per cm, which is in line with formulae for 
•obtalnIng arc voltages. 

(2.2.) Loss Through Thermal Conduction. 

If we assume an average temperature in the central 
core of 6000°K ;  and a straight Line temperature 
gradient from 6000°K to 300 K, then the heat 'Joss 
is given by 

• L k 
dr _ 

where k is the cNorpfe thermal r.(5ni .!ctivity 
in thc region r to (r •..- dr) and dT is the 
temeere in dr. 

dT, 



dT 	°C/ From Ref 1. 	is of the order of 5100 
o

,  -C/cm, and 

taking k =3 x 10-i,Ahe heat loss is 96r1 watts/Cm 
whore r1 is the radius of thocentral . core. 

, (2.3.) Loss Through Convection. 

Let the ynoyancy force on the gas area be denoted by 
Fb =-1-r-r gAdo, where Ap is the difference in density 
due to temperature. 

dv The restraining force is equal to Fv = 2Tt r n — dr 
dv where Y) is •the viscosity, and -- is the velocity 
dr 

gradient at the surface of a cylinder of radius'''. 

Equating these two.expr,sosions at the boundary of the 
= central core s  

dr 	2 

Fig, 7 shows a curve of velocities obtained experimentally, 
(Ref .1) which indicates that vnax  is approximately equal 
to dir at r12  

dr 	. 
APr== 0.00124 (1 - ) = 0,00117 at' 6000°K. 

0,00135 at 6000°K. (Extrapolated from Ref. 5) 

Hence vmax  & 425 rl . 

For practical casco a Pigurc of 80% of this, or 340,r1 
is suggested. 

Tho total heat loss by convection is equal to H e  :712 1T r dr v A 

whore A is a constant, equal to 0.020 watts/cc for air. (Ref.1.) 
Considering v = vnax  for radius 0 to rl , and decreasing 

linearly to 0 at (r1 4. 1), 

Hc  = 340 (r 3  4-  ri) watts per cm. 	• • • 	.. 2.3.1) 

(2.4) Loss Through Dissociation. 

Dissociation is likely to occur suddenly, (see Fig.5 and 
Ref.6), as the effect of partial, dissociation, in increasing 
.the total losses, will be to cause the arc diameter to 
decrease, to restore equilibrium, This will give an increased 
temperature in the central core, owing to the increased 
current density, and hence more dissociation, 

Complete dissociation is considered (Refs. 3 & 4) to 
give a loss of the order of twice that duo to thermal 
conductivity, and 200 r1 watts/Cm is suggested. 

It seems, also, that a certain amount of nitrogen becomes 
Ilactivcti at the sane tine as dissociation occurs, but 
the effect has not been fully investigated. The 
nitrogen affected appears to remain in the activated 
state for an appreciable time, of the order of 
hundredths of a second, or longer. 

(2-) Other Losses, 

The loss due to radiation, thermionic effects at the 
electrodes, thermal conduction along the electrodes, and 
diffusivity, are not expected to reach more than 10% 
of the total and a factor of 1.1 can be included to 
cover this. 
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(2.6) lIcg_a_ZaLLIce Eqtrttion.  

The equilibrium cquations now have thc form :- 

60 T 14 	34G (r  tI r1) 1.1 ...(2.6.1.) ) 
for no dissociation, and 

60 t 14 I 	696 r1  t 320 (r 3 D2  4 1 r1  ) 4 200rd 1.1 0.  t 	1 	1 	-  
3 

	

for full dissociation. 	...(2.6.2.) 

(3) Conclusions. 

From tiles° equations, two curves of arc radius against 
current can be drawn, as shown in Fig. 8. A transition from the curve 
for no dissociation to the curve for full dissociation may be cxpccted in 
the region shown, because of the increasing temperature of the arc at 
highcr currents. 

