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A b s t r a c t of Thesis. 

A Non-Linear Resonant Link f o r Power Systems. 

The l i n k i s formed by a capacitor connected i n series 

w i t h a l i n e a r i n d u c t o r and tuned to a state of resonarce f o r 

normal load flow conditions so t h a t the r e s u l t i n g impedance 

and voltage r e g u l a t i o n are n e g l i g i b l y small. 

Under f a u l t c onditions the s t a t e of resonance i s 

destroyed by the s a t u r a t i o n of a rea c t o r i n p a r a l l e l w i t h the 

se r i e s c a p a c i t o r hence the f a u l t throughput current i s severely 

l i m i t e d to a few times f u l l load current. . The l i m i t a t i o n 

o c c u r r i n g i n the f i r s t h a l f c y c l e . 

C e r t a i n sub-harmonic i n s t a b i l i t i e s are i n v e s t i g a t e d w i t h 

a view t o g a i n i n g i n s i g h t i n t o t h e i r cause and to remedy t h i s 

response. A cause of the sub-harmonic response i s put forward and 

a r e l a t i o n s h i p between the sub-harmonic and the 50 Hz ferro-resonant 

response i s suggested. 

An an a l y s i s of the c i r c u i t by two methods i s given and 

d i g i t a l i n t e g r a t i o n of the system equations y i e l d s sub-harmonic 

s o l u t i o n s . 

A double resonance l i n k i s introduced w i t h load flow 

p r o p e r t i e s s i m i l a r to those of a s i n g l e resonance c i r c u i t , but which 

r e l i e s upon the high impedance of p a r a l l e l resonance to l i m i t the 

f a u l t c u r r e n t to a l i t t l e above f u l l load value. I t i s shown th a t 

such a l i n k a c t u a l l y reduces the f a u l t l e v e l of a busbar to which 

other supplies are connected. 

Spectrum an a l y s i s of the current waveforms show t h a t the 

harmonics and sub-harmonics have b a s i c a l l y d i f f e r e n t c i r c u l a t i o n 

paths i n the l i n k . 



I I 

The p o s s i b i l i t y of p r o t e c t i n g the l i n k against i n t e r n a l 

f a u l t s by the a p p l i c a t i o n of standard commercial systems i s 

demonstrated and a complete p r o t e c t i v e scheme i s presented. 

F i n a l l y a discussion of previous papers i s given and a 

summarised l i s t of the s a l i e n t points to emerge from the research. 
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Vg Saturable reactor voltage. 
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The Performance and Behavioui- of a Npn-Linear 

Resonant Link f o r Power Systems. 

I n t r o d u c t i o n ; 

The i n t e r c o n n e c t i o n of large power systems has several 

important advantages over the simple r a d i a l system:^ 

1) Improved s e c u r i t y of supply to consumers and 

undertakings. 

2 ) Plant operation can be rendered more economic. 

3) Reduction i n the amount of standby p l a n t required. 

4 ) Improves the systems s t a b i l i t y . 

.5) Allows the use of l a r g e r , moris e f f i c i e n t generator 

u n i t s . 

There are, however, several disadvantages t h a t a r i s e 

from i n t e r c o n n e c t i o n and one of the more important of these i s 

the s h o r t c i r c u i t problem. 

The e f f e c t s of short c i r c u i t currents are both thermal 

and mechanical, and both increase as the square of the current. 

Thermal e f f e c t s a r i s e from the excessive increase i n 

temperature and may give r i s e to burning of i n s u l a t i o n and 

excessive expansion of conductors leading to mechanical damage 

such as b u c k l i n g at j o i n t s , end boxes and windings; annealing 

of overhead l i n e conductors i s also possible. 

Some r e l i e f can be afforded by tte reduction of f a u l t 

time since the heating e f f e c t i s a f u n c t i o n of the energj' input 

to a system, I^R x time. However, no such r e l i e f can be 

a f f o r d e d i n the case of the mechanical forces which a r i s e from 

electromagnetic a t t r a c t i o n or repulsion of current c a r r y i n g 

conductors and which act i n the f i r s t h a l f cycle and may lead to 
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d i s t o r t i o n and b u c k l i n g of conductors e.g., b u r s t i n g of cables etc. 

I t i s thus evident t h a t excessive f a u l t currents w i t h i n 

a system can lead to extensive damage to otherwise healthy 

equipment. 

As an interconnected system increases i n s i z e , w i t h the 

a d d i t i o n of generation to meet the load growth, the f a u l t l e v e l s 

w i t h i n the system increase and may u l t i m a t e l y exceed the short 

c i r c u i t r a t i n g s of the c o n t r o l l i n g c i r c u i t breakers and a l l i e d 

equipment. Most vulnerable are the c i r c u i t breakers 

c o n t r o l l i n g t a i l - e n d feeders to s t a t i c loads. 

An instance of t h i s r i s e i n f a u l t l e v e l occurred on 

the 275 kV supergrid where the f i r s t c i r c u i t breakers had 

r a t i n g s of 7,500 MVA, which was thought to be adequate. 

Very soon a f t e r the i n i t i a l development of t h i s system 

the f a u l t l e v e l s i n c e r t a i n l o c a l i t i e s v a s t l y exceeded t h i s r a t i n g 

( S t e l l a West 10,000 MVA) and new c i r c u i t breakers of 15,000 MVA 

are now standard. At Longannet, Scotland, where there are 

e i g h t 330 MW machines, 20,000 MVA u n i t s are i n s t a l l e d , w i t h reactors 

i n the 275 kV l i n e s to Kincardine Power S t a t i o n . 

This tendency f o r the short c i r c u i t l e v e l s to r i s e and 

to exceed the r a t i n g s of c i r c u i t breakers i n a system leads to the 

need f o r expensive u p r a t i n g or replacement of c i r c u i t breakers. 

I n an e f f o r t to overcome the short c i r c u i t problem, 

methods have been developed i n the past to c u r t a i l the r i s e i n 

f a u l t l e v e l s . These w e l l known methods include the use of 

c u r r e n t l i m i t i n g reactors and the j u d i c i o u s s e c t i o n i n g of the 

power system a t the busbars. Both these methods have serious 

disadvantages. 
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The use of current l i m i t i n g reactors has had some 

success i n d i s t r i b u t i o n and transmission systems, but i t leads 

to excessive v o l t a g e . r e g u l a t i o n under load transference. Also 

since they increase the t r a n s f e r reactance the s t a b i l i t y margin 

of the system i s reduced. 

The disadvantage of system s e c t i o n i n g i s t h a t i t reduces 

s e c u r i t y and works against the advantages of interconnection. 

Sometimes s e c t i o n i n g i s employed w i t h automatic c l o s i n g of the 

s e c t i o n i n g c i r c u i t breaker i n the case of loss of p l a n t . However, 

such automation has to be paid f o r and could under c e r t a i n 

c o n d i t i o n s lead to f a u l t propagation. 

I d e a l l y what i s required i s an interconnecting l i n k having 

the f o l l o w i n g o p e r a t i o n a l p r o p e r t i e s : -

1 ) Under normal c o n d i t i o n s , having a very low impedance to the 

transmission of load current thus leading to n e g l i g i b l e 

voltage r e g u l a t i o n . 

2) I n the event of a f a u l t w i t h i n e i t h e r of the l i n k e d systems, 

the impedance should increase, so t h a t the f a u l t current 

t r a n s m i t t e d i s e i t h e r n e g l i g i b l e or small. 

Three innovations s a t i s f y these conditions to a good 

degree. These are:-

1 ) The transductor saturable reactor which requires a d.c. 

supply and c o n t r o l equipment. 

2) The high voltage d.c. l i n k . 

3 ) The non-linear or c o n d i t i o n a l l y resonant l i n k . 

The f i r s t two systems are expensive p a r t i c u l a r l y the 

d.c. l i n k , and require elaborate c o n t r o l . 
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This i s not meant to be a condemnation of the high 

voltage d.c. l i n k which i t i s believed has an established place 

i n the f i e l d of power transmission.where i t s p a r t i c u l a r 

p r o p e r t i e s can be used to advantage. 

To some extent the d.c. l i n k s a b i l i t y to block ' 

p o t e n t i a l f a u l t c urrent i s a secondary advantage, although a t 

one time i t was s e r i o u s l y considered as a possible method of 

f a u l t s e c t i o n i n g of the supergrid i n the United Kingdom. 

I t was never put i n t o e f f e c t because of costs and s e c u r i t y 

considerations. 

The t h i r d system iS' the one studied i n t h i s work. 

I t has the advantage of being cheaper than the f i r s t two systems 

and of being automatic without the necessity f o r elaborate c o n t r o l 

equipment. 

However, as w i l l be discussed l a t e r , the non-linear 

resonant l i n k has c e r t a i n ferro-resonant and sub-harmonic 

responses which i f not arrested would s e r i o u s l y jeopardise i t s 

usefulT j^ess as a current l i m i t i n g device. 

The object of t h i s work i s , t h e r e f o r e , to study the 

performance and l i m i t a t i o n s o f t h i s system as a f a u l t current 

l i m i t i n g l i n k f o r power systems. 



The Resonant Link. 

1,0 I f the i n d u c t i v e reactance of the l i n k i s cancelled 

by the c a p a c i t i v e reactance of a series capacitor a resonant 

c o n d i t i o n a r i s e s whereby the link.becomes purely r e s i s t i v e , which 

re s i s t a n c e could be of a very low order. This i s the u l t i m a t e 

of the series capacitor which .is used occasionally i n long 

transmission l i n e s and which compensates f o r only p a r t of the 

c i r c u i t i n d u c t i v e reactance and i s thus not i n resonance. 

Under normal conditions the resonant l i n k should be i d e a l 

f o r the t r a n s f e r of power, because the r e s u l t i n g r e g u l a t i o n , 

dependent only on the r e s i s t a n c e , could be exceedingly small. 

Two busbars l i n k e d by such a system would be v i r t u a l l y s o l i d l y 

coupled f o r the flow of power. 

However, under f a u l t conditions the through-put f a u l t 

c u r r e n t would be very large and the corresponding capacitor 

voltage would be enormous. 

The capacitor must thus be protected against these 

over-voltages and t h i s could be achieved by arranging t h a t the 

resonance s t a t e be destroyed under short c i r c u i t c onditions. 

This i n t u r n would l i m i t the short c i r c u i t current which i s the 

prime object of the l i n k . The best way to achieve t h i s would 

be t o short c i r c u i t the capacitor when the voltage across i t 

reached a predetermined value. 

This could be achieved by the arrangements shown i n 

f i g . 1 c and d. C i r c u i t "c" operates by short c i r c u i t i n g the 

capacitor by flashover of the spark gap luider f a u l t c o n d i t i o n s . 
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The gap current could then be used to close a p a r a l l e l c i r c u i t 

breaker thus e x t i n g u i s h i n g the arc. 

The advantages of t h i s system over t h a t of d i s i t s 

. simple operation and the complete absence of unstable response. 

However, i t has the f o l l o w i n g disadvantages:-

1) A c i r c u i t breaker i s required w i t h a l l i t s r a m i f i c a t i o n s of 

cost and maintenance. 

2) Control c i r c u i t s are needed to close the c i r c u i t breaker and 

also to open i t a f t e r the f a u l t has cleared. 

3) I t i s not r e a l l y s u i t a b l e f o r low voltage systems and systems 

over 33 kVbecause of d i f f i c u l t i e s i n designing a s u i t a b l e 

spark gap t h a t would completely p r o t e c t the capacitor. 

4 ) A f t e r operation d i f f i c u l t y may be encountered during recovery 

i f the voltage vectors a t each end of the l i n k were widely 

displaced i n phase. 

The a l t e r n a t i v e proposed system, shown i n f i g . I d i s the 

system studied i n t h i s work. I t has the advantage of being 

completely automatic and s e l f recovering without the need f o r 

a u x i l i a r y parts and i s cheaper than scheme (c) a t Grid voltages 

and maintenance would be minimal. 

I n Scheme ( d ) j S , i s a saturable non-linear reactor which 

l i m i t s the voltage r i s e across the capacitor C and destroys the 

resonant s t a t e under e x t e r n a l f a u l t c o n d i t i o n s . Under normal 

cond i t i o n s S, w i l l present a very high magnetising impedance 

across C and w i l l thus not e f f e c t the resonant co n d i t i o n 

i f jc^y} X c . 
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I 

Reactive Power Flow 
from A - B. 

Reactive Power Flow 
from B - A 

a) B a s i c resonant l i n k between two bus bars A and B. This 
i s u n s a t i s f a c t o r y because an i n t e r n a l f a u l t could lead to 
excessive voltages i n system A and under load flow conditions 
the voltages a t point C could be high 

I 
\ 
i A 

\ 
B 

Reactive Power flow 
from A - B. 

Reactive Power Flow 
from B - A. 

b) Improved arrangement leading to a better i n t e r n a l voltage 
d i s t r i b u t i o n 

Pig. 1 
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C i r c u i t Breaker. 
Normally open. 

Close A Relay 

Spark Gap 

L 

B 

c) Resonant l i n k designed to short c i r c u i t the capacitor under 
f a u l t conditions, see r e f . l 2 E. Friedlander. 

Saturable 
Reactor Deunping 

Res i s t o r 

L 

d) A l t e r n a t i v e proposed method of l i m i t i n g the voltage across 
the capacitor and hence destroying the resonance state 
under f a u l t conditions. 

F i g . 1. 
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1.1 Design of the Model and P r a c t i c a l Considerations. 

Complete d e t a i l s of the saturable r e a c t o r , i n c l u d i n g 

magnetic c i r c u i t p r o p e r t i e s are given i n appendix I . 

I n b r i e f , the r e a c t o r was b u i l t w i t h several d i f f e r e n t 

windings ranging from 1 0 to 100 turns to give a great deal of 

f l e x i b i l i t y i n operation. I t was so designed t h a t a winding 

of 250 turns lead to s a t u r a t i o n when the voltage a p p l i e d . j u s t 

exceeded 44 v o l t s R.M.S. H.CiR. square loop a l l o y was used 

f o r the core m a t e r i a l since t h i s gave a b e t t e r switch a c t i o n than 

s t a l l o y on s a t u r a t i o n . Furthermore, the i n i t i a l t e s t s showed 

t h a t although both s t a l l o y * and H.C.R, a l l o y cored c o i l s gave r i s e 

to sub-harmonics, these were more l i k e l y to a r i s e w i t h the l a t t e r 

m a t e r i a l , and i t was f e l t t h a t t h i s was a phenomena worth 

i n v e s t i g a t i n g w i t h a view to f i n d i n g methods to. quench t h i s 

response. 

The d i f f e r e n c e between the two core materials w i t h 

regard to sub-harmonic response i s believed to l i e i n the amount 

of core loss e x h i b i t e d . ' S t a l l o y being the more lossy material 

i s less susceptible- to sustained sub-harmonic response. 

For t h i s reason and f o r reasons of cost the core of a 

s a t u r a t i n g r e a c t o r i n a r e a l l i n k would probably be of s t a l l o y or 

of s t a l l o y - s q u a r e loop m a t e r i a l composite r a t h e r than of a l l 

square loop m a t e r i a l . However, i t must be stressed t h a t the 

performance of a s t a l l o y cored reactor would be much i n f e r i o r to 

t h a t of a reactor with a core of square loop m a t e r i a l and some 

b e n e f i t of the resonant l i n k would be s a c r i f i c e d w i t h the former. 

This nevertheless may be economically acceptable. 

* The name s t a l l o y i n t h i s t e x t means hot r o l l e d s i l i c o n s t e e l 
or cold r o l l e d g r a i n o r i e n t a t e d s i l i c o n s t e e l . 
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1.2 Sc a l i n g . 

The model was designed per phase on the basis'that 
132 

100 v o l t s was equivalent to y— kV and t h a t 1 ampere was 
// 3 

equivalent to 438 amps g i v i n g a t o t a l 3 phase load of 100 MVA. 

Hence the impedance scale f o l l o w s : -

The l i n e a r inductor was set at a nominal cJ L = 20 ohms 

a t 50 Hz, and the main resonating c a p a c i t o r . t o a nominal 160 ̂  P. 

Resonance being obtained by s e t t i n g the capacitor value and 

a d j u s t i n g the l i n e a r i n d u c t o r core. 

Impedance s c a l i n g : -
Model Grid system. 

^ = 100 ohms ^ ,= 173 ohms 

For the l i n e a r r e a c t i v e components. 

20ohnsis equivalent to 35 ohms a t 132 kV. 

so the main reac t o r would be 

and r a t i n g 

3 X 438 X 35 X 10~ = 20 MVA 

Main capacitor C 

- 91 P 
2 7^ 50 X 35 ^ 
and' r a t i n g = 20 MVA. 

These being p r a c t i c a l l y and economically reasonable values. 
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I n i t i a l Observations of Behaviour and Response 
of the Resonant Link. 

2,0 Resonant Link feeding an i s o l a t e d load. 

With the f o l l o w i n g arrangement a f u l l load current 

of 1 ampere gave a completely s i n u s o i d a l response and the 

volt a g e r e g u l a t i o n was n e g l i g i b l e w i t h an i n d u c t i v e load. 

A s i m i l a r r e s i s t i v e load gave a 3 v o l t , i . e . , 5^ r e g u l a t i o n 

although t h i s , being dependent s o l e l y upon the main l i n e a r 

r e a c t o r r e s i s t a n c e , could be c l e a r l y reduced i n p r a c t i c e . 

Under short c i r c u i t conditions the f a u l t throughput, 

was l i m i t e d . t o 3.65 amperes equivalent to 365 MVA. 

This contrasted w i t h the prospective f a u l t throughput 

of 30 amps equivalent t o 3000 MVA. 

I t i s cle a r from t h i s t h a t the fault. t h r o u g h p u t i s 

l a r g e l y l i m i t e d by the l i n e a r r e a c t o r and i s not much e f f e c t e d 

by the p o t e n t i a l f a u l t l e v e l of a large source. This i s an 

important p r a c t i c a l aspect because i t means that the throughput 

f a u l t c u r r e n t can be c o n t r o l l e d . 