Once the transition has occurred, it can be assumed that the 
dissociation and activation will have materially increased the possibility 
of a conducting arc pith being available. This moans that, under conditions 
of no wind, a current in air greater than the critical value would be much 
loss likely to be self-extinguishing than a current less than the critical 
value. 

This is of great importance in the application of auto-reclosurc, 
(See Part VI, "Auto-Reclesure"), but more evidence is required before a 
critical value can be fixed. 
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Summary.  

Auto-reclosure, in both three-phase and single-phase forms, is - 
now an established technicue in power system engineering l .and has boon used 
with considerable success.' 

However, it has become apparent that there arc limits to the 
use of auto-reclosure, and an attempt has boon made hero to define the limits 
of application to long, high voltage lines. 

A ready indication of the practicability of throo-phase or 
single phase auto-reclosure,for any line from 132kV to 380kV is given in the 
tables. 
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List  of Symbols. 

a )  b )  c 	= Phases in threc—phase circuit. 

A,B,C,D,E. 	= Points on thc curves in Fig. 3. 

21 ) B,D,E,J,K.  = Tower diponsions.in loot. 

Ab 	Distanco frop a to b in foot. 

Abl 	= Distanco from a to the imago of b in foot. 

Cab, Cbc, Cca 	= Capacitanccs betwcon pairs of conductors,. 

Cao, Cbo 2  Cco 	= Capacitances between conductors and ground. 

= Avcrage of Cab, Cbc, Coo.. 

Co 	.7. Average of Cao, Cbo, Cco. 

da 	= Diameter of single conductor in ins. 

d'a 	Equivalont diametor of multiplc conductors in ins. 

00 	= Diameter of earth wiro in ins. 

r.m.s. current. 

ha 	= Avorago height of conductor a abovc ground in foot. 

Radius.of conductor or oquivalont conductor. 

V1  — Voltage impressed on toot circuit. 

V2 	= Voltage across Co in test circuit. 

Va )  Vb )  Vc 	= r.m.s. phase voltages. 

X 	= Roactance in per cent on a suitable base. 

y 

	

	
Susceptanco in per cent on the same base. 

= Spacing of twin conductors in ins. 

Zan., Zab, ctc. 	= Impodances. 



- (1) The Technique of Auto-Reclosure. 

(1.1) Transient Faults. 

• It is a matter of experience that a high proportion, of faults which 
occur on high•voltage three-phase overhead transmission lines is of 
transient origin. A typical case is the flashover of a string of 
insulators by a lightning discharge. A power arc, of hundreds or 
thousands of amperes, may then flow through the ionised gas path in 
the air. The fault current causes the protective relays.to operate, 
and the circuit-breakers at each end of the affected Portion of the 
line open and isolate the section. 

It would be possible, in such a case, to reconnect the line, 
after a suitable Pause to allow for the de-ionization of the arc path 
by natural means. Auxiliary equipment has been developed to enable 
circuit-breakers to recloso one 2  two or more times, with pre-determined 
intervals between successive roclosures. 	The series of operations 
continues until the fault is cleared, and the relays do not operate to 
open the circuit-breaker after a reclosure, or until the series of 
operations concludes, leaving the circuit-breaker in the open position. 

For the particular fault quoted above, involving only one phase, 
it would be possible to apply the reclosing technique to that phase 
only, and discriminatory equipment has been developed to enable the 
circuit-breakers to perform this operation. 	Single-phase roclosure - 
may have advantages from the point of view of system stability. 

:(1.2) System Stability. 

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

.If, at a particular station, the new demand is greater than the 
previous demand, the extra energy required will be provided by the • 
rotational energy of the machines, which will tend to slow down. If the 
new demand is loss than previously, the machines will tend to speed up. 
The. phenomenon will also bo affected by the variation with time of the 
generator's apparent reactance, and by the corrective action of the 
voltage regulator and the governor. For the purpose of calculation, 
it is usually assumed that the time constant of each of these three 
factors is long in relation to the time of operation of the fault, and 
their effect negligible. 