I n the foregoing case the throughput current was i n 

f a c t r a t h e r less than would be expected from the l i n e a r reactor 

l i m i t a t i o n . I n f a c t the f a u l t impedance of the l i n k i s composed 

of the l i n e a r r e a c t o r impedance plus the r e s i d u a l impedance of 

the c a p a c i t o r , saturable r e a c t o r p a r a l l e l combina:tion. 

This r e s i d u a l impedance i s non-linear being voltage 

or c u r r e n t dependent as the case may be. The o v e r a l l l i n k 

impedance i s shown i n f i g . 2 (a and b) as a f u n c t i o n of applied 

voltage and curr e n t f o i - the short c i r c u i t c o n d i t i o n . 
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At t h i s j u n c t u r e i t i s worth d e f i n i n g what i s meant 
by impedance since the recordings of the wave forms of current 
and voltage under short c i r c u i t show that many are complex and 
may be f a r removed from a p l a i n sinusoid. 

I n work, of t h i s nature where many of the waves of 

voltage and cur r e n t are complex great care must be taken i n 

deciding.what instrument readings mean and what useful 

i n t e r p r e t a t i o n can be attached to say, a current. This f u r t h e r 

poses the question of the meaning of impedance derived from 

non-sinusoidal voltage and cu r r e n t . A l l t h a t can be done i n 

these cases i s t o approach the problem from a p r a c t i c a l aspect • 

by asking what f a c t o r s of the voltage and current are important. 

I n t h i s respect the impedance derived say^ from the fundamental 

components of a very non-sinusoidal current and voltage may 

be q u i t e useless and as p r a c t i c a l l y i r r e l e v a n t as say the 

r a t i o of readings taken on r e c t i f y i n g instruments c a l i b r a t e d 

f o r s i n u s o i d a l q u a n t i t i e s . I n t h i s work two aspects of 

voltage and current have been deemed of p r a c t i c a l impoi-tance:-

1) Peak values since these determine s t r e s s i n g and magnetic 

forc e s . 

2) R.M.S. values since these determine heating e f f e c t s and 

are thus d i r e c t l y r e l e v a n t to the r a t i n g of equipment. 

Thus unless otherwise stated a l l currents recorded 

i n tables and used i n graphs are R.M.S.- q u a n t i t i e s as measured 

.by p r e c i s i o n moving i r o n or dynamometer instruments. 

Furthermore the impedance e x h i b i t e d between complex voltages 

and currents i s defined as the r a t i o of the R.M.S. voltage. 
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t o the R.M.S. cu r r e n t . Plots of impedance thus defined and 
shown i n Fig.2 may have use i n a n a l y t i c a l studies of networks 
c o n t a i n i n g resonant l i n k s p a r t i c u l a r l y since i n t h i s case the 
departure of the. current from a sinusoid was not great. 

2.1 Ferro-resonance. 

This i s a phenomenon th a t can occur i n any c i r c u i t 

c o n t a i n i n g non-linear reactors and capacitors. I f the applied 

voltage i s large enough to d r i v e the- reactor towards s a t u r a t i o n 

i t s inductance f a l l s and f i n a l l y may.resonate w i t h the 

capacitance of the c i r c u i t . This r e s u l t s i n the persistence 

o f large spikes of current occurring at fundamental frequency. 

The onset of ferro-resonance i n a c i r c u i t , i s 

characterised by a sudden increase i n the current f l o w i n g i n 

. the c i r c u i t o f t e n described as jump phenomena i n the l i t e r a t u r e . 

Once the c o n d i t i o n has been s t a r t e d i n a c i r c u i t i t 

u s u a l l y p e r s i s t s even when the voltage has been reduced below 

t h a t required f o r i t s i n i t i a t i o n . F i n a l l y a t some lower 

vo'ltage the current suddenly f a l l s as the s t a t e of f e r r o -

resonance i s extinguished. See Fig.7. 

I n the i n i t i a l short c i r c u i t studies i t was found that 

the c i r c u i t was unstable, i n t h a t , when the f a u l t was removed a 

ferrb-resonant current persisted i n the capacitor saturable 

r e a c t o r loop and gave r i s e to excessive r e g u l a t i o n . 

This f a i l u r e of the c i r c u i t t o recover was cured by 

the simple device of i n s e r t i n g a resistance i n series w i t h the 

saturable r e a c t o r . This r e s i s t o r labelled. R on the diagrams 

turned out to be a very important component of the c i r c u i t and 
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moreover had no e f f e c t on the normal resonant c o n d i t i o n . 

An important aspect of the short c i r c u i t behaviour 

of the c i r c u i t was t h a t the through-put current showed very 

l i t t l e d i s t o r t i o n w h i l s t the i n t e r n a l loop current and voltages 

were very non-sinusoidal. See f i g . 38., Appendix I I . 

2.2 Sub-harmonics. 

About the time of the i n i t i a l i n v e s t i g a t i o n s i t was 

n o t i c e d t h a t c e r t a i n c a p a c i t i v e loads gave r i s e to a pecu l i a r 

response d i f f e r e n t from the ferro-resonant c o n d i t i o n mentioned 

above. This response was characterised by sub-harmonic 

frequencies appearing i n current and voltage wave forms and 

causing considerable d i s t o r t i o n at the load terminals. 

Adjustment of the r e s i s t o r R had ho e f f e c t upon t h i s 

response unless i t s value was made very large which i n t u r n would 

lead to large throughput currents see f i g . 3 , p l o t of throughput 

cu r r e n t against R. 

The f a s c i n a t i o n of t h i s p e c u l i a r response u l t i m a t e l y 

l e d to i t s study forming a major part of t h i s work. I n any 

case i t was c l e a r t h a t some method had to be found to quench 

the sub-harmonics because such a response would be q u i t e 

unacceptable on a power system. 

2.3 The s i g n i f i c a n c e of the r e s i s t o r R. 

A programme of t e s t s was embarked upon to demonstrate 

t h a t the l i n k would perform s a t i s f a c t o r i l y under a v a r i e t y of 

cond i t i o n s l i k e l y to be encountered i n a power system. • But 

f i r s t i t was necessary, having tested the l i n k , to set the value 

of the resistance R. 
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I t was mentioned e a r l i e r t h a t R was necessary to 
quench the ferro-resonant response subsequent to a f a u l t . 
This led' t o the necessity f o r a minimum value of R = 1.5 ohms 
being the value necessary f o r an i n d u c t i v e load. Resistive 
and c a p a c i t i v e loads required smaller values of resistance. 

I t was found t h a t the value of R corresponding to 

minimum throughput current see f i g . 3 , was approximately 2.0 ohms 

and t h i s seemed a des i r a b l e value g i v i n g a small f a c t o r of 

sa f e t y over the bare minimum. 

I n a d d i t i o n i t was f e l t necessary to l i m i t 'the 

volta.ge r i s e across the capacitor under f a u l t conditions to 

two or three' times the f u l l load value and to about S(jfo of the 

system voltage. The value of capacitor voltage increased 

continuously w i t h R, f i g . 4 . 

At t h i s p o i n t recovery of the c i r c u i t was observed 

f o l l o w i n g an i n d u c t i v e overload. 

I f the load on the c i r c u i t was increased the c i r c u i t 

e v e n t u a l l y l i m i t e d a t a value of load determined by the s a t u r a t i o n 

voltage of the r e a c t o r , i n t h i s case j u s t over 2 amperes, i . e . , 

twice f u l l load c u r r e n t . Further increase i n overload current 

was l i m i t e d between 2 amps, and the short c i r c u i t l i m i t of 

3.65 amps. 

When the load was subsequently reduced the saturable 

r e a c t o r - c a p a c i t o r loop current persisted u n t i l the main load 

c u r r e n t had f a l l e n to a value below the l i m i t i n g value of 2 amps. 

There was thus found to be a curr e n t margin between 

"pick-up" and "drop-off" of the saturable r e a c t o r current. 
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I t was found t h a t t h i s margin was reduced by increasing 

. R. The dro p - o f f value approaching the pick-up value, and the 

margin being v i r t u a l l y zero f o r a value of R = 9 ohms. 

Here there was a c o n f l i c t . I t was clear that i f 

the l i n k was to operate e f f e c t i v e l y i t must have an overload 

capacity which i s the drop-off load. To achieve an overload 

capacity R must be increased, yet increasing R increases the 

capacitor voltage on short c i r c u i t and tends to increase the 

throughput c u r r e n t . 

Some value of R to- compromise the two conditions must 

be a r r i v e d a t . The value decided upon was 2.6 ohnsgiving a safe 

overload capacity of 30?̂  ( d r o p - o f f a t 50?̂  overload). . The 

corresponding capacitor voltage u n d e r . f a u l t conditions was found 

to be 64 v o l t s R.M.S. i..e., 64^ of system voltage and approximately 

3 times f u l l load voltage which was thought to be acceptable. 

I t was thus seen t h a t the value of R that must be 

chosen f o r a l i n k does not depend upon the ferro-resonant 

c o n d i t i o n which i t is' i t s prime f u n c t i o n to quench, but upon 

the overload capacity of the l i n k i n c o n f l i c t w i t h the maximum 

voltage s p e c i f i c a t i o n f o r the capacitor. This i s so since the 

value of resistance determined by the overload requirement must, 

l o g i c a l l y , be always greater than the minimum value of R to 

quench ferro-resonance. 

2.4 A u x i l i a r y Resistance ' r ' . 

About the time t h a t these i n v e s t i g a t i o n s were being 

c a r r i e d out i t was- becoming cl e a r t h a t something had to be 

done about the generation of sub-harmonics which were g i v i n g 
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t r o u b l e w i t h c e r t a i n c a p a c i t i v e loads. 

Attempts to c o n t r o l and quench t h i s response by 

adjustment of the r e s i s t o r R f a i l e d , but i t was found t h a t very 

l a r g e values of R, above 150 ohms, d i d show some influence over 

•the sub-harmonics. The use of such a large value of R was 

c l e a r l y out of the question since the c i r c u i t l i m i t i n g e f f e c t 

f o r s h o r t c i r c u i t s was v i r t u a l l y destroyed. 

I t was found subsequently that a r e s i s t o r , ' r ' , 

connected to a secondary winding on the saturable reactor (5O turns) 

was completely e f f e c t i v e i n destroying the sub-harmonic response 

of the system, f i g . 5 . I n e f f e c t t h i s was l i k e having a large 

value of R i n the sub-harmonic mode by r e f l e c t i o n . The saturable 

r e a c t o r now behaving as an ordinary transformer. Under f a u l t 

c o n d i t i o n s the saturable r e a c t o r core saturated and the r e f l e c t e d 

r e s i s t a n c e dropped considerably thus the l i m i t i n g e f f e c t of the 

c i r c u i t was maintained. 

Under normal operation r i s r e f l e c t e d i n t o the primary 
2 

c i r c u i t as 6 ^^"^^ j = 15.0 ohnB which was found to be s u f f i c i e n t 

to quench the sub-harmonic response. 

Under f a u l t conditions the t o t a l resistance i n the 

loop was measured as 6.1 ohms, i n d i c a t i n g a r e f l e c t e d resistance 

of .6.1 - 2.6 - 0.36 = 3.14 ohms. 

The e f f e c t of the resistance ' r ' under f a u l t conditions 

was to increase the f a u l t throughput current s l i g h t l y from 

3.65 amps to 3.7 amps and to increase the capacitor voltage 

from 64 v o l t s to 65 v o l t s which was thought to be a small 

s a c r i f i c e i n performance f o r such an important s t a b i l i s i n g e f f e c t . 
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The discussion of the secondary resistance'r'should 
p r o p e r l y be l e f t u n t i l the se c t i o n dealing w i t h sub-harmonics 
i n d e t a i l . However, i t s i n t r o d u c t i o n here i s necessary because 
i t s b e n e f i c i a l e f f e c t was discovered q u i t e e a r l y i n the 
i n v e s t i g a t i o n , a n d . i t was thus used i n some of.the load t e s t 
i n v e s t i g a t i o n s . 

As was expected the e f f e c t of'r'was to increase the 

c i r c u i t loss under normal load conditions because i t represented 

a small transformer fed a u x i l i a r y load. 

A u x i l i a r y Damping Resistor. 

50 turns 

S R 

Connection of A u x i l i a r y Damping Resistor ' r ' to quench the 

sub-harmonic response. 

Fig.5. 
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Load Flow and Fault Studies. ' 
3.0 Measurement of Link impedance as a f u n c t i o n of applied voltage 

or throughput c u r r e n t . 

The l i n k was short c i r c u i t e d and the applied voltage 

was increased to beyond the l i m i t i n g value and then returned 

to zero. No drop- o f f margin was observed. 

The impedance defined' as the r a t i o of R.M.S. voltage 

t o R.M.S. current i s shown i n f i g . 2 (a, b ) . 

The j u s t i f i c a t i o n of using R.M.S. values has been 

discussed p r e v i o u s l y and since the d i s t o r t i o n of the throughput 

c u r r e n t waveform i s never very g r e a t , see recordings Appendix I I , 

t he curves of f i g . 2 should have a u s e f u l v a l i d i t y when applied 

to load flow studies i n v o l v i n g resonant l i n k s . This i s borne 

out when the load t r a n s f e r data i s considered. The behaviour 

a t l e a s t of the i n f i n i t e busbar case being consistent w i t h the 

curves of f i g . 2 . 

The curves of f i g . 2 s t a r t at approximately 3 ohms, 

the r e s i d u a l resistance of the resonant l i n k . This minimum 

resi s t a n c e was c h a r a c t e r i s t i c of the reactors used, but i n a 

r e a l system the s e r i e s resistance could be exceedingly small. 

At l i m i t a t i o n the impedance/current curve i s seen 

to double back, g i v i n g r i s e t o a non-]inear region where f o r 

a given c u r r e n t , the' impedance may have one of two values. 

This shows t h a t a t l i m i t a t i o n the impedance does not suddenly 

become the value of the series l i n e a r r e a c t o r . I n f a c t the 

load f l o w studies i n d i c a t e t h a t the l i n k impedance i n i t i a l l y 

' remains s u b s t a n t i a l l y r e s i s t i v e . 
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The negative ,impedance/current c h a r a c t e r i s t i c gives 

r i s e to the drop i n current a f t e r l i m i t a t i o n i n the load flow 

studies and i t is i n t h i s region t h a t the drop-off margin occurs 

i n cases where a d d i t i o n a l series impedance exter n a l to the l i n k 

e x i s t s , i.e.-, i n the case of loads. 

As the applied voltage i s increased the impedance 

increases reaching a maximum and then decreasing tending to 27 ohms, 

the saturable r e a c t o r / c a p a c i t o r loop e f f e c t i v e l y adds ToiEsto the 

t o t a l s e ries impedance. 

3.1 Load Flows, 

The load f l o w studies were of two. kinds; s i n g l e fed 

and double fed systems (interconnected systems). The si n g l e 

end f e d systems feeding i n d u c t i v e and r e s i s t i v e loads were f u l l y 

' i n v e s t i g a t e d and found to be s a t i s f a c t o r y i n a l l aspects of 

performance. See Appendix I I . With increasing loads the 

. c i r c u i t s l i m i t e d a t 2.2 amps representing a 120^ overload. 

Further increase i n load up to short c i r c u i t caused 

the throughput current t o increase to 3.65 amps. 

A f t e r l i m i t i n g the c i r c u i t recovered at 150^ f u l l 

load f o r the i n d u c t i v e case and 190?^ f u l l load f o r the r e s i s t i v e 

case. 

As stated before,values of recovery load are 

determined by the r e s i s t o r R, and the l i m i t i n g current and the 

f i n a l f a u l t current are determined j o i n t l y hy the l i n e a r 

components and by the s a t u r a t i o n l e v e l of the saturable r e a c t o r , ' 

Capacitive loads were also applied w i t h the r e s i s t o r r 

connected to suppress sub-harmonics.. 
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I Again the c i r c u i t l i m i t e d a t 2.2 amps and the drop-off 

occurred a t 2.0 amps. 

Increasing the ca p a c i t i v e load i n d e f i n i t e l y caused 

the throughput current to increase beyond the normal l i m i t i n g 

value t o 9.7 amps w i t h C = 145 y i / F. 

This must represent the load capacitance resonating 

w i t h the t o t a l i n d u c t i v e reactance of the c i r c u i t and source. 

Beyond 145yOt ^ the throughput current dropped to 4.2 amps at 

2 0 0 ^ F and beyond t h i s towards the short c i r c u i t value. 

This c a p a c i t i v e case was i n t e r e s t i n g , but one hardly 

l i k e l y to a r i s e i n p r a c t i c e , since i t amounted to a load of 

4.5 per u n i t . 

I n t h i s case the current must have been l i m i t e d by 

the t o t a l r e s i d u a l series resistance of the c i r c u i t . 

3.2 F a u l t Performance. 

The f a u l t performance of the l i n k was tested under • 

various load c o n d i t i o n s . 

The responses of the l i n k were recorded and are given 

. i n d e t a i l i n Appendix I I . U.'V. recordings. 

Faults were thrown on an i n i t i a l l y loaded l i n k and 

subsequently cleared. 

3.3 I n d u c t i v e Loa.d.with Short C i r c u i t . 

The i n i t i a l current inrush transient' and asymmetry 

observed were of a low order and short l i v e d , approximately one 

cycl e . 

For the d u r a t i o n of the f a u l t the current was l i m i t e d 

normally to the value of 3-7 amps RMS and was seen to have l i t t l e 

d i s t o r t i o n . 
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Current i n the saturable r e a c t o r - c a p a c i t o r loop 

showed large complementary spikes and could be explained simply 

by the s w i t c h i n g a c t i o n of the saturable r e a c t o r discharging the 

capacitor a t s a t u r a t i o n . The f l u x wave of the saturable 

r e a c t o r , i n i t i a l l y s i n u s o i d a l , showed an approximately square form. 

Recovery of the l i n k upon clearance of the f a u l t was rapid and 

•uneventful except f o r an odd spike or two of saturable r e a c t o r 

c u r r e n t caused by the collapse of the ferro-resonant s t a t e and 

the r e d i s t r i b u t i o n of energy w i t h i n the recovering c i r c u i t . 