Roma., If a fault remains on the system long enough to cause one 
part of the system to be lagging, or loading, another part by more 
than 180 electrical degrees, 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 glatrg service, after a fault, as although the total load 
will returto normal, the distribution of the demand on the various 
generating stations will depend on the new distribution of 
interconnecting lines, and instability may still result. 

Any particular system may be studied by means of a network analyser, 
to determine allowable limits for single and three-phase roclosure times 
for various fault locations. In general, it is found that the open 
period may be considerably longer with single-phase than with three-
phase operation. 

3. 



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-Phase  Auto-Roclosure. 

Tests to simulate the condition of single circuit linos, at various 
voltages, and with large fault currents, were made in U.S.A. (refs. 
1 and 2). 	As a result of these tests, the following do-ionization times, 
on a 60 cycle basis, were recommended as those for which the chance 
of a restrike was loss than 1 in 20. 

Lino Voltage in kV 23 46 69 115 138 161 230 

Time in Cycles 4 5 6 8.5 10 13 18 

The times were stated to be slightly lengthened by increase in arc 
duration or current, and slightly decreased by an increase in the gap 
.length, or the presence of wind. 

Later tests gave general agreement with these figures. 

Photographic evidence shows that the heavy current arcs considered 
were of considorrIle cross-section. 	Little "bowing" of the arc 	was 
observed, but, alter the current w,z switched off, the luminous gas 
could be seen to rise under the inflUence of convection. Restrikes 
occurred betwecn the lower electrode and the bottom portion of this 
rising mass of gas. 

Results of investigations into the rate of vertical movement of 
the ionized mass. indicate that, for heavy-current arc's of very short 
duration (less than0.2 sec..) the velocity is proportional to the energy 
input. 	The low limit of velocity appears to be of the order of 
100 ems/see,, and this corresponds to approximately0.4 kW secs, per 
cm length of arc. 	This is equivalent to 1000 amps. for0,05 secs 
2000 amps. at0.025 secs., etc. 

From this evidence, it would 
do-ionization times could be drawn 
secs. (a reasonable breaking time) 
and the dielectric strength of the 
gives, on a 50 cycle basis, 

seem that a new scale of 
up, taking 1000 amps. for0.05 
a vertical velocity of 100 ems/sec., 
new air as 4 kV per cm. This 

Line kV 23 46 69 115 138 161 230 

Time in Cycles 2.3 4.6 6.9 11.5 13.8 16.1 23.0 

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

, It is doubtful if more than one attempted reclosure can be 
justified economically 

(1.4) Dp7ioni7tion Times for .Sinde-Phase Auto-Reclosure. 

When one phase of a section of a transmission line has been opened 
at oach end, the conductor, though isolated, will still have a certain 
residual restriking voltage to earth, owing to the capacitive coupling 
between the isolated conductor and the two line conductors, and also 
to earth. 	This is shown. in Fig., 1. 

The restriking voltage between the faulted phase and earth can be 
. calculated as a function of the ratios of the capacitances, which are 
determined by the physical distances involved. 
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. The actual values of the capacitancesi and hence the value 
of the capacitance -current which could continue to flow after the Dower 
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 preclude the possibility of the capacitance 
current arc being "self-snuffing". 	In such a case, single-ohase 
auto-reclosuro would be impracticable. 

For cases where this does not apply, the capacitance arc should 
cease in 3 to 5 cycles after the phase is de-energized, and a safety 
margin of 3 cycles can be added to the times used for three-phase 
reclosuree 

(1.5) The Effect f Other Circuits. 

For three-phase auto-reclosure, the presence of a second circuit 
on the same towers would have a similar effect to that described in the 
previous section. 

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

For single-phase auto-reclosure, the capacitance current is affected 
to a considerable extent by the configuration of the conductors, the 
presence of other circuits, and the use of earth wires 4 and calculations 
should be made for any lone line at a voltage of 132 kV or higher. 

(2). Laboratory and Field Tests on Capacitance Arcs.  