Recovery was complete i n the space of one to two 

cycles provided the i n i t i a l load had been below the drop-off 

overload of the l i n k . 

3.4 R e s i s t i v e Load w i t h Short C i r c u i t . 

The e f f e c t of f a u l t throwing on the l i n k c a r r y i n g 

i n i t i a l l y a r e s i s t i v e load was found.to be s u b s t a n t i a l l y the 

same as f o r the' i n d u c t i v e case, and the time of recovery was 

r a p i d . 

3.5. Capacitive Loads w i t h Short C i r c u i t . 

During the f a u l t pei-iod the c i r c u i t behaved as i n 

the f i r s t two cases. Hovjever, the recovery behaviour was 

dependent upon three f a c t o r s . 

. \ l ) I f the c i r c u i t load corresponded to a value of 

capacitance outside the range of sub-harmonic response f o r the 

value of' applied voltage the recovery was complete a f t e r several 

cycles of j i t t e r y response. The length of the i r r e g u l a r 

response and hence the recovery time could be quite long i f the 

load happened to be close to a range of sub-harmonic responses.-
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The recovery w h i l s t i t lasted showed sub-harmonics of 
unrecognisable frequencies. 

F i n a l l y , normal load flow conditions would be restored 

q u i t e suddenly a f t e r the period of i r r e g u l a r i t y . 

2) I f the c i r c u i t load corresponded to a value of 

capacitance w i t h i n the range of sub-harmonic response f o r the 

value of applied voltage, the c i r c u i t u s u a l l y , but not always, 

f a i l e d to recover and went i n t o sustained sub-harmonic o s c i l l a t i o n 

a f t e r the removal of the f a u l t . About once every ten times the 

c i r c u i t recovered to normal operation, but never recovered once 

the sub-harmonic response had been established. 

The odd cases where the c i r c u i t recovered probably 

correspond to recovery s t a r t i n g a t or near a voltage peak or 

c u r r e n t zero whence the c i r c u i t could continue operating on the 

normal low c u r r e n t c h a r a c t e r i s t i c . That i s to say, so long as 

the c u r r e n t had to pass through the sub-harmonic zone then, i n 

t h i s case, a sub-harmonic response must i n e v i t a b l y occur. 

3) I f resistance r was connected to the saturable 

r e a c t o r secondary and the t e s t s of l ) and.2) were repeated, i n 

both cases recovery occurred w i t h i n a few cycles, but w i t h i n 

t h i s s h o r t time the response was j i t t e r y . The time of recovery 

was, however, not excessive and was considered to be s a t i s f a c t o r y . 

At no time d u r i n g many switching operations d i d the c i r c u i t f a i l 

to recover. 
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3.6 S t a b i l i t y . 

C ertain t r a n s i e n t studies i n v o l v i n g switching 

operations were performed a t t h i s stage to .test the l i n k s 

s t a b i l i t y . 

The t e s t s were intended to represent conditions, other 

than normal load f l o w , t h a t the l i n k might be faced with i n a 

r e a l system, 

1) ' 1 amp i n d u c t i v e load switched on and then o f f . 

Transient conditions were s l i g h t and normal load flow was 

established w i t h i n approximately two cycles. The switch 

o f f performance was uneventful and collapse of the'system 

was r a p i d i n v o l v i n g a s i n g l e pulse of discha.rge current i n 

the'capacitor saturable r e a c t o r loop. 

2) Energising a dead c i r c u i t w i t h a f a u l t . Here l i m i t a t i o n 

of the f a u l t c urrent and the establishment of normal 

sustained f a u l t conditions was r a p i d . Assymmetry and 

t r a n s i e n t e f f e c t s being minimal and confined to the f i r s t 

c y c l e . 

I n a l l of the foregoing t e s t s no attempt was made to 

c o n t r o l the p o i n t on wave of the incidence of the f a u l t , yet 

i n a l l the t e s t s where a v a r i e t y of i n i t i a t i o n angles obtained, 

the t r a n s i e n t and asymmetry i n current and voltage waves were 

seen t o be minimal and of very short d u r a t i o n . 

5,7 Double Fed or Interconnected Systems. 

Detailed r e s u l t s are given i n Appendix I I . 
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The t r a n s f e r of load across the link_between two 
bus bars_br systems ,_A_and_B, where_ B_ i s _an i n f i n i t e bus bar. 

The transference of load from A to B, under the 

in f l u e n c e of an increased voltage a t A, occurred at a high power 

f a c t o r which was to be expected from the point of view of 

regarding the resonant l i n k as being a purely r e s i s t i v e coupling. 

What was unexpected was the very high power f a c t o r 

maintained j u s t a f t e r l i m i t a t i o n . Although t h i s u l t i m a t e l y 

d e t e r i o r a t e d , the.power f a c t o r near l i m i t a t i o n and drop-off 

was high i n d i c a t i n g t h a t the t r a n s f e r impedance i h these 

regions was l a r g e l y r e s i s t i v e . . This would go a long way 

to e x p l a i n i n g the tendency to i n s t a b i l i t y when connected to a 

si n g l e synchronous machine. 

This would contrast markedly w i t h a switched resonant 

l i n k where the impedance a t l i m i t a t i o n would suddenly become 

h i g h l y i n d u c t i v e . 

L i m i t a t i o n occurred a t a through current of 2̂ .24 amps, 

an overload of 124?^, but immediately upon l i m i t a t i o n the current 

decreased and continued to do so u n t i l a minimum of 1.62 amps 

was reached. Further increase i n voltage caused an increase 

i n c u r r e n t and a d e t e r i o r a t i o n of power f a c t o r . 

This behaviour i s e n t i r e l y consistent w i t h "the impedance 

c h a r a c t e r i s t i c of the l i n k and could have been predicted from the 

impedance/voltage or current c h a r a c t e r i s t i c s . 

Very l i t t l e measureable drop o f f margin' was observed, 

the c i r c u i t recovered along the loading curve a t 2.1 amps at an 

applied voltage of 107 v o l t s . I t i s believed t h a t f o r a t r u l y 
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i n f i n i t e bus bar system the d r o p - o f f margin would be zero as 
i n the case of the short c i r c u i t e d l i n k . 

The t r a n s f e r of load between two bus bars or systems 

• ̂  S'̂^ a n _ i n f i n i t e bus bar. 

I n t h i s case the impedance behind bus bar B was made 

a r b i t r a r i l y equal to 1.7 + j 5 . 8 ^ and the load t e s t s were 

repeated w i t h s a t i s f a c t o r y r e s u l t s . 

The load transference took place at much lower 

power f a c t o r s than those t h a t obtained when end B was an i n f i n i t e 

bus. bar. 

At l i m i t a t i o n the power f a c t o r suddenly increased as 

the l i n k impedance predominated and the r e g u l a t i o n a t the B 

end increased markedly. 

As the voltage at end A was subsequently reduced a 

dr o p - o f f margin was seen to e x i s t as f c l l o w s : -

At l i m i t a t i o n - 115 v o l t s , throughput current I = 2.3 amps. 

At d r o p - o f f = 112 v o l t s , throughput cu r r e n t I = 1.75 amps. 

3.8 P a r a l l e l Operation of a Resonant Link and a Conventional Supply. 

Load sharing w i t h t h i s combination was shown to be 

f e a s i b l e , t e s t s being c a r r i e d out a t u n i t y power f a c t o r and at 

low l e a d i n g and la g g i n g power f a c t o r s . 

An operating chart i s sliown i n f i g . 6 , where the 

conventional supply i s l a r g e l y i n d u c t i v e having an impedance 

angle of 73.7° and the resonant l i n k i s r e s i s t i v e w i t h an 

impedance angle of zero. The agreement between t h i s chart 

and the measured r e s u l t s i s good. An i n d i c a t i o n of t h i s can 



1 i"'̂ "j-+'NiT"CN;:r:Cq':Tf̂ ": 
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be seen' by considering the lagging load, p o i n t (2) on the chart, 
f i g . 6 as f o l l o w s : -

Measured Chart 

Link Power P^ I40 watts export 136 watts export 

Link Power Factor' 0.67 l a g export O.65 lag export 

Conventional supply 
Power Pg 60 watts import 63.5 watts import 

Conventional supply 
.Power Factor 0.54 lead import 0.52 lead import 

power to the load = 140 - 60 = 80 watts, measured. 

and losses = l i n k loss + conventional supply loss 

• = 2^ X 3.5_n. + 1.3^ xl.7.o_ 
= 14 + 3 = 17 watts 

Nett power to the load .= 80 - 17 = 63 watts from r e s u l t s 

c u r r e n t i n the load 2.8 amps. 
2 

th e r e f o r e load power = 2.8 x 7jrL = 55 watts. 

I t i s c l e a r , however, that the sharing of theload 

l a r g e l y depends upon the l i n k resistance having a comparable 

value to t h a t of the conventional supply impedance, otherwise 

the l i n k would tend to take a l l of the load. 

I n a r e a l l i n k steps would be taken to minimise the 

l i n k s r e s i s t a n c e , so because of t h i s , and the large t r a n s f e r of 

power between the l i n k and the conventional supply, i t i s f e l t that 

where t h i s combination may occur i n p r a c t i c e some detuning of the 

l i n k would be desirable to equalise the load sharing. 

3.9 E f f e c t of Detuning. 

These t e s t s were done to record the performance of the 

l i n k i n i t s detuned s t a t e , the reason being t h a t i n the case of a 

l i n k sharing load w i t h a conventional supply some b e n e f i t may be 
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obtained by modifying the l i n k s c h a r a c t e r i s t i c to influence the 

load f l o w . 

I n the,case of an i n d u c t i v e load i t can be seen from the 

r e s u l t s t h a t detuning the l i n k so that i t became inductive had 

the e f f e c t of stopping the large power t r a n s f e r between the two 

sources; each now operating a t a low lagging power f a c t o r . 

Detuning so th a t the l i n k became capacitive made the povjer 

transference l a r g e r and hence worse. . 

I t i s seen, t h e r e f o r e , that some c o n t r o l through detuning 

i s possible and i n the case of a p a r a l l e l combination of resonant 

l i n k and conventional supply, desii-able, although extensive 

detuning i s not recommended since t h i s would c a l l i nto'question 

the need f o r a resonance l i n k i n such a case. 

3.10 Short CiT'Cuit Performance. 

For a sho r t c i r c u i t a t the terminals of the p a r a l l e l 

combination of resonant l i n k and conventional supply the f o l l o w i n g 

r e s u l t s were measured:-

F a u l t i n f e e d from the 
conventional supply 

F a u l t i n f e e d from the 
resonant link' 

t o t a l i n f e e d 

a l t e r n a t i v e l y two 
• conventional supplies infeed 

100 v o l t s 
6XL • =16.7 amps = 1670 MVA 

equivalent. 

=3.7 amps = 370 MVA 
equivalent. 

=19.6 amps = 1960 MVA 
equivalent. 

=33.4 amps =3340 MVA 
equivalent. 

thus there i s a t o t a l reduction of the f a u l t l e v e l by 1,380 MVA 

equivale n t . 
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Note t h a t the sum of the two infeeds i s less than 

the s c a l a r sum because of phase angle d i f f e r e n c e s . See also 

the e f f e c t of the double resonance l i n k page 72. 

3.11 Two Resonant. Links Operating together and Sharing Load. 

For two l i n k s having the same parameters, load 

sharing was equal up to and beyond l i m i t a t i o n , both l i n k s 

limi-t;ed together. . 

Un s t a b i l i s e d l i n k s showed sub-harmonic response w i t h 

c e r t a i n c a p a c i t i v e loads, but no other u n s a t i s f a c t o r y response 

was observed. 

I n the case of l i n k s having d i f f e r e n t parameters and 

d i f f e r e n t l i m i t i n g l e v e l s , i f the l e v e l s were widely d i f f e r e n t , 

the l i n k s l i m i t e d i n turn, as the load increased, but up to 

l i m i t a t i o n the l i n k loadings were s i m i l a r . 

For l i n k s w i t h l i m i t i n g l e v e l s w i t h i n 2Qffo of each other 

the lower l i m i t became the l i m i t of the whole system both l i n k s 

l i m i t i n g together. I t is- believed that the low set l i n k l i m i t s 

f i r s t and thus reducing i t s own share of the load, causes the high 

set l i n k to l i m i t . 
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Sub-harmonic Response. • 

4.0 O v e r a l l Link Response. 

I t was i n d i c a t e d e a r l i e r t h a t w i t h c e r t a i n capacitive 

loads thei c i r c u i t could give r i s e to the generation of 

sub-harmonics. ' Whilst i t i s u n l i k e l y t h a t such a load 

would be encountered i n p r a c t i c e extensive cable systems and 

shunt capa.citors could give r i s e to i n s t a b i l i t y under l i g h t 

load c o n d i t i o n s . 

The disadvantage of sub-harmonics of current and 

vo l t a g e i n a-power system can be summejrised as f o l l o v / s : -

1) O s c i l l a t i o n (hunting) and perhaps i n s t a b i l i t y of r o t a t i n g 

machines. 

2) I n t e r f e r e n c e w i t h and possible mal-operation of earth 

f a u l t p r o t e c t i v e systems. 

3) Hunting and i n s t a b i l i t y of c o n t r o l systems. 

4) Voltage f l i c k e r and dangerous stroboscopic e f f e c t s from 

l i g h t i n g . Overvoltages on E.H.V. systems. 

5) - System resonance w i t h harm.onics of the sub-harmonic. 

I t was discovered e a r l y i n the i n v e s t i g a t i o n t h a t 

a r e s i s t a n c e ' r ' connected to a secondary winding on the 

saturable reactor would quench or prevent the sub-harmonic 

response. U l t i m a t e l y , t h e r e f o r e , i t would be an 

advantage to gain some i n s i g h t i n t o the f u n c t i o n of t h i s 

r e s i s t a n c e . 

The voltage and current response of the l i n k i s 

shown i n f i g . 7 . ( l , 2, 3 and 4). I t i s immediately seen 

to be complicated and m u l t i v a l u e d . 
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4.1 Ferro-resonant Response. 

R e f e r r i n g to f i g . 7 , f o r any load on the l i n k , i f the 

voltage i s increased the saturable reactor current increases 

very slowly g i v i n g r i s e to the i n i t i a l steep curve a - b. 

At b the current suddenly jumps to a high value, c, and the 

c i r c u i t i s s a i d to be i n a s t a t e of ferro-resonance. r e f . 2 . 

Further increase i n voltage causes a continuous and rapid 

r i s e i n c u r r e n t . 

When the voltage i s reduced the saturable reactor 

current f a l l s along the high valued curve but instead of 

r e t u r n i n g to the low value of current at c, the high valued 

curve i s followed to d when the current suddenly f a l l s to 

e on the low valued magnetisation curve. 

This i s the "pick-up" and "drop-off" margin 

already discussed when, considering the value of the 

s t a b i l i s i n g r e s i s t o r R. Fig.7 shows a f a m i l y of curves f o r 

R s t a r t i n g a t zero and i t can be seen th a t f o r values of 

R = 9ohms and above the margin i s reduced to zero. 

4.2 Sub-harmonic Response. 

A d d i t i o m l t o the 50 Hz ferro-resonance response 

there l i e s between the upper and lower curves, but not bounded 

by the "pick-up" and "drop-off" l i n e s , a region i n which the 

c i r c u i t response can be sub-harmonic. 

W i t h i n t h i s region the c i r c u i t i s capable of 

o s c i l l a t i o n : -

1) a t a stable, sub-harmonic frequency of V3 fundamental. 

2) a t other sub-harmonic frequencies V2, ^|^•, V5 and 
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p o s s i b l y lower orders, which are unstable and s e l f 

e x t i n g u i s h i n g over periods of time ranging from seconds 

to many minutes, and i t i s probable t h a t a l l these sub-

harmonics may have stable regions of extremely l i m i t e d 

extent r e q u i r i n g a very precise set of c i r c u i t parameters 

and voltage conditions to s t a b i l i s e them. Such regions 

i f they e x i s t would be very d i f f i c u l t t o locate and none 

were found during the course of t h i s study, except that 

the 75 sub-harmonic p e r s i s t e d f o r so long t h a t i t 

could almost be regarded as a stable mode. 

3) Regions of e r r a t i c response where sub-harmonics of 

undetermined and possibly changing frequency e x i s t . . 

Operation i n t h i s region i s characterised by continuously 

changing waveforms. This response may p e r s i s t f o r only 

a few seconds to several minutes and then l i k e the unstable 

sub-harmonics of d e f i n i t e period, i t suddenly, f o r no 

apparent reason, extinguishes. Sometimes e x t i n c t i o n 

occurs a f t e r a p a r t i c u l a r l y v i o l e n t surge of current probably 

i n d i c a t i n g some r a d i c a l r e d i s t r i b u t i o n of energy w i t h i n 

the c i r c u i t . 

Recovery of the c i r c u i t i s always to the lower 

magnetisation curve and never to the higher ferro-resonance 

curve. 

However, by adjustment of voltage w i t h a capacitive 

load the ferro-resonant s t a t e can i n the process of e x t i n c t i o n 

pass i n t o the ,sub-harmonic s t a t e instead of e x t i n g u i s h i n g onto 

the low curr e n t curve. 
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I f the voltage i s subsequently increased the c i r c u i t 
does not pass from the sub-harmonic s t a t e to the ferro-resonant 
s t a t e , but f i r s t the sub-harmonic extinguishes and the c i r c u i t 
r e v e r t s t o the lower curve. 

I t i s c l e a r l y seen from f i g . 7 , t h a t f o r a given 

voltage a t l e a s t three stable current conditions can e x i s t 

and many more unstable current s t a t e s , which, may nevertheless 

p e r s i s t f o r a long time. 

Fig.7 shows a V3 sub-harmonic region f o r a v a r i e t y 

of load capacitance values. The l e f t hand boundary of t h i s 

r e g i o n i s characterised by an abrupt cessation of the V3 

sub-harmonic response f o r a given capacitance as the voltage 

i s reduced and i s thus w e l l defined. 

The r i g h t hand boundary i s an uncertain region of 

j i t t e r y response where the V3 sub-harmonic becomes more and 

more d i f f i c u l t to di s c e r n . 

F i n a l l y the response i n t h i s region degenerates 

i n t o an unstable s e l f - e x t i n g u i s h i n g e r r a t i c response. 

This u n c e r t a i n boundary of e r r a t i c response i s 

r e l a t i v e l y broad f o r large values of load capacitance and low 

voltages but f o r lower values of load capacitance and higher 

voltages the e r r a t i c region i s narrow and cessation of stable 

sub-harmonic response becomes abrupt. 

The sub-harmonic response i n the resonant l i n k 

i s characterised by the existence of large sub-harmonic f l u x 

components i n the re a c t o r core and excursions i n t o s a t u r a t i o n 

o c c u r r i n g a t l e a s t once and sometimes twice i n any h a l f cycle 
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of the f l u x wave. Accompanying these excursions i n t o s a t u r a t i o n 

are surges of current- i n the p a r a l l e l loop t h a t must involve the 

transference of energy necessary to maintain the o s c i l l a t i o n s . 

S u p e r f i c i a l l y i t i s tempting to regard the saturable 

r e a c t o r as a s o r t of switch going on and o f f as i t goes i n and 

out of s a t u r a t i o n , discharging or holding the charge on the . 

c a p a c i t o r . However, the impression that i s gained from the 

r e s u l t s of t h i s study suggest t h a t the simple switch concept i s 

too simple and t h a t the surges of current are i n the nature of 

impulse resonance phenomena occurring as the reactor approaches 

s a t u r a t i o n . 

C e r t a i n l y a simple s w i t c h i n g theory could not account 

f o r the existence of sub-harmonics i n c i r c u i t s con1:aining 

s t a l l o y cores where the onset of s a t u r a t i o n i s a gradual process. 

Fig.8 shows a t y p i c a l hysteresis loop and vraveforms of a 

V5 sub-harmonic response. 

The h y s t e r e s i s loop i s complicated by the existence of 

r e - e n t r a n t or minor loops superimposed upon the main loop. 

The t o t a l number of loops g i v i n g the order of the sub-harmonic 

present. 
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Hysteresis Loop of sub-harmonic response. 

Scales B = 1.00 Wb/m̂ /cm. V = 105 v o l t s R.M.S. 

Ig = 0.10 A/cm. 

Fig.8a. 

C ^ 20 F 
y 

Saturable re a c t o r f l u x and current during sub-harmonic response. 

C = 20yU F. V = 105 v o l t s . R.M.S. 

Scales B = 1.0 Wb/m /cm. 

Ig = 1.0 A/cm. 

Fig.8b. 
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D e t a i l of minor loop of 8a 

Scales B = 0.5 Wt/m^/cm. 

I g = 0.1 A/cm. 

Pig.8c. 

Saturable reactor f l u x and current during V3 sub-harmonic 

response. 

Scales B 

I s = 

1.0 Wb/m'/cm. V 

1.0 A/cm. C 

Fig.Bd. 

100 v o l t s R.M.S. 

1 7 ^ P. 
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V3 Sub-harmonic Response. 

Scales B • = 1.0 Wb/mVcm. 

I g = 2.0 A/cm. 

V = 100 v o l t s R.M.S. 

22 

F i g . 8e 

Capacitor/Saturable Reactor Voltage during V3 sub-harmonic response 

Scales Vc V = 2 0 v/cm. 
S 

2.0 A/cm, 

Fig.Sf. 
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4o3 I n i t i a t i o n of Sub-harmonic Response. 

As i n d i c a t e d on previous pages w i t h c e r t a i n capacitive 

loads a sub-harmonic response r e s u l t s , which requires a switching 

a c t i o n or some system disturbance f o r i n i t i a t i o n . 

The necessity f o r some disturbance to s t a r t the 

sub-harmonic response i s very s i g n i f i c a n t because without t h i s 

the c i r c u i t behaves normally w i t h s i n u s o i d a l response up to the 

i n s t a n t , of the onset of the high current of ferro-resonance. 

As f a r as can be seen from the l i t e r a t u r e , t h e need f o r 

a sudden disturbance has been accepted by other i n v e s t i g a t o r s as 

being a b s o l u t e l y necessary ( r e f : 1 - T r a v i s , and 2 - J.D. McCrumm) 

and they go on t o say t h a t the e f f e c t of the disturbance i s to 

produce the c o r r e c t voltage and current conditions r e q u i s i t e to 

the i n i t i a t i o n of the sub-harmonic response. 

I f t h i s were e n t i r e l y c o r r e c t one might expect some 

d i f f i c u l t y i n arranging f o r the co r r e c t voltage and current 

c o n d i t i o n s to e x i s t f o r such an a r b i t r a r y process as c l o s i n g a 

swi t c h , yet i f the applied voltage and capacitance have c e r t a i n 

values the chances of e x c i t i n g a sub-harmonic response by simply 

c l o s i n g a swU.ch i s something over 30fo, 

The author believes t h a t f o r the i n i t i a t i o n of a 

sub-harmonic response a l l t h a t i s necessary i s f o r the saturable 

r e a c t o r t o have imparted to i t an energy th a t i s abnormally high 

f o r the applied voltage l e v e l , moreover, i t w i l l be shown t h a t 

the energy need not be ap p l i e d t o the c i r c u i t as a sudden shock. 



39 -

Previous woi-kers have always stressed the need f o r a 

shock e x c i t a t i o n f o r the establishment of the sub-harmonic response. 

Usually any sw i t c h i n g operation or t r a n s i e n t disturbance i s 

s u f f i c i e n t to e x c i t e the o s c i l l a t i o n s provided t h a t the c i r c u i t 

parameters and applied voltage are of the cor r e c t order, and yet 

i f the excess energy idea holds t r u e . i t should be possible t o 

e s t a b l i s h the sub-harmonic response simply by slowly imparting 

energy t o the c i r c u i t u n t i l the resonance phenomena i s established. 

A t e s t was thus devised to impart energy to the c i r c u i t 

by the a p p l i c a t i o n of a d.c. c u r r e n t , to the saturable r e a c t o r , 

the magnitude increased very slowly from zero u n t i l the reactors 

instantaneous inductance reduced as s a t u r a t i o n was approached. 

The r e s u l t s of t h i s t e s t are shown i n f i g . 9 . I t was 

found t h a t by i n c r e a s i n g the d.c. current at the rate of .less than 

an ampere per minute the c i r c u i t could be set i n t o a s t a t e of 

sub-harmonic o s c i l l a t i o n . The applied d.c. current that 

achieved t h i s was below t h a t required to e f f e c t i v e l y saturate 

the core. Once the sub-harmonic response had been established, 

the d.c. bias had l i t t l e e f f e c t on the stable sub-harmonic response 

and could be removed.. 

I n the case where the c i r c u i t was set up f o r unstable 

s e l f - e x t i n g u i s h i n g sub-harmonic response the e f f e c t of the d.c. 

bias was t o s t a b i l i s e and su s t a i n the response but as soon as the 

bias was removed the sub-harmonic response extinguished. 

I t was conceived t h a t t h i s method might provide a 

technique f o r s t a b i l i s i n g lower order sub-harmonic responses 

which were otherwise very f l e e t i n g i n nature. 
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Scales B = 0.715 Wb/m /cm. 

• I g = 0.3 A/cm. 

r 

a b • c' 

•Hysteresis Loops showing the e x c i t a t i o n of sub-harmonics by the 

slow a p p l i c a t i o n of a d.c. c u r r e n t . 

The d.c. current was i n j e c t e d very slowly a t the rate of 

approximately 1 milliamp per second i n t o 10 turns on the 

sat u r a b l e r e a c t o r . 

90 v o l t s was applied to the c i r c u i t to keep w e l l below the 

voltage normally needed to sa t u r a t e the inductor w i t h a 

c a p a c i t i v e load of 2 0 ^ ^ F. 

a) No d.c. applied.-

b) 90 milliamp d . c r e s o n a n c e j u s t beginning. 

c) • 99 milliamp d.c.,V3 sub-harmonic s t a r t e d . 

Upon the removal o f the d.c. bias the sub-harmonic response 

continued v i r t u a l l y u n altered. 

Fig.9. 
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This was t r i e d and i t was found to be sometimes 
possible to s t a b i l i s e the higher V2 sub-harmonic. Pig.10. 
But the e f f e c t on other orders and on the e r r a t i c response 
when there was time- to apply the d.c. bias was eith e r to 
e x t i n g u i s h the sub-harmonics or c u r i o u s l y enough, to e s t a b l i s h 
a V3 sub-harmonic which, extinguished when the d.c. bias was 
removed. 

I f the 99 railliamp of d.c. current t h a t was s u f f i c i e n t 

to e s t a b l i s h the stable V3 sub-harmonic response of f i g . 9 , 

was f u r t h e r increased the response became e r r a t i c , f i n a l l y 

e x t i n g u i s h i n g and. a t 110 milliamps, ferro-resonance was i n i t i a t e d . 

Reduction of the applied d.c. bias to 95 milliamps 

caused the ferro-resonance to give way to the stable V3 

sub-harmonic. 

The complete removal of the d.c. current suddenly, 

caused the response to r e v e r t to e i t h e r the V3 sub-harmonic 

mode or to the low current s i n u s o i d a l s t a t e . 
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Hysteresis Loop of an unstable V2 sub-harmonic s t a b i l i s e d by the 

a p p l i c a t i o n of a d.c. bias of 85 milliamps, on 10 turns. 

V = 

C = 

Scales B = 

I s -

90 v o l t s . 

40 ̂  F. 

1.5 Wb/mVcm. 

0.15 A/cm. 

160 yU F. 

Fig.10. 
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Hysteresis Loop of long persistence ( l - 2 minutes) I^ sub-harmonic 

Scales B . 1.5 ¥b/m /cm. C = 160 

I g = 0.15 A/cm. 

V = 85 v o l t s . 

C - 50 ^ P. 

Note the f o u r loops and the tendency to j i t t e r . , 

The response was s e l f e x t i n g u i s h i n g and although i t could 

be e x c i t e d several times i n succession when the photograph was 

taken, the next day w i t h the same conditions i t could not be 

e x c i t e d . 

This shows the very f i c k l e nature of the more uncommon sub-harmonics 

Perhaps they are d i f f i c u l t to repeat because they depend upon very 

s p e c i f i c values of resistance and s l i g h t changes i n resistance may 

p r o h i b i t t h e i r e x c i t a t i o n . C e r t a i n l y t h i s i s the only parameter 

t h a t could have changed i n the c i r c u i t i n 24 hours. Reactor core 

temperature may also be a s i g n i f i c a n t f a c t o r . 

^ P 

Pig.11. 
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The foregoing r e s u l t i s put forward as evidence that 
the cause of the sub-harmonics i s excess energy i n the rea c t o r , 
but i t does not e x p l a i n why the c i r c u i t goes i n t o sub-harmonic 

o s c i l l a t i o n . 

Travis r e f . l has suggested t h a t the reason f o r 

sub-harmonic o s c i l l a t i o n l i e s i n the tr a p p i n g of charge on the 

ca p a c i t o r due t o the i n d u c t o r going i n and out of s a t u r a t i o n . 

W h i l s t t h i s explanation has been widely accepted f o r 

many years i t i s not considered t o have s u f f i c i e n t generality.-

t o e x p l a i n a l l the phenomena associated w i t h the generation o f 

sub-harmonics. I n p a r t i c u l a r , r e s u l t s recorded i n t h i s work 

show t h a t although i n some cases charges of a p a r t i c u l a r p o l a r i t y 

can e x i s t on the capacitor f o r more than h a l f a cycle of the 

50 Hz a p p l i e d voltage so t h a t p a r t i a l charge trapping could be 

claimed t o e x i s t , i n some instances, no evidence of trapped 

charge was observed and large changes of charge were observed 

to take place even when the r e a c t o r was d e f i n i t e l y unsaturated. 

The t r u t h behind Travis' theory of trapped charge i s , 

the author b e l i e v e s , the impl i e d idea of excess energy i n the 

system. 

I t i s c l e a r from F i g . 8a, b and other records th a t 

i f a n y t h i n g i s trapped i n the c i r c u i t i t i s magnetic f l u x 

and hence magnetic energy. Thus i t i s proposed to take 

T r a v i s ' theory of trapped charge and to extend and broaden 

i t i n a theory of excess energy. 
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4.4 Theory of Excess Energy. 

The proposed theory i s as f o l l o w s . . 

Due to some disturbance or otherwise the c i r c u i t has 

imparted to i t an energy which i s excessive considering the 

applied voltage c o n d i t i o n . This energy may be manifest as 

excessive e l e c t r o s t a t i c charge or excessive magnetic f l u x or 

of a combination of the two. Subsequently the c i r c u i t 

endeavours to r e j e c t t h i s energy and usu a l l y succeeds a f t e r 

s everal cj'"cles of the 50 Hz frequency. The r e j e c t i o n of t h i s 

•energy can only take place r e l a t i v e l y slowly because of the 

large e f f e c t i v e time constant and low mean n a t u r a l frequency 

of the c i r c u i t . Being a non-linear system both these must 

be f u n c t i o n s of current or voltage but are demonstrably long, 

Fig.47, Appendix I I I . Also reference 5 f i g . 7 C.F. Sp i t z e r . 

I t could thus t r a n s p i r e . t h a t a t c e r t a i n voltages f o r 

a given set of c i r c u i t pe,rameters the c i r c u i t i s forced to run 

i n t o resonance or s a t u r a t i o n again before i t has got r i d of 

the excess energy which i s thus replenished and the o s c i l l a t i o n s 

continue. The order of o s c i l l a t i o n w i l l depend upon the mean 

n a t u r a l frequency of the c i r c u i t being near to a sub-multiple 

of the supply frequency. 

For a given applied voltage i f t h i s i s close, a 

stable sub-harmonic w i l l " o b t a i n . I f there i s considerable 

d e v i a t i o n an e r r a t i c possibly s e l f - e x t i n g u i s h i n g o s c i l l a t i o n 

w i l l occur. 

I t i s s i g n i f i c a n t t h a t no stable sub-frequency i s 

obtained t h a t i s not a sub-multiple of the mains frequency, 
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because the sub-harmonic o s c i l l a t i o n s are themsleves dependent 
upon resonance phenomena excited by the fundamental frequency. 

This theory p r e d i c t s the r e s u l t of the a p p l i c a t i o n 

of a d.c. current to the saturable reactor c i r c u i t and explains 

why otherwise a shock e x c i t a t i o n i s necessary to e s t a b l i s h the 

o s c i l l a t i o n s . 

I t also p r e d i c t s t h a t i f energy i s a r t i f i c i a l l y 

a bstracted from the capacitor saturable reactor loop the 

sub-harmonic w i l l be damped out or prevented from s t a r t i n g . 

Hence i t i s found t h a t the a p p l i c a t i o n of a r e s i s t o r 

to the secondary i n d u c t o r winding quenches the sub-harmonic 

response as does a r e s i s t o r applied across the whole p a r a l l e l 

combination. The l a t t e r , however, i s not a good power system 

arrangement. 

4.5 Damping out the Sub-harmonic Response. 

The e f f e c t of the a p p l i c a t i o n of a r e s i s t o r ' r ' 

across a secondary winding of the saturable reactor i s to 

increase the apparent i n d u c t o r losses as i n d i c a t e d by the 

broadening of the h y s t e r e s i s loop, Fig.12.' Subsequently 

a c r i t i c a l broadening occurs which leads to the e x t i n c t i o n 

of the sub-harmonic response, beyond which no sut-harmonic can be 

est a b l i s h e d or maintained. The minimum value of ' r ' to 

achieve t h i s turned out to be 6 ̂  on the 50 t u r n winding. 

That the losses i n the saturable reactor profoundly 

a f f e c t the existence of sub-harmonics i n the c i r c u i t i s 

i l l u s t r a t e d by the f a c t t h a t i t i s easier to e s t a b l i s h and 

maintain sub-harmonics i n a c i r c u i t containing a low loss core 
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Hysteresis Loop w i t h r = 31 ohms on 50 t u r n winding, 

V3 sub-harmonic response j u s t about to e x t i n g u i s h . 

Scale B = 0.76 Wb/m /cm. 

I g = 0.11 A/cm. 

V 

C 

100 v o l t s . 

2 3 ^ P. 

P i g . l 2 . 
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m a t e r i a l i n d u c t o r than i n a c i r c u i t containing a s t a l l o y core 
i n d u c t o r . 

S t a l l o y core inductors do, however, have a sub-harmonic 

response as i n d i c a t e d by Pig.13 a, b. 

4.6 Sub-harmonics w i t h S t a l l o y Cores. 

By r e p l a c i n g the square loop saturable reactor by one 

having a s t a l l o y core a resonant l i n k was produced whose 

o p e r a t i o n a l p r o p e r t i e s were similar,' but i n f e r i o r to those of a 

l i n k . c i r c u i t c o n t a i n i n g the square loop m a t e r i a l . 

This l i n k was capable of l i m i t i n g through f a u l t c u r r e n t , 

but because of the more gradual onset of s a t u r a t i o n i t was 

necessary f o r successful normal operation, to operate low down 

on the h y s t e r e s i s curve. This meant t h a t greater excursions 

of voltage were necessary under f a u l t conditions i n order to 

satu r a t e the reac t o r and f u r t h e r since the onset of s a t u r a t i o n 

was not abrupt, the l i m i t a t i o n of the capacitor voltage was not 

so good. I n t e r f e r e n c e w i t h the st a t e of resonance was also 

a gradual process oc c u r r i n g down i n t o the region of normal 

operation and thus adversely e f f e c t i n g the link'sregulation 

which i d e a l l y should be n e g l i g i b l e . 

With a p o t e n t i a l f a u l t current of 30 amps, equivalent 

to 3,000 MVA, the l i n k l i m i t e d the throughput current on dead 

sho r t c i r c u i t to 7.4 amperes, more than twice the current l i m i t 

set by the square loop r e a c t o r . 