(2.1) Test Circuit. 

For test purposes, the capacitive coupling shown in Fig. I 
may be simplified, and we may use the circuit shown in Fig. 2, 
whore C is the average of C ab, Cbo and Coo and C o  is the average value 
of C oo, Cbo , coo , V1 is equal to the sum of Vb and Vc, which is equal 
to -Va. 

On closing the circuit-breaker, an arc is initiated across a 
string of insulators connected in parallel with the capacitance C o . 
A power arc follows, the current being limited by the amount of additional 
reactance in the circuit. 	After a predetermined interval, the 
circuit-breaker is opened, and a capacitance current will follow. 

(2.2) The Form of  the Capacitance Arc. 

Test occilThgrams (Ref. 3) show three stages in the capacitance 
arc:- 

(a) Transient oscillatien of frequency 300 to 1000 cycles per sec., 
damped cut in about0.01 secs. 

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

(c) A succession of restrikes occurring at successively higher 
voltages until final clearance takes place. 	The duration of this 
stage is to some extent dependent on the current. 

(2.3) The Queee4eln7 of the Arc. 

Referring to Fig 3, which shows stages (b) and (c) for a typical arc, 
we sec that up to point A 0  the arc voltage and current arc in phase, 
while the smaller current through the 'capacitance C o  leads by 900. 
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At the arc current zero A, the arc does not restrike immediately. 
The voltage across C o  tends to rise, and the current in C o  which is 
normally small compared with the arc current increases. A transient 
ensues, after which the voltage rapidly increases until the arc 
restrikes at B. The voltage falls to the normal arcing value, and the 
current in Co follows its previous pattern. 

At point 0 the arc current reaches zero again, and the process 
described above is repeated. A higher voltage is required 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 appearance of a pulse at this point. - 

Within one or two half cyclos l - the maximum restriking voltage 
appears across Co without causing a restrike, and the arc is effectively 
qtenched, 

The physical significance of this may be explained by considering 
the main mass of ionized gas to rise (see s7:ction (1.3`) e  Unless the 
temperature of the arc'in the space between the lower electrode and the 
mass of gas is sufficient to cause dissociation, progressively higher 
voltages will be required to cause restrikes. Also owing to the rapid 
decrease in specific conductivity as the temperature decreases, 
the voltage required to maintain the arc will be increased. 

A typical curve of arc temperature variation during ate cycle is 
shown in Fig, 4, the position of the .band of variation on tie temperature 
scale varying with current, After stage (c) is reached, deterioration is 
rapid :  as the r.m.s. value of the •current during the half cycle decreases 
very quickly owing to the delay in starting and the transient effect. 

(2.4) The Transient Effect. 

The test circuit of Fig. 2 may be redrawn as in Fig. 5,- where 
X denotes the combined reactance of the generator, transformer, and 
reactor :  in per cent on a suitable baSe, and C and Co are represented 
by Y :  their combined susceptanco, in per cent on the same base. 

For sudden changes in arc conditions, ve haVe a single-frequency 
circuit which gives a transient of frequency 422. , which for 

137' Y 
most practical cases is of-the order of 300 to 1000 cycles per sec. 

The maximum 2cstriking voltage appearing across Co will be 
2J-27- V1  x 	C 

C 	Co  
This transient is t;:,.c one 1,hich appears on the osciroraphic record at 
each change in arc characteristic, 

(2)5) Current and Voltape Limits. 

It Seems probable, fromction (2.2), that unless the available' 
capacitance current is sufficient to keen the temperature of the arc 
high enough to cause considerable dissociation and/or the formation 
of active nitrogen' :  the capacitance arc will be quenched rapidly. 
It would be expected that the critical range of current is small, and 
for . a particular case (Ref 03) a sharply defined break at 15 amps. was 
recOrded, This is in lino with the current at which considerable 
dissociation is expeCted from theoretical considerations. Sec Part V, 
"A Theory of the Long Arc". Another series of tests gave the critical 
range as somewherc•between 10 amps. and 20 amps. (Ref. 4). Tests made 
in U.S. (Ref. 5) are of doubtful value, as the cases tested bore little 
relation to practical cases. 	Sec, also Ref, 6, in which a critical 
current of 10 amps0 is expected. 