The genera:tion of sub-harmonics i n t h i s system was not 

as easy as i n the square loop reactor system and t h i s i s thought 

to be because of the greater loss of the s t a l l o y core. 
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Normal Hysteresis Loop of S t a l l o y ( l 2 0 turns C.T.) core. 

Scales B = 1.0 Wb/m /cm. 

I g = 0.4 A/cm. 

Fig.13a. 

V2 sub-harmonic w i t h S t a l l o y cored reactor (120 turns C.T.) 

Scale B = 1.0 Wb/m^cm. V = 70 v o l t s . 

I g = 0.8 A/cm. C = 1 6 0 ^ F. 

C = 12 ^ F. 

F i g . l 3 b . 
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When sub-harmonics were established t h e i r range 
i n terms of load capacitance f o r a given applied voltage was 
much narrower, of the order of 5 ^ F, and the order of stable 
sub-harmonics was V2. Pig. 13b. 

4.7 E f f e c t of Remnance i n the Reactor Core. 

The e f f e c t of remnance i n the reactor core was not 

found t o have the s i g n i f i c a n c e t h a t some t h e o r e t i c a l studies 

would a t t r i b u t e to i t . R e f . l . 

C e r t a i n l y i t d i d not determine the form of the 

r e s u l t i n g sub-harmonics. 

I t s e f f e c t was i n v e s t i g a t e d by magnetising the core 

by d.c. currents i n the dead s t a t e and then s w i t c h i n g on the 

supply. 

The only e f f e c t t h a t the remnance seemed to have was 

to help the i n i t i a t i o n of sub-harmonics i f i t was large enough. 

C e r t a i n l y the incidence of sub-harmonic response w i t h a 

demagnetised core when the c i r c u i t was switched on w i t h a 20ju- F 

load, was less than when the core had a remnant magnetisation. 

Such a r e s u l t was not unexpected i n view of the excess 

energy idea since any remnant f l u x must represent an amount of 

stored energy w i t h i n the system j u s t as an i n i t i a l charge on 

the c a p a c i t o r i n the series case has according to some workers, 

r d i l helped the i n i t i a t i o n of sub-harmonics and also represents 

stored energy. 

The e f f e c t of the remnance i n r e l a t i o n to the d i r e c t i o n 

of the applied voltage a t the time of switch closure was not 

i n v e s t i g a t e d but i s probably of s i g n i f i c a n c e . 
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4.8 Analysis of Waveform Conditions. 

Consideration i s given to the d e t a i l of the c i r c u i t 

waveforms d u r i n g s t a b l e sub-harmonic o s c i l l a t i o n . Fig.14 

S t a r t i n g a t the f i r s t major f l u x peak at "a" there i s 

a surge o f current i n the p a r a l l e l loop w i t h a p o s i t i v e but 

r a p i d l y reducing voltage on the capacitor. 

Here there i s a t r a n s f e r of energy from the capacitor 

to the i n d u c t o r . 

Immediately f o l l o w i n g the surge, the current reverses 

and the capacitor voltage goes negative as.the supply voltage 

goes negative. This gives r i s e to a reduction of f l u x 

l e v e l i n the r e a c t o r core and a trough i n the f l u x wave i s 

produced. This i s an attempt by the system voltage to d r i v e 

the f l u x negative; but which does not succeed. . 

The f l u x and hence the energy i n the f i e l d reaches 

a minimum and begins to r i s e again as the capacitor voltage 

and supply voltage go p o s i t i v e . 

This r e d u c t i o n of f l u x l e v e l and r e v e r s a l of current 

create the minor loop on the hysteresis loop. A second f ] u x 

peak i s reached as the reac t o r once more saturates and the 

cap a c i t o r i s again discharged i n a surge of c u r r e n t , which again 

represents a t r a n s f e r of energy to the rea c t o r . 

This second discharge i s s i g n i f i c a n t because i t occurs 

when the supply voltage and capacitor voltage are reaching peak 

values i n the p o s i t i v e d i r e c t i o n , but subsequent to the surge 

the capacitor voltage i s reduced to near zero. That i s to say 

the capacitor voltage i s zero when i t should normally have a peak 

p o s i t i v e value. 
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This means t h a t as the d r i v i n g voltage f a l l s towards the 
negative d i r e c t i o n the capacitor voltage i s forced to swing to 
approximately twice normal voltage i n the negative d i r e c t i o n 
because i t s t a r t s from zero instead of p o s i t i v e peak value. 

This large voltage excursion on the capacitor i s common 

to a l l the sut-harmonic responses and probably provides the 

mechanism of energy t r a n s f e r t h a t keeps the sub-harmonics going. 

The e f f e c t of t h i s large voltage excursion on the. 

cap a c i t o r i s to cause the reac t o r f l u x to undergo reversal so 

that' there i s a major energy transference during t h i s period. 

The r e a c t o r f ] u x reaches a peak i n the negative 

d i r e c t i o n leading to a current surge as the charge on the 

capacitor i s reduced to zero. 

This negative going current pulse i s i d e n t i c a l to 

the f i r s t p o s i t i v e pulse and a l l the foregoing events are 

repeated n e g a t i v e l y u n t i l the cycle i s completed i n a period 

equal to three 50 Hz periods. 

I f the system voltage i s increased the f l u x troughs 

and minor loops between the current pulses get deeper u n t i l , 

i n t h i s case, at 130 v o l t s , the sub-harmonic extinguishes when 

the bases of the f l u x troughs and loops approach zero. This 

suggests t h a t d u r i n g the sub-harmonic response the system 

voltage i s not s u f f i c i e n t to d r i v e the f l u x l e v e l to zero, 

which can only happen when the capacitor voltage achieves a 

s u f f i c i e n t magnitude as was described above. 
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Scales 

V = ICQ v/cm. 

I = 0.68 A/ cm. 

= 20 v/cm. 

Conditions: V = 105 v C = 20 ^ F. 

Pig.14. 
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Scales 

I c = 0.68 A/cm. 

I = 0.34 A/cm. 

B = 1.0 Wb/m /cm. 

lo = 2 A/cm. 

Conditions: V = 105 v C = 2 0 ^ F. 

Fig.14. 
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I n T r avis' a n a l y s i s , R e f . l , i t i s supposed t h a t the• 
cause of the sub-harmonic response i s trapped charge on the 
cap a c i t o r . This may be so f o r some series c i r c u i t s but i n • 
t h i s case i f anything i s trapped i t i s magnetic energy, although 
some degree of charge storage does occur i n that,the charge on 
the capacitor p e r s i s t s f o r a period of up t o 15f° of the 50 Hz 
pe r i o d . But as stated t h i s a r i s e s not so much because the 
charge i s trapped but because the capacitor s u f f e r s a peak to 
peak voltage excursion i n one d i r e c t i o n f o l l o w i n g i t s discharge. 
The persistence of magnetic f l u x i n any one d i r e c t i o n i s 150^ of 
the 50 Hz period. Travis also says that the mechanism of the 
tr a p p i n g of charge i s the re a c t o r going out of s a t u r a t i o n and 
. l i m i t i n g the t r a n s f e r of chai'ge, y et i t i s clear from the 
r e s u l t s of t h i s work t h a t major t r a n s f e r s of energy occur when 
the r e a c t o r i s unsaturated. 

I t i s f o r these reasons t h a t i t i s f e l t t h a t Travis' 

theory lacks generali-ty , c e r t a i n l y i t does not hold f o r the 

case of a s t a i l o y core where the onset of s a t u r a t i o n i s gradual. 

The theory of excess energy i s , t h e r e f o r e , put 

forward as a possible explanation of the sub-harmonic phenomena 

and t h i s theory would be app l i c a b l e to any c i r c u i t containing any 

core m a t e r i a l ; I t embraces Travis' theory wherR stored charge 

i s i n v o l v e d and explains why lossy c i r c u i t s discourage the 

sub-harmonic response. 

I t also provides a possible l i n k between the 

sub-harmonic response and the ferro-resonant response which some 

workers seem t o t h i n k are unrel a t e d , r e f . 2, J.D. McCrumm. 
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4o9 R e l a t i o n s h i p between the Sub-harmonic and Ferro-resonance 

Phenomenae. 

The theory of excess energy suggests t h a t sub-harmonics 

occur when the c i r c u i t , receives an energy, input that i s 

abnormally high f o r the applied voltage c o n d i t i o n p r e v a i l i n g 

and which i s of s u f f i c i e n t magnitude to take the saturable 

r e a c t o r t o s a t u r a t i o n ; t o a region where impulse resonance 

phenomena can occur between the capacitance and f a l l i n g 

inductance of the saturable r e a c t o r . 

I f the applied voltage i s of s u f f i c i e n t magnitude 

t h a t i t can, without the a d d i t i o n a l i n j e c t i o n of energy, d r i v e 

the i n d u c t o r to near s a t u r a t i o n on-each h a l f cycle then a 

ferro-resonant c o n d i t i o n w i l l r e s u l t of fundamental frequency. 

This i s believed to be the r e l a t i o n s h i p between the 

two phenomena, t h a t they are both e s s e n t i a l l y impulse resonance 

phenomenae d r i v e n by the fundamental- applied frequency and 

dependent l a r g e l y upon the magnitude of the applied voltage. 

Furthermore, i f the c i r c u i t i s operating s t a b l y w i t h 

the saturable r e a c t o r on the lower current curve, but w i t h i n 

the overlap margin pre v i o u s l y discussed, a shock or slowly 

applied d.c. current w i l l e x c i t e the ferro-resonance c o n d i t i o n 

which w i l l p e r s i s t a f t e r the d.c. bias i s removed. 

Fig.15 shows the waveforms of two ferro-resonance 

c o n d i t i o n s . The f l u x and current waves have a fundamental 

frequency of 50 Hz and those of 15a are t y p i c a l of the si n g l e 

resonance l i n k l i m i t i n g f a u l t c u r rent. 
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Saturable Reactor Flux and current waveforms of ferro-resonance 

phenomena during f a u l t current l i m i t a t i o n . 
2 Scales B = 1.0 Wb/m /cm. 

I g = 4 A/cm. 

Conditions V = 100 v o l t s RMS, 

C = 160 ̂  F. 

Link short c i r c u i t e d . 
Pig.15a. 

Saturable Reactor f l u x and current waveforms of ferro-resonance 

phenomena during f a u l t l i m i t a t i o n , but w i t h gross detuning of the l i n k . 

Scales B = 1.0 Wb/m /cm. 

I = 4 A/cm. 

Conditions V = 100 v o l t s . 

C = 8 0 ^ F. 

Fig.15b. 
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The wave of 15b i s f o r the case where there i s gross 

detuning of the l i n k (C = 80 J4. F). and i s produced to show the 

complexity that the ferro-resonance response can achieve, and to 

demonstrate the s i m i l a r i t y between these waveforms and those of 

the sub-harmonic response. Yet the waveforms of 15b are of 

fundamental frequency and are produced here to support the 

b e l i e f t h a t the sub-harmonic and ferro-resonance phenomena ai-e 

r e l a t e d by a common e x c i t a t i o n process. 

4.10 P o s s i b i l i t y of the Sub-harmonic Response w i t h other than 

Capacitive Loads.. 

I n the course of the sub-harmonic i n v e s t i g a t i o n i t 

soon became c l e a r t h a t the l i n e a r series reactor was of no 

consequence i n the generation pi'ocess of these low frequencies 

and could i n f a c t be shorted out w i t h l i t t l e e f f e c t . 

At f i r s t i t was accepted that i n order to ex c i t e 

a sub-harmonic response the load impedance had to be capacitive 

and yet as experience of the c i r c u i t was gained i t became clear 

t h a t the source of the sub-harmonic and ferro-resonant response 

was the p a r a l l e l loop, although the load capacitance d i d determine 

the waveform and range of the sub-harmonics. 

I t was conceived th a t i t might be possible to e x c i t e a 

sub-hai-monic response w i t h other high impedance loads and such 

was found to be the case i f a d.c. bias or a s u f f i c i e n t l y large 

shock was applied to the' saturable reactor and capacitor loop. 

Thereafter the sub-harmonics were stable and s e l f supporting of 

orders V2 and V3, F i g . 16 & Appendix I I I , Fig.54. 
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The load impedances f o r t h i s response had to be high . 
of the order of several hundred ohms r e s i s t i v e or i n d u c t i v e . 
This p o i n t s to the p r o b a b i l i t y t h a t the load capacitance t h a t 
allows a sub-harmdnic response, acts simply to allow s u f f i c i e n t 
loose coupling of the p a r a l l e l loop to e x i s t so that any excess 
energy imparted to the loop cannot be e a s i l y d i ssipated to the 
e x t e r n a l c i r c u i t . 

This i s consistent w i t h the observation that any strong 

coupling of the 50 Hz supply or supplies to the l i n k , as i n 

the case of p a r a l l e l operation w i t h a conventional source, 

eli m i n a t e s the sub-harmonic response. 
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V3 Sub-harmonic w i t h a r e s i s t i v e load of 550 ohms w i t h an 

app l i e d voltage of 180 v o l t s , R.M.S. 

Scales B 1.0 Wb/m /cm. 

I j , =: 1.0 A/cm. 

Pig.16. 
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Analysis of'Resonant Link C i r c u i t . 

5oO' I n the analysis of c i r c u i t s containing magnetic m a t e r i a l 

i t i s o f t e n u s e f u l to represent the B/H^ " J ^ / I curve as a 

s i n g l e valued f u n c t i o n by i g n o r i n g h y s t e r e s i s . 

The e l i m i n a t i o n of the hysteresis means t h a t a loss i s 

el i m i n a t e d from the system and t h i s should a s s i s t the generation 

of harmonics. 

i n any formal analysis the representation of the B/H 

curve presents a problem. Some workers have represented the 

curve by two s t r a i g h t l i n e s , r e f . l . , which gives a good approximation 

f o r square loop m a t e r i a l but eliminates the^cnee region and i s a 

crude model f o r s t a i l o y type m a t e r i a l s . 

Other workers have advocated the use of polynomial series 

or p a r t s e r i e s c o n t a i n i n g only odd terms r e f . 8, 9., which can be 

shown t o give good representation of s t a i l o y materials and systems 

c o n t a i n i n g added reactance, but are not very accurate f o r square, 

loop materials.. 

Two methods of r e p r e s e n t a t i o n have been i n v e s t i g a t e d . 

5,1 Polynomial Method. 

Considering the c i r c u i t : -

V s i n cJ t-

WA/-
R 

L' 

where r ' represents the r e f l e c t e d damping r e s i s t o r r , 

JJ.eglecting the voltage drop across L' compared to the 

voltage drop across C. 
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Is - JM 

etc 
d i f f e r e n t i a t i n g : - i 

dt dt^ d^ 

(4) 
c 

d i f f e r e n t i a t i n g : -
VoJ COS cot - _Ic^ -f-^ 

c c 
C C 

Js = ^ ^ (Vo^cosco^-A-IT) (5) 

and Xr- ~ ~ =^ ~ i f R i s small 

thus equating 2 and 5. ' 

which i s i f R, 

c ^ c dt^ dt r'(c^c')dt (cTc^ 
and f o l l o w i n g the method of Cunningham r e f . 8 f o r the series c i r c u i t 

and using a p a r t poljmomial r e p r e s e n t a t i o n : -

= /(v^) = 4 ^ 7̂  ̂  
and s u b s t i t u t i n g i n (6) • 

(8) 

which i s a form of Duffings equation w i t h a non-linear .damping term. - • 

The use of higher order polynomial terms r e s u l t s i n higher order forms 

of Duffings equation. 
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The emergence of Duffings equation and higher order forms 

of D u ffings equation from the analysis d i r e c t l y indicates the 

p o s s i b i l i t y of a sub-harmonic response see Cunningham, Non-linear 

A n a l y s i s , r e f . 8 . . 

Several methods of s o l u t i o n of non-linear d i f f e r e n t i a l 

equations are a p p l i c a b l e . Perturbation techniques, see r e f . 8 , 

are r a t h e r long and involved and are not conveniently s u i t a b l e 

i f one wishes to t r y the e f f e c t of varying the c i r c u i t parameters. 

Two obvious methods are analogue and d i g i t a l techniques. 

The former was at f i r s t attempted. However, the large range 

of parameters involved made s c a l i n g very d i f f i c u l t , a t l e a s t on 

the machine a v a i l a b l e a t the time. 

A d i g i t a l s o l u t i o n was thus f e l t to be the most f e a s i b l e . 

The o b j e c t of the ana l y s i s was to see i f : -

1) Given the r i g h t c i r c u i t conditions a steady sub-harmonic 

response could be generated. 

2) With such a response to see whether i t could be damped 

out by adjustment of ' r ' i n the region, of values 

corresponding to the r e f l e c t e d value of r the secondary 

damping r e s i s t o r i n the model. 

The D u f f i n g equation was programmed using a Runge-Kutta 

procedure and the computed r e s u l t s i n r e a l time are shown i n 

fi g . 1 7 a . 

The r e s u l t s show that a f t e r an i n i t i a l t r a n s i e n t period 

the response s e t t l e s down to a regular su.b-harmonic. This 

response was found t o e x t i n g u i s h when r' was made equal to 100 ohms, 

the response then being s i n u s o i d a l . This value of r' compares 

to the value of 150 ohms measured on the model. 
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The foregoing method provides a way of estimating the 

value of the r e f l e c t e d damping resistance r' necessary to 

e x t i n g u i s h the sub-harmonic response, as an a l t e r n a t i v e to simple 

t r i a l and e r r o r . 

However, the a n a l y t i c a l representation of the B/H curve 

f o r high p e r m e a b i l i t y materials i s s t i l l r a t h e r crude and subject 

to considerable e r r o r . This being so b e t t e r methods of 

r e p r e s e n t a t i o n and analysis are c u r r e n t l y under i n v e s t i g a t i o n 

as an extension of the present work. 

The new approach attempts to represent the B/H, - ^ ^ / I , 

curve as a series of p o i n t s , d e f i n i n g small s t r a i g h t l i n e s , fed 

i n t o a computer and the system equations then being solved by 

a step by step process as f o l l o w s . 