Any line of length groat enough' to make a capacitance current 
of more than 10 ampe. probable should be considered carefully, from 



the Doint of view of auto-roclosure, and where a capacitance current 
of 15 amps.. seems likely, auto-reclosure should be rejected.- 

The voltage limit is not so.critical... Assuming that the slowest 
rate of vertical movement Of the mass of gas is 100 cms/sec. l. a gap 
of the-order. of 1 cm will appear, requiring a. peak flashover voltage of 
about 4 kV. The voltage required to sustain a low-current arc 
220 ems long is of the order of 3-5 kV r.m.s.,and a total recovery voltage 
of the order of 10-12 kV r.m.s. woul& seem sufficient to maintain an 
other-wise stable arc. 

The above values apply to no wind conditions. A cross wind of the 
order of 100 cms/sec. would be sufficient to increase the peak voltage 
requirements by 6 kV, and would also incroaso the lossos by thermal 
conduction. 

(3) Calculations 
• 

Calculations of capacitance current flowing in .eho isolated phase 
of a three phase system have boon made on conductors and tower 
configurations suitable for voltages from 132kV to 380 kV. 

The .method used was to write down the standard set of equations 
for each configuration, consider any conductor isolated and earthed, 
and solve for the current in that conductor, 

Va 	Zaa In Zab lb Zac Ic 

(3.1) Vb 	Zba In+ Zbb lb + Zbc Ic 4. 4- 
, 

Vc 	Zen Ia 	Zcb lb .7- Zoo Ic + + 	) 

•etc, 	etc,• 

Va etc ri ren.se phase to. neutral voltages in kV. 

Zaa etc, = .j 0.08187 logl o 	mcgohms per mile, 
r- 

ha 	Average height of conductor a above the 
ground in foot, 

n Radius or equivalent radius of the conductor 
in feet. 

Zab nte, AbT  .1.,j 0.08187 log 10 D-5—  

Ab is the distance from a to b in foot. 

21-0 is the distance from a to the image 
of b in feet. 

Ia Ube', 	r.n.s. currents in milliamps per mile, 

For phase a cc -fthed ;  Va r C, Vb 	V(-0,5 .g 0,866) 

Vc v (-0,5 +S. 0,866). 	Since all the impedances are imaginary 
quantities, it is convenient to solve the equations twice, obtaining 
the real and imaginary parts c) Ia. 	.The value required is mode,Ja, 

The uquation are normally well-conditioned, and the easiest 
method of solving is to guess the ratios lb 	Ic etc., and substituto, 

Ia 	In 
to obtain a number of equations in in only. Ia is found from the 
equation in Va, 	The ratio lb is then adjusted from the 

Ia 
oquation in Vb, the ratio Ia  is adjustod from the equation in Vc, etc, 
When all have been adjust((:,;  chock again for Ia in the equation in Va, and 
repeat the process. 	This method gives results correct to the nearest 
milliamp in two or three trials, and can be done with a slide rule, 

1 
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-writin7, the adjusted ratios in on the matrix. 	The process is repeated 
for each conductor )  to obtain the worst case. 

From. an examination of published line designs )  and regulations 
applicable in various countries )  "standard" towers have been selected, 
having dimensions conforming to average practice. 	Throe typos 
of towers have been considered at each voltago 2  single circuit flat 
spacing )  single circuit triangular spacing, and double circuit vertical 
spacing )  each carrying cithor single or multiple conductors )  and with 
and without earth wires and conductor .  transposition. 

(4) Results. 