5.2 Step by Step I n t e g r a t i o n Method. 

Taking equations ( l ) , (2) and (5) modified and 

i n t e g r a t i n g f o r small steps of time /I t beginning a t time 

t = 0 when I g = 0 and and ^ having i n i t i a l values s p e c i f i e d . 

The a n a l y t i c a l procedure i s defined as f o l l o w s : -

Si ~ Xs - ' f C ^ ) ^ ^^"^ °^ points f o r SI and (9) 

^ Vc - ^ Is 

and using equation (5), 
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and T Vc f o r small values of R 

^ = Vc + ^ Coscot-^SI - J i . . (11) 
c ̂ c" ^ c' l^'C 

^ = t (12) 

The foregoing equations are solved i n the order 11, 10, 9, 12, 

s t a r t i n g w i t h i n i t i a l values at t = 0 .of SI = 0, = ̂  and 

^c ~ ^co' using a prescribed small value f o r ^ t . 

Equation(9) acts as a c o n t r o l producing a new value f o r 

SI using the value of PSI (î -) from equation (lO) 

New values o f VQ and SI are then s u b s t i t u t e d back i n ( l l ) 

and the process repeats. 

The r e s u l t s of using a simple three po i n t i . e . , two slope 

approximation to the / i s curve and an i n t e g r a t i o n step"time ^ t 

of 0,0001 second are shown i n f i g . 17b. f o r which the f o l l o w i n g data 

was also used:-

a t t = 0, Vco = 0 PSI ( ) = 0.195 Wb tu r n s , SI = 0, 

CELT = t = 0.0001 sec. .V = 141.4 v o l t s , to = 314.16 rad/sec. 

C 1 6 0 ^ P , C 2 0 ^ F, R = 2.6 ohms, r ' = 1,400 ohms 

Break p o i n t PSIM = 0.195 Wb tur n s . 

Slopes d e f i n i n g ^ / l curve, 

up to the break point SLPl = 0.05 amps/Wb t u r n , 

a f t e r the break point SLP2 = 250 amps/Wb t u r n . 
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The emergence of "'•/3 sub-harmonics from the d i g i t a l computer 
studies w i t h only fundamental e x c i t a t i o n present and the s i m i l a r i t y 
i n the shape and d e t a i l between the computed waveforms and the act u a l 
waveforms shown i n Appendix I I I , adds credence to the a n a l y t i c a l 
procedures adopted. 

However, a complete mathematical model of t h i s non-linear 

system must represent the B/H curve i n accurate d e t a i l and u l t i m a t e l y 

the f u l l h y s t e r e s i s loop must be represented. 
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T.-'i 

•mm 

Computer drawn curves for d i g i t a l solution of Buffings equation, 
equation 8, showing ̂  sub-harmonic response after the i n i t i a l 
transient period. 
Conditions; V =141.4 volts 

CJ = 314.16 rad/sec 
C = 160 

C 
R - 2.6 ohms 
r ' = 1,000 ohms, 

From a least squares approximation to the ji^ /is curve 
0.12 
54 

A 
B 

Fig. 17a. 



1 
12 .16 

T M /S 

'^Computer drawn curves for step by step s o l u t i o n of equations 9, 10 & 11. 
Fix.lib. 
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The Double Resonance Link. 

6.0 The s i n g l e resonance l i n k discussed so f a r r e l i e s 

upon the series l i n e a r r e a c t o r as the main l i m i t i n g element 

to the flow of f a u l t c u r r e n t , when the s t a t e of resonance i s 

destroyed. 

A more enhanced l i m i t a t i o n would be achieved i f the 

. c i r c u i t could•be arranged to switch a u t o m a t i c a l l y from the 

ser i e s resonant c o n d i t i o n to the high impedance p a r a l l e l 

resonant c o n d i t i o n when a f a u l t i s being fed by the l i n k . 

F a u l t l i m i t i n g p a r a l l e l 
resonance c i r c u i t . 

-jmjir 

Load flow series 
resonance c i r c u i t . 

Pig.18. 

I n the c i r c u i t shown the l i n e a r reactor and 

capacitor are i n series resonance f o r load flow conditions, but 

the value of the capacitance i s chosen so t h a t i t resonates w i t h the 

saturated inductance of the saturable reactor under f a u l t conditions. 

With such an arrangement the current through-put could t h e o r e t i c a l l y 

be very small, indeed smaller than the load current. 
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6.1 P r a c t i c a l Considerations. 

Such a l i n k was set up but i t was i n i t i a l l y found 

th a t the value of capacitance required to resonate w i t h the 

saturated non-linear r e a c t o r was over 350 ^ F and t h i s was 

considered to be too large f o r p r a c t i c a l reasons and i n any 

case w i t h the resistance necessary i n the loop the state of 

resonance was poor and the current l i m i t a t i o n was j u s t over 

3 amps, l i t t l e b e t t e r than t h a t of the s i n g l e resonance l i n k . 

The resistance i n the loop, the value of R, had a l i m i t i n g 

lower value of 3 ohms necessary to quench the ferro-resonance 

cur r e n t which otherwise p e r s i s t e d a f t e r a f a u l t was cleared. 

An a u x i l i a r y l i n e a r balJast reactor was t r i e d i n 

the loop to increase the reactance and t h i s was found to be 

very successful. 

I t s value was set by making the capacitance 160 jl/ P 

as p r e v i o u s l y , and applying such a voltage as to saturate the 

non-linear reactor and then tuning the p a r a l l e l loop f o r 

minimum through current by means of the a u x i l i a r y reactor. 

The operational, c i r c u i t as set up to study t h i s system i s 

shown i n f i g . 1 9 . , shown over l e a f . 
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I 
100 V 

50 Hz 

rvW—02 

Neutral 

r - 6 ^ 
Balast 
reactor 

JLV 
dlOJUL , 

160 

W L - J 2 0 ^ 

-\SiUr-
j i o ^ 

I \ 
Load 

100 V. 

50 Hz. 

Pig.19 . 

Again the c i r c u i t was set up to take a normal load 

c u r r e n t of 1 ampere representing 100 MVA at 132 kV. 

6.2 Load Flow. 

The l i n k was used to supply r e s i s t i v e , i n d u c t i v e and 

ca p a c i t i v e loads and to t r a n s f e r load between two busbars. 

I n a l l cases i t behaved l i k e the s i n g l e resonance 

l i n k and the r e g u l a t i o n was n e g l i g i b l e . Indeed f o r the 

reacti v e . l o a d s s l i g h t detuning could produce negative r e g u l a t i o n 

which might be u s e f u l f o r maintaining voltage l e v e l s . With some 

ca p a c i t i v e loads sub-harmonic response occurred. 

With an i n d u c t i v e load the throughput current could be 
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increased up to 2.5 amps and then the l i n k l i m i t e d to 1.35 amps. 

As the load was reduced the current increased very s l i g h t l y to 

1.4 amps before recovery took place, the load dropping t o 

1.3 amps. • . 

Furthermore, a load of 1.3 amps could j u s t be switched 

onto the c i r c u i t without i t s l i m i t i n g , so i n t h i s case the 

c i r c u i t had a f i r m 30^ overload capacity. Unlike the s i n g l e 

resonance l i n k the c i r c u i t , as i n d i c a t e d , had very l i t t l e drop-off 

margin. 

6 .3 Short C i r c u i t Performance. 

The improvement over the si n g l e resonance l i n k was 

considerable and i n d i c a t e d an impedance to f a u l t current of 

74 ohms. On short c i r c u i t the current l i m i t e d to only 1.35 amps, 

w i t h a p o t e n t i a l . f a u l t c urrent of 34 amps. This f a u l t 

throughput current is. dependent upon the value of the damping 

resi s t a n c e R necessary to quench the f e r r o - resonance current 

i n the saturable r e a c t o r loop f o l l o w i n g a disturbance. 

The necessity to have a value of R of 3 ohms i n the 

p a r a l l e l resonance loop tended to hinder i t s performance. 

Indeed w i t h R reduced to zero the current on short c i r c u i t could 

be made to f a l l to 0.28 amps, which i s about a quarter of the 

load current and i n d i c a t e s an impedance of 430 ohms. 

However, th a t such a dramatic f a u l t current l i m i t a t i o n 

cannot be u t i l i s e d because of the need f o r f i n i t e loop 

r e s i s t a n c e turned out to be hardly a disadvantage. 

A bus bar was established, fed by a 100 v o l t source 

through an i n d u c t i v e impedance of 10 ohms / 8 0 ^ , g i v i n g a f a u l t 
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c u r r e n t of 10 amps a t a power f a c t o r of approximately 0.2 l a g . 

The resonant l i n k was attached to t h i s bar from 

. another 100 v o l t " source to determine the a c t u a l f a u l t 

c o n t r i b u t i o n to a bus bar when other sources were also connected, 

When a f a u l t was established-on the busbar although 

the c u r r e n t throughput of the l i n k was 1.3 amps i t was 

discovered t h a t the a c t u a l f a u l t l e v e l of the busbar'had 

dropped to 9.8 amps. So t h a t f a r from c o n t r i b u t i n g , the 

l i n k was now reducing the f a u l t l e v e l of the bar to which i t 

was attached. 

I n f a c t i t was found t h a t , w i t h the very small f a u l t 

i n f e e d of 0.28 amps w i t h R = zero,the f a u l t l e v e l reduction 

was n e g l i g i b l e so that there was some advantage i n having a 

l i n k f a u l t current of the same order as the load current. 

I t turned out tha t w i t h R increased to 6 ohms the l i n k 

throughput was 2 amps and the combined busbar f a u l t l e v e l was 

9.5 amps, t h e r e a f t e r as R was increased and the l i n k throughput 

increased, the f a u l t l e v e l increased to and beyond 10 amps. 

The reduction i n f a u l t l e v e l was an unexpected 

r e s u l t since i t had h i t h e r t o been considered t h a t the l i m i t e d 

double resonant l i n k might be l i k e a high resistance, but 

instead i t was behaving l i k e a high impedance capacitive i n f e e d . 

The reason f o r t h i s behaviour can be seen from the 

co n s t r u c t i o n of a phasor diagram f o r the l i m i t i n g l i n k 

Pig.20, using measured values of current and voltage and 

assuming t h a t these are s i n u s o i d a l . An assumption which i s 

not t r u e , but i s s u f f i c i e n t l y accurate to demonstrate why an 

o v e r a l l f a u l t l e v e l r e d u c t i o n i s achieved. 
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I t i s a t once seen th a t the voltage across the main 

capacitor and hence the p a r a l l e l loop i s high, 107 v o l t s , and 

t h i s d i r e c t l y gives r i s e to a leading current through the l i n k . 

This c u r r e n t , although i t s leading component i s small, 

i s s u f f i c i e n t to cause an o v e r a l l reduction i n the t o t a l f a u l t 

c u r r e n t as f i g . 2 0 , shows. 

From a p r a c t i c a l standpoint such a reduction i n f a u l t 

l e v e l would be a considerable advantage i n places where the 

f a u l t l e v e l i s already approaching the r a t i n g of the switchgear. 

However, the use of such a l i n k i n series w i t h a synchronous 

machine i s not i n d i c a t e d since i t s high r e s i s t i v e impedance 

w i t h a c a p a c i t i v e component would i n e v i t a b l y lead to i n s t a b i l i t y . 

6 .4 Link Impedance. 

The l i n k impedance as a f u n c t i o n of voltage or 

cur r e n t i s shown i n f i g s . 21 and 22. 

What i s s t r i k i n g about these curves i s the remarkable 

s i m i l a r i t y i n shape w i t h those of the s i n g l e resonance l i n k 

f i g . 2 , although the mechanism of f a u l t current l i m i t a t i o n i s 

apparently d i f f e r e n t i n each case. 

The word apparent i s used since i n , r e a l i t y the 

phenomenon of ferro-resonance takes places i n both l i n k s when 

they l i m i t . I n e f f e c t , what i s happening i n the double 

resonance l i n k i s t h a t t h i s resonance process i s optimised to 

give the maximum impedance and hence the minimum current. 

Again i t can be seen t h a t the l i n k was not operated 

o p t i m a l l y to give maximum l i m i t i n g impedance, but to achieve t h i s 

would have meant a l t e r i n g the value of the capacitance and t h i s 

was not considered to be worth while f o r . a mere 5 ohms increase. 
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The s e t t i n g , of the a u x i l i a r y ballast reactor f o r minimum 
t r a n s m i t t e d current i s d i f f e r e n t f o r d i f f e r e n t applied voltages 
although the range of v a r i a t i o n i s not l a r g e . 

6,5 Ferro-resonance and Sub-harmonics. 

One s i g n i f i c a n t d i f f e r e n c e between the ferro-resonance 

and sub-harmonic currents of the double resonance l i n k compared 

to those of the s i n g l e resonance l i n k was the r e l a t i v e l y long 

d u r a t i o n of the current peaks and t h e i r rounded nature. 

This was found to be a d i r e c t r e s u l t of the a u x i l i a r y 

ballast r e a c t o r and was considered to be b e n e f i c i a l since the 

absence of very large spiky currents i n the p a r a l l e l loop 

must lead to reduced s t r e s s i n g of the capacitor and inductor. 

What i s s t r i k i n g i s the s i m i l a r i t y of features of the 

ferro-resonance currents and sub-harmonic currents providing 

f u r t h e r evidence t h a t the two phenomena are r e l a t e d , f i g s . 

23 and 24. 

The establishment of sub-harmonics i n the c i r c u i t was 

r a t h e r more d i f f i c u l t than i n the s i n g l e resonance c i r c u i t , 

r e q u i r i n g a greater shock e x c i t a t i o n although a slowly increasing 

d.c. bias current applied to the saturable reactor was j u s t as 

e f f e c t i v e . ' 

The need f o r an increased shock to e s t a b l i s h the 

sub-harmonic s t a t e was thought to be due to the d i f f i c u l t y of 

i m p a r t i n g s u f f i c i e n t energy to the p a r a l l e l resonant loop. 

The sub-harmonics once generated were always of 

V 3 order and were l i m i t e d i n range of capacitance and voltage, 

more so than i n the s i n g l e resonance c i r c u i t . 
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Double Resonant Link. 

, Saturable r e a c t o r f l u x and current during f a u l t current 

l i m i t a t i o n . 

Scales B = 1.0 Wb/m /cm. 

I g 4 A/cm. 

Conditions. 

V = 100 v o l t s . 

C = 160 ^ P. 

Pig.23. 
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Hysteresis Loop f o r sub-harmonic response showing d e t a i l s of 

minor loop. 

Scales B = 100 Wb/ra^/cm. Minor Loop B = 0.5 Wb/mVcm. 

I g = 0.1 A/cm. I s = 0.1 A/cm. 

Note c u r r e n t impulses are truncated. 

Pig.24a. 

Saturable r e a c t o r f l u x and current during sub-harmonic response. 

Scales B = 1.0 Wb/m /cm. Conditions V = 100 v o l t s . 

I s = 1.0 A/cm. C = 17 F, 

C = 160 ̂  P. 

Pig.24b. 
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There was some evidence to suggest t h a t t h i s poorer 
sub-harmonic response was due to the existence i n the p a r a l l e l 
loop of the l i n e a r baflast reactor since a c i r c u i t was set up 
wit h o u t t h i s , and although of l i t t l e p r a c t i c a l use showed a 
much r i c h e r sub-harmonic response w i t h spiky currents. 

Again the sub-harmonics were e a s i l y quenched or 

prevented from a r i s i n g by the use of a 6 ohm a u x i l i a r y r e s i s t o r 

supplied from a 50 t u r n secondary winding on the saturable 

r e a c t o r . 

During the sub-harmonic o s c i l l a t i o n the reactor 

f l u x was predominatly sub-harmonic, and p r a c t i c a l l y 

t r a p e z o i d a l i n shape. 

6.6 •Summary.• 

Where i s o l a t e d machines are not involved the 

performance of the double resonance l i n k i s undoubtedly 

super i o r t o the s i n g l e resonance c i r c u i t . I n p a r t i c u l a r the 

much greater f a u l t t r a n s f e r impedance and the a c t u a l reduction 

o f f a u l t l e v e l s a t busbars t o which i t i s connected are of 

considerable p r a c t i c a l importance. 
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Harmonic Analysis. 
7.0 Harmonic analysis was c a r r i e d out on the various 

current and voltage waves of the resonant l i n k , i n order to 

determine the frequency spectra w i t h i n the system, the 

r e s u l t s of which are given i n appendix IV, 

The f l u x wave of the saturable reactor during 

sub-harmonic o s c i l l a t i o n was found to be remarkably pure, 

being mostly V 3 sub-harmonic. Indeed the t o t a l harmonic 

content, i f one can regard the mains frequency as a t h i r d 

harmonic of the sub-harmonic, was j u s t over 10^, i n one 

case, v i r t u a l l y the whole f l u x wave was made up of 50 Hz 
2 

and 16 /3 Hz frequencies, other harmonics being of n e g l i g i b l e 

p r o p o r t i o n . 

The peaky current wave of the saturable reactor 

was found to be r i c h i n harmonics of both the fundamental 

and sub-harmonic frequencies, containing a large component 

a t 8 3 H z t h i s being the f i f t h harmonic of the sub-harmonic 

The spectra t a i l e d o f f above 500 Hz and a t the lower end cut 
o f f a t the sub-harmonic frequency of 16 /3, there being nothing 

below t h i s frequency. 

As expected the ferro-resonant current and f l u x 

waves contained only fundamental and odd harmonic frequencies 

of 50 Hz. Generally speaking the waves of current and f l u x 

f o r the double resonant l i n k had a smaller harmonic content 

than those of the s i n g l e resonance system and the range of 

the spectrum was more l i m i t e d , a r e s u l t t h a t might be 

expected from the more rounded waveforms of current o b t a i n i n g 

i n the double resonant c i r c u i t . 
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Although the r e l a t i v e phase displacements of the 

harmonics are unknown i t i s r e l a t i v e l y easy to assume these 

f o r the simple spectra and to see how the waveforms of f l u x 

and i n some cases the current and capacitor voltage are b u i l t up. 

I t i s c l e a r from the r e s u l t s t h a t the bulk of the 

harmonics occurin the currents c i r c u l a t i n g i n the p a r a l l e l 

c a p a c i t o r - s a t u r a b l e reactor loop. • Moreover i t can be 

seen t h a t f o r the sub-harmonic and i t s harmonics the capacitor 

and r e a c t o r components are f a i r l y evenly matched, i n d i c a t i n g 

t h a t the loop i s the o r i g i n of the sub-harmonic and i t s 

harmonics. D i s s i m i l a r i t y between the components of current 

i n the: loop occurs only i n the fundamental and harmonics of 

50 Hz. The l a r g e r component always occurring i n the main 

capacitor and i t i s thus i n d i c a t e d t h a t these harmonics 

are associated more w i t h the supply c i r c u i t than w i t h the 

saturable r e a c t o r - c a p a c i t o r loop. C e r t a i n l y the main flow 

paths of these two types of harmonics are d i f f e r e n t . 

This s i m i l a r i t y i n the harmonic components w i t h i n 

the loop i s also evident i n the analysis of the ferro-resonant 

c o n d i t i o n although i n t h i s case no sub-harmonic i s present. 

This would seem to f u r t h e r i n d i c a t e a basic s i m i l a r i t y between 

the sub-harmonic and ferro-resonant responses and points to a 

resonance o r i g i n . 
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P r o t e c t i o n of Resonant Link. 
,0 • • The problem of p r o t e c t i n g a resonant l i n k against 

i n t e r n a l f a u l t s i s not d i f f i c u l t i f one discounts the use 

of distance p r o t e c t i o n . 

To s u b s t a n t i a t e t h i s three modern u n i t systems were 

connected to a resonant l i n k and t e s t s were made to determine 

the performance under a v a r i e t y of conditions l i k e l y to be 

encountered i n p r a c t i c e . I n p a r t i c u l a r i n t e r n a l f a u l t s were 

thrown i n the p o s i t i o n s i n d i c a t e d i n f i g . 2 5 , f o r both s i n g l e 

end and double end fed f a u l t s . 

i 

— ^ ^ - ^ - ^ 

Relay 

7 
Belay 

Fault 

Fig.25v 

I n a l l cases the p r o t e c t i v e systems operated 

s a t i s f a c t o r i l y and i n the case of the s i n g l e end fed f a u l t s 

both ends cleared so t h a t no need f o r i n t e r t r i p p i n g was 

i n d i c a t e d . 
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8.1 Solkor R - Revrolles 410A16315 Pamphlet 1328. 

The p r o t e c t i o n was s t a b l e on through f a u l t s and 

under t r a n s i e n t conditions when the system was sv;itched onto an 

e x t e r n a l f a u l t from the dead c o n d i t i o n . 

For i n t e r n a l f a u l t s the f a u l t s e t t i n g s obtained were 

close to those i n d i c a t e d i n the manufacturers pamphlet.-

Single Measured Manuf. f a u l t Remote 
fed f a u l t s f a u l t s e t t i n g end f a u l t 
1 amp r e l a y s • s e t t i n g . f i g u r e . s e t t i n g . 

Red phase-earth. 0.25 0.25 0.55 

Red-yellow phase. L.29 1.25 

Red-blue phase. 0.64 0.62 

3 phase. 0.70 0.72 

8.2 Translay - A.E.I. HOZ pamphlet 22161C. 

Again the p r o t e c t i o n was stable on through f a u l t s 

and under t r a n s i e n t conditions when the system was switched 

onto a f a u l t from the dead c o n d i t i o n . 

I n t e r n a l f a u l t s e t t i n g s are i n d i c a t e d : 

Single end 
fed f a u l t s 
1 amp r e l a y s . 

Measured 
f a u l t s 
s e t t i n g . 

Manuf.fault 
s e t t i n g 
fimre. 

Remote 
end f a u l t 
s e t t i n g . 

Red phase-earth. 0.22 0.22 0.65 

Red-yellow phase . 0.93 0.90 

Red-blue phase. 0.47 0.45 

3 phase. 0.51 0.52 

Merz-Price Balanced Current. 

A.E.I. w i t h 1 : 5 C.T' s, P r o t e c t i o n stable under a l l 

e x t e r n a l c o n d i t i o n s . I n t e r n a l f a u l t s e t t i n g s are i n d i c a t e d : 

Single end 
fed f a u l t s 
5 amps r e l a y s . 

Measured 
f a u l t 
s e t t i n g . 

Manuf.fault 
s e t t i n g 
f i g u r e . 

Red phase-earth. 0.31 
(1.55) 

0.30 
( l . 5 0 ) 
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No maloperation occurred i n any of the pro1;ective 
systems when sub-harmonics were generated by the l i n k , although 
when these were ex c i t e d they appeared i n the p i l o t voltages 
and c u r r e n t s . As expected none, of the systems saw series f a u l t s 
w i t h i n the l i n k and these, where they may occur, must be catered 
f o r separately. 

8.4 Earth F a u l t P r o t e c t i o n (-Back-up). 

Back-up p r o t e c t i o n could be provided by timed earth 

f a u l t r e l a y s i n the normal way. 

However, sub-harmonics can flow i n the n e u t r a l c i r c u i t 

or be summed by current transformers connected i n the phase 

conductors. 

Thus where sub-harmonios may occurand maloperate the 

ea r t h f a u l t relays,these relays could be made i n s e n s i t i v e by 

e i t h e r i n c r e a s i n g the f a u l t s e t t i n g to override the sub-harmonic 

l e v e l or by p r o v i d i n g relays s e n s i t i v e to 50 Hz only. 

The former s o l u t i o n would be preferable to sp e c i a l 

r e l a y s since the sub-harmonic l e v e l i s never more than 0.5 per 

u n i t i n the phase c u r r e n t s , although- i n the case of the 

sub-harmonic, these can sum t o : -

3 3 3 

= 2'S' 3 I S in 
3 

g i v i n g a minimum f a u l t s e t t i n g of 0.759, which i s high f o r an 

' e a r t h f a u l t r e l a y . 

Of course where a secondary damping r e s i s t o r " r " i s 

connected no such m o d i f i c a t i o n to the normal earth f a u l t p r o t e c t i o n 

would be necessary. 
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8.5 Open C i r c u i t or Short C i r c u i t of Capacitors. 
i I n medium voltage systems, say up to 20 kV,the 

capacitor u n i t s w i t h i n the capacitor bank could be protected 
against i n t e r n a l short c i r c u i t s by fuses, however, i t could 
be possible f o r several u n i t s t o be shorted out or become open 
c i r c u i t e d and some method of de t e c t i o n applicable to a l l systems 
i s necessary. 

A proposed system i s as fol l o w s and necessitates the 

s p l i t t i n g of the capacitor bank i n t o two p a r a l l e l balanced 

sections f i g . 2 6 . 

C.T. 
L ^ ^ M 

M 
C T. 

VVV.A 

C.T.'s are connected 
back to back. 

Low set re l a y . 

Fig.26. 
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such a L-'.ystom would detect any imbalance i n the capacitor 
branches. 

F i n a l l y some means of d e t e c t i n g capacitor over 

voltage would be necessary and t h i s could be achieved by the 

use of a voltage transformer connected across the p a r a l l e l 

loop and backed up by a simple spark gap. 
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8.6 A complete proteotive system i s shown i n fig.27. 

l^^^^^^^••^^v^vv^^^^t^^^^^v^^^^^^.^v^v^ 

K a 3 o -p a; 

a 0) 
o CO < 

ca a) -P 

ox X X 

•H 
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8.7 Distance P r o t e c t i o n . 

I n the case where the l i n e a r series reactor i s an 

overhead l i n e i t would be d i f f i c u l t to cover the whole scheme 

by distance p r o t e c t i o n because of the large change i n impedance 

t h a t the c i r c u i t i s capable of producing when l i m i t i n g f a u l t 

c u r r e n t . However, i t i s r a t h e r d i f f i c u l t to see where the 

need f o r a resonant l i n k i n c o r p o r a t i n g a long l i n e would a r i s e 

since w i t h long l i n e s there i s u s u a l l y no short c i r c u i t problem 

and from a s t a b i l i t y aspect a resonance l i n k , w i t h i t s high' 

short c i r c u i t impedance, would be undesirable where the 

interchange of synchronising power over the long distance 

transmission system may be important. However, the l i n e 

i t s e l f could be covered by a,distance scheme l e a v i n g the 

p a r a l l e l p a r t of the l i n k to be protected by another system. 

Back up by distance relays i n zones behind the l i n k would 

again be d i f f i c u l t because the l i n k during l i m i t a t i o n would 

cause these relays to under reach. 

For s h o r t e r l i n e s less than 100 miles and f o r l i n k s 

between busbar sections any d i f f e r e n t i a l system ( c a r r i e r 

p r o t e c t i o n f o r l i n e s above 30 miles) would be s a t i s f a c t o r y 

as i n d i c a t e d i n t h i s i n v e s t i g a t i o n . 
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Review of Previous Work. 
9.0 The p e c u l i a r i t i e s of the non-linear series resonant 

c i r c u i t have been studied since as e a r l y as 1907. However, 

the f i r s t major c o n t r i b u t i o n to the understanding of the 

sub-harmonic phenomenon was undoubtedly the paper published i n 

1938 by Travis & Weygant, r e f . l , e n t i t l e d Sub-harmonics i n 

C i r c u i t s Containing Iron-Cored Reactors. This paper has been 

regarded as a standard reference t e x t by many subsequent workers 

and by i n d u s t r y . 

The paper studies the response of a s e r i e s resonant 

c i r c u i t c o n t a i n i n g a saturable r e a c t o r , supplied from a 

s i n u s o i d a l source. 

The most important r e s u l t to emerge from Travis' work 

was the theory t h a t the sub-harmonics i n these c i r c u i t s are 

generated because of trapped charge on the capacitor. 

The theory explained i n d e t a i l i n the paper states 

t h a t when the i n d u c t o r saturates a large current flows imparting 

a charge to the capacitor, subsequently when the inductor becomes 

unsaturated some of the charge remains trapped on the capacitor 

and can only escape when next the inductor goes i n t o s a t u r a t i o n 

i n the opposite sense, which w i t h a l i m i t e d applied voltage 

may be several cycles a f t e r the i n i t i a l t r a p p i n g . 

Thus the existence of sub-harmonics --is a t t r i b u t e d to 

t h i s charge t r a p p i n g and Travis goes on to analyse the series 

c i r c u i t w i t h the a i d of a d i f f e r e n t i a l analyser the s o l u t i o n s 

of which confirm the existence of trapped charge. Fig.3, r e f . l . 
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There i s some doubt about the complete g e n e r a l i t y of 
t h i s , theory because w h i l s t charge does p e r s i s t on the capacitor 
when the saturable reactor i s unsaturated i n the s e r i e s - p a r a l l e l 
c i r c u i t , i t does not seem to be trapped since i t changes 
continuously, r i s i n g and f a l l i n g to zero. 

Perhaps the word stored would convey a b e t t e r idea of 

the s i t u a t i o n than the word trapped. 

Wlien a series c i r c u i t was connected up s i m i l a r to 

T r a v i s ' , the expected trapped charge was not recorded. 

Fig.28, a and b. . 

What was recorded was the existence of s u b s t a n t i a l 

sub-harmonic f l u x i n the in d u c t o r core i n d i c a t i n g a storage 

of magnetic energy over 1 cycle of the 50 Hz frequency. 

This remained a puzzle f o r some time and i t was 

decided t o look a t the series c i r c u i t case i n more d e t a i l . 

At f i r s t no trapped charge was observed, w i t h 

capacitors of a few ̂  F g i v i n g r i s e to sub-harmonics of 

V2 supply frequency. But the sub-harmonic f l u x was again 

observed. At higher values of capacitance another stable 

region of sub-harmonics was found and here,indeed,was evidence 

of charge on the capacitor p e r s i s t i n g f o r several loops of 

app l i e d frequency. Here then was Travis' trapped charge, 

but i f t h i s was the cause of the sub-harmonics how were the 

other cases to be explained, and i n any case sub-harmonic f l u x 

was again observed i n the reactor a t the same time. Fig.29 a and b. 

9.1 I s Charge Trapped. 

The idea t h a t the charge th a t p e r s i s t s on the 

ca p a c i t o r , i f i t p e r s i s t s , i s trapped, arises l a r g e l y out 
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of T r a v i s ' arjsumption t h a t the inductance and hence the efl'ective 
impedance of the saturable r e a c t o r i s i n f i n i t e a t times when i t 
i s vmsaturated. Thus i t i s stated t h a t charge imparted to 
the capacitor when the induct o r i s saturated, cannot leak away 
when the in d u c t o r i s unsaturated. 

Undoubtedly, the weakness of t h i s idea i s t h a t w h i l s t 

i t might be arguable t h a t the unsaturated reactance of square 

loop m a t e r i a l tends t o i n f i n i t y , t h i s i s c e r t a i n l y not the case 

f o r s t a l l o y cores and yet sub-harmonics can be generated i n 

c i r c u i t s c ontaining s t a l l o y cores. 

The author also questions the v a l i d i t y of 

rep r e s e n t i n g the B/H curve by two s t r a i g h t l i n e s , one v e r t i c a l 

and the other having low f i n i t e slope to represent the saturated 

c o n d i t i o n . Fig.2 i n Travis' Paper, R e f . l . 

This technique i s sometimes used w i t h success to 

represent the behaviour of C.T. cores i n p r o t e c t i v e systems, 

but here the question i s simply, i s the core saturated or not. 

And again t h i s representation i n the case of s t a l l o y 

cores i s crude. 

There i s abundant evidence to show that the sub-harmonic 

phenomena i s c l o s e l y associated w i t h changes t a k i n g place i n the 

knee regions of the B/H curve and any v a l i d analysis must take 

i n t o account the f i n i t e curvature of these regions. To represent 

the B/H curve by two s t r a i g h t l i n e s i s to eli m i n a t e t h i s v i t a l 

r e g i o n . C e r t a i n l y a l l the r e - e n t r a n t loops of the B/H curve, 

c h a r a c t e r i s t i c of the sub-harmonic response occur near t h i s 

r e g i o n . 
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r 
Fig.28a. 

Hysteresis Loop and waveform of charge on the capacitor f o r a series 

c i r c u i t e x h i b i t i n g V2 sub-harmonic response. 

Note t h a t there i s no trapped charge but t h a t the hysteresis loop 

i s double and i n d i c a t e s a V2 sub-harmonic f l u x . 

V = 25 v o l t s . C = 3 ^ F, 

Fig2Sb. 
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Saturable r e a c t o r hysteresis loop f o r the series c i r c u i t w i t h 

V2 sub-harmonic response. 

Pig.29a. 

Charge, 

Flux. 

Waves of capacitor charge and saturable reactor f l u x f o r the 

se r i e s c i r c u i t w i t h V2 sub-harmonic response. Both charge 

and f l u x show V2 sub-harmoriic. This i s the trapped charge of 

T r a v i s ' paper. 

Conditions V = 22 v o l t s RMS. C = Ql ^ P. 

F i g . 29b. 
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Figure 3 of Travis & Weygandts paper, Sub-harmonics i n C i r c u i t s 

Containing Iron-Cored Reactors, R e f . l . 

Reproduced here by kin d permission of the I n s t i t u t e of E l e c t r i c a l 

and E l e c t r o n i c Engineers of the United States of America. 
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Furthermore, the idea t h a t the charge cannot t r a n s f e r 
d u r i n g periods when the re a c t o r core i s unsaturated i s c e r t a i n l y 
not borne out by the r e s u l t s obtained i n t h i s present work, see 
F i g . 14.. 

Fig.14 shows tha t there i s considerable t r a n s f e r of 

energy w i t h i n the c i r c u i t a t times when the reactor i s unsaturated 

and indeed d u r i n g these periods the charge on the capacitor can 

change s i g n . 

The impression t h a t comes from a study of the r e s u l t s 

of t h i s work i s not so much t h a t there i s anything trapped,but 

t h a t there i s a slow transference of energy going on most of 

the time. 

F i n a l l y , although Travis produces a n a l y t i c a l curves to 

demonstrate trapped charge no wave forms of charge f o r a c t u a l 

systems are given. However, i t i s i n t e r e s t i n g t h a t T ravis' 

waveforms of Fig.3, r e f . l , reproduced here f o r convenience, 

have a remarkable d u a l i t y w i t h the waveforms recorded f o r the 

s e r i e s - p a r a l l e l c i r c u i t Fig.55. A p p e n d i x - I I I . Travis' 

waveforms of trapped charge V^, and f l u x are s i m i l a r 

r e s p e c t i v e l y to the waveforms of f l u x and charge recorded f o r 

the s e r i e s - p a r a l l e l c i r c u i t . 

I t i s such considerations as these backed up by the 

recorded r e s u l t s t h a t have l e d to the broader n o t i o n t h a t the 

sub-harmonics are the r e s u l t of excess energy w i t h i n the system, 

o r i g i n a l l y imparted t o the system by some disturbance and 

c y c l i c a l l y replenished i n the case of sub-harmonic response and 

dying away i n the m a j o r i t y of cases. 
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Much of the appendix of Travis' paper i s devoted to 
methods of s o l u t i o n of h i s equations using step by step procedures 
and t a k i n g i n t o accoimt s p e c i f i e d i n i t i a l c o n d i t i o n s . 

His analysis y i e l d u s e f u l d e s c r i p t i o n s of the 

d i f f e r e n t types of sub-harmonics observed, but s u f f e r s from a 

d i f f i c u l t y t h a t besets any attempt to analyse t h i s type of c i r c u i t . 