It was found that 2  for any particular lino, a departure from the 
standard to•or dimensions could be allowed for by making a percentage 
correction in the final coupling coefficient. 	This correction )  
depending only on the tower shape, is sensibly independent of voltage )  
•conductor size )  and the prosonco of earth wires. Whom a particular 
line differs in several .rospocts )  the percentage variations for each 
of the separate difforonces arc added arithmetically )  and the result 
applied as a correction to the coupling coefficient. 

The dimensions of the standard towers )  together with the 
variation Percentages for variations in dimensions of 1 .  10%)  arc given 
in Tables Ia 2  IIa 2  IIIa. 

The currents in an isolated conductor )  in milliamps per mile )  
for various conditions )  arc given in Tables lb IIb IIIb for the 
throe types of towers. 	The values given arc for the worst case )  which 
is usually that of phase Ibr isolated. 

Table IIIb contains values for the effedt of the second 
circuit. The magnitude of the effect varies with the phase arrangement 
on either side of the tower, and )  if transposed )  on the typo' of trans-
position. 	The use of the positivovalues given is recommended. 

Values of the open circuit recovery voltage to earth of the 
isolated phase arc given in Table IV. 

The accuracy of the current values is of the order of 1% )  and )  
for a tower of the sane voltage class ) .but considerably moaned )  
•4- 5%, Extrome.cases 2  as for instance a 380 kV lino Operated at 220 kV, - 
arc within 

If the corrected current )  multiplied by the length of the 
line in miles )  is 	10,000 milliamps 2  caution should be used in applying 
single phase auto-reclosuro )  and for values > 15,000 'single phase auto-
reclosure should not be used, 

For three phase auto-reclosure 2  on the double circuit 
towors of Table Ma )  the values 'of current in the worst phase will be 
numerically the sane as the values 'given in Table IIIb for the "Effoct 
of Other Circuit Alive". 

For transposed circuits on separate towers )  these values nay 
be multiplied by the factor:- 

(2J from Table IIIa for_givon voltage level. 
(Distance in feet between centres of circuits 	) 

- 
• • (4.1) 

e . g. for 2 single circuit transposed lines at 380 kV )  centre distance 
160 ft„, current is equal to 

2x26 58,,5 x 	l9O nilliamps per mile )  
160. 

and a lino length, of 500 miles would be suitable for throe-phase 
auto-reclosurc. 



(5) Conclusions. 
	 9 . 

, 	The maximum capacitance current likely to flow under single 
phase or three-phase auto-roclosurc Conditions may be readily determined 
from the tables, for a large range of tower and conductor configurations, 
and voltages. 

The current is decreased by transposing or by adding carthwires, 
and increased by the use of multiple conductors. 

For a single conductor, line lengthsof less than 200 miles 
at 132 V, to 100 miles at 380 kV;  seem suitable for single phase auto-
reclourc, and for multiple conductors less than 100 miles at 132 kV to 
70 miles at 380 kV, These limits may be raisOd appreciably for some 
configurations 

For three phase auto-reclosurc, sUitable limits would be 
400 miles at 132 kV to 200 . milcs•at 380 kV for double circuit towers, 
and two to four tines those values for single circuit towers. 
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Table Ia Single Circuit Flat Spacing, 

ha = Average distance to ground for normal 
span 

da = diameter of single conductor 
d'a = equivalent diameter for multiple 

conductors 
=J2 Z for two conductors where Z is 

distance between in ins. 
de = diameter of earth wire. 

A 

Standard Towers 
132kV -220kv 275kV 315kV 380kV 

Variation 
+10';'; 	-10% 

25 31.2 '35.7 43 
15 18.8 21.5 26 

12.5 15.6 17.9 21.5 
40 43.4 46 50 
1.1 . 1.37 1.57 1.9 
5.5 5.5 . 5.5 5.5 
0.7 0.7 0.7 0.7 

m "Variation" is the percentage variation in the value given by the 
current table, for variations of i10% in the dimensions of the standard 
tower for that voltage. For casou in which several dimensions have been 
varied, the separate variations are added arithmetically, and the total 
variation applied to the value from the current table. 

SIPGLE CIRCUIT - FLAT SPACING 
Table 113„ 

Current in Isolated Conductor (worst case) in milliamps per mile 
for Standard Towers. 

132kV 220kV 275kV 315kV 380kV 

Single Conductor 
2 earth wires 39.6 56.3 65.9 72,9 84.4 
1 earth *ire 45.4 63.2 73.7 81.4 94,0 
0 earth wire 51.8 75.2 86.8 95.1 109.0 
2.carth wires transposed 29.3 41.5 48.6 53,8 62.3 
1 earth wire transposed 34.3 48.5 56.9 62.9 73.0 
0 earth wire transposed 42 .0 59.5 69.7 77.1 ' 89.3 

Multiple Conductors 
2 earth wires. 81.4 95.0 1031 108.9 118.6 
1 earth wire 91.1 106.0 114.9 121,3 132.0 
0 earth wire 106.1 123.0 133.1 140,4 152.5 
2 - carth wirostransposed :60.0 69.5 75.1 79.2 86.0 
1 earth wire transposed 68.0 79.2 85.9 90,7 98.8 
0 earth wire transposed 82.0 95.0 102.8 ,108.5 117.8 

Multiply value from this table, corrected for tower variation, by 
length of line in miles. 

Result shouldbe (10,000 for satisfactory oneration 
< 15,000 for feasible operation 



132kV 	220kV 	275kV 	315kV 	380kV 

Singlo Conductor 
1 earth,  wire 43.9 71.5 88.3 -  100.4 111.1 
0 earth wire 50.8 79,9 95,1 106.3 123.7 
1 earth wire transposed 39.e7 - 67.1 81,9 .  92 6 6 104.5 
0 earth wire transposed 4636 76.3 90,7 101.1 118.0 

Multiple Conductors. ... 
1 earth wire r 84.9 116.9 132,8 144.3 148 .5 
0 earth wire 1 94,8 12840 142.0 152.1 168.2 
1 earth wire transposed 75.8 1080 122.8 1329 140;8 
0 earth wire transposed 86,0 1210 134.8 144.5 1600 

SINGLE CIRCUIT TRLINGULAR.SEICING 
Table IIA. 

ha Average distance to ground for 
normal span. 

da z Diaucter of single conductor 
dta m equivalent diancter for nultiple 

conductors 
4a7 for two conductors where Z 

is distance between in ins. 
de m diancter of earth wire. 

F. ? 
n' 4  J --1 

-4 

--0 

132kV 
Standard Towers 
220kV.-275kV 215kV 380kV 

Variations N  
10?; 

12 20 25. - 28.5 34.5 40.7 
10 13 163 .147 22,5 46.0 
10 13 -16.3 187 22,5 -1.3 .  +1.3 
9 15 18.7 21.5 26 +0.8 -0.8 

34.•5 40 434 46 •0 +2.0 
0.65 ld •1.37 1.57 1.9 
5.5 .  55 .5.5.. 5.5 3.5 
0.7 0.7 0.7 0.7 0.7 -0.3 +0.3 

B ft 
J ft 
K ft 
D .  ft 

ha ft 
da ins 
da ins 

Am,  do ins 

"Variation" is the percentage variation in the value given by thc 

'current table, for variajcj.ons of 105 in the dincnsions of the standard tower 
fe7 that Voltage. For r,ases in which several dinensions have been varied, 
the separate variations are added arithuetically )  and the total variation 
applied to the value fron the current table. 

. 	, 
SINGLE CIRCUIT TRIANGULAR SPACING 

- Table IIB. 

Current in Isolatod'Conductor (Worst case) in nilliampS per nile 
for Standard Towers, 

. Multiply value from 
by length of 1::.ne in miles. 

Result should be.4. 

this table )  corrected for tower variation )  

10000 for satisfactory operation 
15,000 for feasible operation. 



DOUBLE CIRCUIT VERTICAL SPACING 
Table MA.' 

ha = Average distance to ground for normal span 
da = Diameter of single conductor 
d'a = Equivalent diameter for multiple 

conductors. 
J2J-2 for two conductors where Z is 

distance between in inches. 
do = Diameter of earth wire 

132kV 
Standard Towers 
220kV 	275kV I kV 80kV 

Variation N 
+10 	-10 

B ft. 24 40 50 57 69 -5.7 •7.3 
J ft 11 15 18.8 21.5 26 +2.1. -2.4 
K ft 3 3 3 3 3 _ . 
D ft 11 15 

H 

18.8 21.5 26 +1.0 .-1.0 
E ft. 11 15 18.8 21.5 26 +0.5 -0.5 
ha ft. 34.5 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 5.5 5.5 5.5 5.5 +3.6 -3.6 
de ins 0.7 0.7 0.7 0.7 0.7 -0.3 +0.3 

'Variation" is the percentage variation in the value given, by 
the current table, for variation of +.10% in the dimensions of the standard 
tower for that voltage. For cases in which several dimensions have been 
varied, the separate variations are 	arithmetically, and the total 
variation applied to the value from the current table. 

DOUBLE CIRCUIT VERTICAL SPACING 
Table IIIB. 

Current in Isolated Conductor (worst case) in Milliamps. per mile 
for Standard Towers. 

132kV 220kV 275kV 315kV 380kV 
Sinvle Conductor 
(other circuit dead) 

2 earth wires 51.7 81.2 99.8 113.2 135.5 
1 earth wire 53.6 83.3 103.3 117.4 140.8 
0 earth win. 56.5 89.2 109.3 123.9 148.0 
2 earth wires transposed- 40.4 60.8 73.7 83.0 98.5 
1 earth wire transnosed 42.3 64.0 77.4 87.2 103.3 
0 earth wire transposed 44.9 67.0 81.5 92.0 109.4 
Effeet of other circuit alive +12.0 _ 	_ +20.5 . +25.0 428.2 + 33.5 

Multiple Conductors 
(other circuit dead) 

2 earth wires 101.3 133.4 151.7 165.0 187.0 
1 earth wire 104.5 139.0 157.8 171.4 194.0 
0 earth wire 109.3 145.6 165.6 130.0 204.0 
2 earth wires transposed 75.5 96.5 108.9 117.9 132:7 
1 earth wire trans -eosed 78.2 100.4 ' 113.6 123.2 139.0 
0 earth wire transposed 81.8 106.0 119.7 129.7 146.8 . 
Effect of other circuit alive + 25.0 ... + 37.5 4- 444 + 50.0 + 58.5 

11111 	Multiply value from this table, corrected for tower variation, 
by length of line in. miles. 

Result should, be.. , < 10,000 for satisfactory operation 
< 15,000 for feasible operation. 

• 



OPEN ciacuIT VOLTAG D7,TWE•N ISO= CONDUCTOR AND MO= IN kV. 
Table .IV. 

.4* 

13', 2kV 	220kV 

Sinr!le Conductor 

. Single Circuit - Flat Spacing 7-11 13-20 14-22 15-24 17-27 
Single Circuit- 	Triangular 

Spacing 9-13 17-21 19-24 21-27 24-31 
Double Circuit 	V 11-16 17-25 20-30 22-34 26-40 

Multiple Conductors 

Single Circuit - Flat Spacing 8-12 13-26 15-28 16-30 18-33 
Single Circuit -.Triangular. 

Spacing 	12-18 20-26 23-29 25-32 28-36 
Double Circuit 	116-23 21-32 24-37 27-42 31-48 

The larger values are associated with no earth wires and no 
transpositiono wcoopt  in tho oao  of triangular paoin 7  wiai-e4-{!,iwao 
larD)r  locle . fer no carth wirco  but with tra*AlpeeeiMon4  