I n order to s t a r t any analysis of these c i r c u i t s one 

must define a B/H curve or loop and t h e r e a f t e r ones a n a l y t i c 

r e s u l t s are constrained by t h i s curve. The t r o u b l e i s that 
1 

nature knows no such c o n s t r a i n t s and o f t e n does things outside 

the scope of our r e s t r i c t e d a n a l y s i s , i . e . , the response i n c l u d i n g 

minor loops of complicated and changing shape. This c r i t i c i s m 

can be l e v e l l e d a t a l l analyses c a r r i e d out on t h i s type of 

non-linear c i r c u i t and the author's own a n a l y s i s , which i s f a r 

less r i g o r o u s and comprehensive than some of the analyses applied 

t o the s e r i e s c i r c u i t , f a l l s down i n t h i s way. 

Thus r e s u l t s of such analyses must always be suspect 

i n c e r t a i n d e t a i l and t h i s c e r t a i n l y applies to Travis' B/H 

curve excursion of Pig.5 e n t i t l e d Sub-harmonics of the F i r s t Kind. 

Such a s i n g l e excursion i s never observed i n nature from 

e i t h e r the s e r i e s or p a r a l l e l c i r c u i t s , since i t implies the 

existence of only the sub-ha:rmonic frequency i n the f l u x and i n 

f a c t the fundamental frequency i s always present g i v i n g r i s e to 

the minor loops, as are shown i n Travis' excursion. Fig.7, r e f . l . 

Hence the t o t a l number of loops gives the order of 

sub-harmonics being generated. The minor loops are caused by 

the fundamental frequency f l u x wave being superimposed on a 

predominant sub-harmonic f l u x wave. 

Tr a v i s ' s i n g l e excursion of Pig.5» r e f . l a r ises because of the neglect 

of resistance i n his analysis and.is p h y s i c a l l y u n r e a l i s t i c . 
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Both E. Weber and McCrumm have c r i t i s i z e d Travis' 
a n a l y s i s on the groionds of h i s neglect of resistance or 
d i s s i p a t i o n and McCrumm i n h i s paper has shown the importance 
of resistance by p r a c t i c a l demonstration. 

The r o l e of resistance or d i s s i p a t i o n i n these c i r c u i t s 

i s a t once simple and complicated. I t i s simple by i t s 

damping a c t i o n as i t appears, a l b e i t i n non-linear form, only i n 

the damping term of the D u f f i n g equation and i n p r a c t i c e i t has 

a p o s i t i v e e f f e c t i n quenching the sub-harmonics. But also i t 

i s capable of changing the range and form of the sub-harmonic 

waveforms and the reasons f o r t h i s are obscure. 

Travis & Weygant also conclude from t h e i r analysis 

t h a t i n i t i a l conditions play an important p a r t i n determining the 

form of the sub-harmonic response. I t has been the Authors 

experience, over many months of experimental study, t h a t i n i t i a l 

c o n d i t i o n s play l i t t l e or no par t i n determining the f i n a l 

response of the c i r c u i t although i n e v i t a b l y , as i n the l i n e a r 

c i r c u i t , the i n i t i a l conditions w i l l determine the t r a n s i e n t 

response. To give an instance, i f the s e r i e s - p a r a l l e l c i r c u i t 

was s e t up w i t h 100 v o l t s R.M.S, applied voltage and a load 

capacitance of 20yC^ F, the response was consistent and repeatable 

i r r e s p e c t i v e of how the sub-harmonics were s t a r t e d or of the 

instantaneous value of the applied voltage when the disturbances 

took place. 

Dr. Ernest Weber, i n the discussion t h a t follows the 

paper, a t t a c k s Travis' a n a l y s i s on the grounds t h a t resistance 

has been ignored which r e s u l t s i n the conclusion that switching 
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angle determines the mode of sub-harmonic response. Weber w r i t e s , 

"the conclusion of the authors t h a t there can e x i s t e n t i r e l y d i f f e r e n t 

c h a r a c t e r i s t i c responses to an applied a.c. voltage f o r d i f f e r e n t 

s w i t c h i n g angles i s not j u s t i f i e d . I n f a c t , experience shows 

th a t the f i n a l steady s t a t e as seen i n oscillograms i s t y p i c a l l y 

the same f o r various s w i t c h i n g angles, though not necessarily of 

e x a c t l y the same form", t h i s i s the experience of the present author. 

The value of Travis & Weygants paper l i e s undoubtedly 

i n the idea of trapped charge as the cause of sub-harmonics which 

can be developed and generalised i n t o the idea of excess energy 

as the cause of sub-harmonics. 

The weakness i n Travis' thesis i s t h a t too much 

r e l i a n c e i s placed upon the r e s u l t s of d i f f e r e n t i a l analyser 

s o l u t i o n s of equations of only l i m i t e d v a l i d i t y . Had the 

r e s u l t s been supported by a c t u a l r e s u l t s obtained from such a 

non-linear c i r c u i t , some of the i n v a l i d i t i e s would have been 

exposed. 

9.2 McCrumm's paper i s e s s e n t i a l l y concerned w i t h the 

experimental i n v e s t i g a t i o n of sub-harmonics i n the series c i r c u i t . 

I n a r a t h e r pleasing way he shows i n some d e t a i l the 

complicated i n f l u e n c e of resistance i n the c i r c u i t and uses 

f a m i l i e s of constant capacitance curves f o r given resistance, 

p l o t t e d on applied voltage/current graphs to i n d i c a t e the zones 

of sub-harmonic response. Having demonstrated the complicated 

e f f e c t of resistance i n t h i s way he r i g h t l y concludes when 

r e f e r r i n g t o other papers t h a t the neglect of resistance i n 

the a n a l y s i s renders the r e s u l t s questionable. 
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The author agrees w i t h McCrumm th a t the i n i t i a l conditions 

of c a p a c i t o r charge, switching angle, e t c . , have no e f f e c t on the 

f i n a l form of the sub-harmonic response, but disagrees w i t h the 

statement t h a t the sub-harmonic phenomenon and ferro-resonance 

are unrelated f o r reasons already given on pages 56 - 58. 

Furthermore, the statement t h a t a shock e x c i t a t i o n 

i s always required t o i n i t i a t e the sub-harmonic response has been 

shown t o be untrue pages 39, 40. I n a d d i t i o n to t h i s McCrumm 

stat e s t h a t one cannot produce a sub-harmonic response simply 

by a p p l y i n g a high voltage magnitude t o the c i r c u i t and then 

reducing the voltage to the r i g h t value f o r sub-harmonic response. 

This may w e l l be true f o r a series c i r c u i t y but f o r the s e r i e s -

p a r a l l e l c i r c u i t , used by the author, i t was c e r t a i n l y posaible to 

go from the high s t a t e of ferro-resonance i n t o a sub-harmonic mode 

as the ap p l i e d voltage was reduced. See f i g . 4 8 . Appendix I I I . 

I t was, however, not possible to go from a sub-harmonic 

mode t o the high current ferro-resonant mode by increasing the voltage. 

Always the sub-harmonics extinguished before the high ferro-resonant 

mode was reached. This behaviour i s e n t i r e l y consistent w i t h 

the response diagram f i g . 7 . For a f a l l i n g voltage the operating 

p o i n t may pass through a sub-harmonic zone as the ferro-resonance i s 

extinguished but f o r a r i s i n g voltage the operating point passes out 

of the sub-harmonic zone before the high s t a t e of ferro-resonance i s 

reached. . 

9,3 Charles P. Spitzer's paper, r e f . 5 , i s i n t e r e s t i n g because'' 

i t is.one of the few papers t h a t shows a sub-harmonic voltage f o r the 

saturable r e a c t o r and also the r e - e n t r a n t loops on the hysteresis 

loop and corroborates McCrumm's evidence t h a t the e f f e c t of 
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resistance i n the c i r c u i t i s complicated and goes beyond the 

simple e f f e c t of damping. Evidence i s given to show th a t a 

minimum resistance i s required below which sub-harmonic responses 

cannot be sustained. 

I g n o r i n g the f a c t t h a t , s t r i c t l y , superposition cannot 

be a pp li ed to the non-linear series c i r c u i t , S pitzer gives a 

convincing c o n s t r u c t i o n f o r the h y s t e r e s i s loop showing re-entrant 

loops, as being simply the r e s u l t of the superposition of 

fundamental on predominantly sub-harmonic f l u x waves, f i g . 1 0 

r e f . 5 . 

The v a l i d i t y of Spitzer's c o n s t r u c t i o n i s borne out by 

the r e s u l t s of the harmonic analysis of t h i s present work which 

shows t h a t i n the cases considered the f l u x waves were composed 

predominantly of a sub-harmonic and a fundamental component, 

a l l other harmonics being of low order. 

9,4. The most recent American papers on sub-harmonic 

o s c i l l a t i o n s i n power systems re f . 9 and 10, are s t i l l concerned 

w i t h the series non-linear c i r c u i t , the non-linear inductor i n 

these cases being a power transformer. Paper 9 i s mainly 

concerned w i t h an a n a l y t i c a l approach to the problem p r i m a r i l y 

i n an e f f o r t to e s t a b l i s h a s u i t a b l e computational technique 

and to determine the existence zones of sub-harmonic response i n 

the v o l t a g e - c u r r e n t plane. I n t h i s , the paper gives a good degree 

of mathematical s u b s t a n t i a t i o n to McCrumm's experimental r e s u l t s 

r e f . 2 . 

The authors represent the power transformer magnetising 

c h a r a c t e r i s t i c by the express: 3 i o n , -O-
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where n takes the values 3, 5 or 7, s i m i l a r t o the representation 
adopted i n t h i s present work. The f i r s t l i n e a r term i s then 
e l i m i n a t e d by combining i t w i t h the series capacitance and hence 
the r e p r e s e n t a t i o n becomes, = • ^ / t ^ . 

This e l i m i n a t i o n of the l i n e a r term would seem t o be 

d i f f i c u l t to j u s t i f y since several frequencies are involved i n 

the problem and i n any case such an e l i m i n a t i o n could not be 

made i n the case of the p a r a l l e l c i r c u i t . 

The main o b j e c t i o n t h a t can be made against the analysis 

i s t h a t having established the necessary c i r c u i t equations the 

authors assume t r i a l s o l u t i o n s containing fundamental and V3 

sub-harmonic terms. Whilst such procedures are often adopted 

i n a n a l y s i s i t i s more impressive to see sub-harmonic s o l u t i o n s 

emerge by d i r e c t computation, because otherwise some a p r i o r i 

knowledge of the s o l u t i o n i s necessary and one may not necessarily 

determine other modes such as V5 sub-harmonic_,which may^ nevertheless^ 

appear i n a r e a l system. 

The authors claim good agreement between t h e o r e t i c a l and 

experimental r e s u l t s . But the experimental r e s u l t s are obtained 

from a t r a n s i e n t analyser model and not from a r e a l system, so 

t h a t i t i s not a r e a l l y good check. G.W. S w i f t of Manitoba 

U n i v e r s i t y w r i t e s i n the discussions, " i t should be emphasised 

t h a t the experimental r e s u l t s of the paper are r e a l l y analogue 

computer r e s u l t s and v e r i f y the mathematics but not the mathematical 

model". 

The papers main c o n t r i b u t i o n i s a n a l y t i c a l but u n l i k e 

T r a v i s ' much e a r l i e r c o n t r i b u t i o n , does not come near to g i v i n g 

a phy s i c a l reason f o r the generation of sub-harmonics. 
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Paper 10, from an engineering standpoint, i s more u s e f u l 
since i t i n v e s t i g a t e s sub-harmonics i n a 3 phase system. P a r t i c u l a r 
a t t e n t i o n i s paid to the sub-harmonic current i n the n e u t r a l 
c i r c u i t and one important r e s u l t to emerge i s t h a t the n e u t r a l 
current can take three d i f f e r e n t modes f o r given sub-harmonic 
phase current waveforms, depending upon the sub-harmonic current 
phase displacement which can be 40°, 80° of 160°. The 40° 
displacement gives the greatest sub-harmonic n e u t r a l current 
and was the displacement assumed i n the p r o t e c t i o n section 
of t h i s present work page 82. 

The authors v e r i f y t h a t a l l modes of three phase 

o s c i l l a t i o n can i n the case of s o l i d l y earthed systems be 

represented by per phase systems, a r e s u l t that i s r i g h t l y 

claimed to be u s e f u l f o r the power systems ana l y s t . 

Certain operating states which obtain when n e u t r a l 

r e s i s t a n c e i s present and which are termed aeymmetric or 

degenerate modes are i n v e s t i g a t e d . These are:-

1) Sub-harmonics i n two phases and ferro-resonance i n the 

t h i r d phase. 

2) Sub-harmonics i n two phases and a low magnetising current 

i n the t h i r d phase. 

3) As case one, but w i t h the ferro-resonant s t a t e continuously 

c y c l i n g round a l l three phases. 

This l a s t case i s very i n t e r e s t i n g and gives r i s e 

to an apparent beating as the phase current amplitudes slowly 

change. 



- 100 -

These three responses occur near to the upper and lower 
voltage l i m i t s of sub-harmonic response and show a complexity 
t h a t cannot be accurately represented by a per phase c i r c u i t 
f o r the resistance earthed case. 

9.5 S e r i e s - P a r a l l e l C i r c u i t . The Resonant Link. 

A search through the t e c h n i c a l l i t e r a t u r e has yeilded 

s u r p r i s i n g l y l i t t l e on the s e r i e s - p a r a l l e l resonant c i r c u i t as a 

power system l i n k . This i s a l l the more s u r p r i s i n g because a 

prototype system i s i n commission at the St. Helens works of 

Pilkington Brothers. 

This s p a r s i t y of papers on the resonant l i n k and lack 

of any paper to compare w i t h the standard of the American papers 

on the s e r i e s circuit_,has been discussed by l e t t e r w i t h M.N. John 

the author of r e f . l 3 , who agrees t h a t the subject i s poorly 

documented and suggests th a t "commercial secrecy concerning the 

development of resonant l i n k s " i s responsible. 

^ A few important c o n t r i b u t i o n s have been found. 

The f i r s t , "Tuned Interconnectors " by M.W. Bonell and 

E. Friedlander deals w i t h a resonant l i n k i n which the capacitor 

i s protected by a short c i r c u i t i n g spark gap and c i r c u i t breaker. 

See f i g . l c and r e f . l 2 . 

This arrangement has the advantage of being e n t i r e l y 

l i n e a r and no sub-harmonic response a r i s e s . However, the 

system i s not as automatic as t h a t employing a saturable reactor 

and a u x i l i a r y supplies f o r the c i r c u i t breaker must be a v a i l a b l e . 

Also f o r E.H.V, systems, t h i s system w i l l probably be more 

expensive than the saturable r e a c t o r system, because of the high 

cost of c i r c u i t breakers f o r g r i d voltages. 
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A serious disadvantage t h a t emerges concerning the 
switched l i n k i s t h a t l i m i t e d overloads may overstress the 
c a p a c i t o r without operation of the spark gap or c i r c u i t breaker. 
Furthermore, there would seem t o be some d i f f i c u l t y i n g e t t i n g 

the c i r c u i t to recover p r o p e r l y a f t e r operation because the 
] 

opening of the c i r c u i t breaker would give r i s e t o current surges 

i f the voltage vectors on e i t h e r side of the l i n k were d i f f e r e n t 

and or,widely out of phase. Such current surges could again 

operate the spark gap and reclose the c i r c u i t breaker. 

I n order t o overcome these d i f f i c u l t i e s the authors 

propose the s p l i t t i n g of the capacitor bank w i t h i s o l a t o r s and 

switches so t h a t the l i n k may be brought back i n t o c i r c u i t 

untuned as the system recovers. 

Such complexities must f u r t h e r complicate the c o n t r o l 

and p r o t e c t i o n systems necessary and increase the cost of the scheme. 

9.6 I n a paper e n t i t l e d "An Automatic Resonance Link", 

r e f . 1 3 , M.N. John looks a t the p r a c t i c a l aspects of i n c o r p o r a t i n g 

a l i n k or l i n k s i n s t r a t e g i c a l p o s i t i o n s i n power systems. 

U n f o r t u n a t e l y , John does not deal w i t h the problem of sub-harmonics, 

but h i s paper i s based upon the p r a c t i c a l a p p l i c a t i o n s of l i n k s 

a c t i n g between sections of power systems i n . which s i t u a t i o n s 

sub-harmonics are u n l i k e l y to occur. That i s to say,the l i n k s 

are intended t o bridge two systems f o r s e c u r i t y purposes, and 

t o block f a u l t current infeed from one system to another. 

I n such a s i t u a t i o n the only time t h a t there would be 

a. l i k e l i h o o d of sub-harmonic response would be a t l i g h t load, low 

p l a n t conditions when there might be a predominance of leading VARS 

,14 MAR 1972 
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on^he system. However, under these conditions the l i n k would not 
be r e q u i r e d and would probably not be i n c i r c u i t . 

9.7 \ C.I.G.R.E. paper 301 by B. Kalkner, r e f . l l , describes 

an experimental German system operating at 10 kV and l i m i t i n g a 

prospective f a u l t c urrent of 31f000 amps to a mere 190 amps.when 

the a c t u a l f u l l load current i s 140 amps. 

Kalkner does not say whether his c i r c u i t i s of the 

s i n g l e or double resonance v a r i e t y since such severe l i m i t a t i o n 

could be achieved w i t h e i t h e r system depending upon the parameters 

chosen. 

No i n d i c a t i o n of the values of reactance or capacitance 

are given i n the paper and h i s c i r c u i t and t e x t would suggest that 

the s i n g l e resonance c i r c u i t i s involved. 

I f t h i s i s the case such extreme l i m i t a t i o n implies high 

. values of c a p a c i t i v e and i n d u c t i v e reactance w i t h considerable 

voltages being developed across the equipment under normal load , 

c o n d i t i o n s . 

The t o t a l short c i r c u i t impedance of the German l i n k 

i s 10.000 r - r r V, and assuming t h a t the a c t u a l series reactor 190 = 53 ohms, 

impedance i s of the order of 50 ohms, t h i s would imply a voltage of 

7 kV, t h a t i s 70^ system vo l t a g e , developed across the series 

capacitor and r e a c t o r during normal operation. 

On the other hand some of Kalkner's waveforms look 

remarkably s i m i l a r to those obtained f o r the double resonance 

c i r c u i t , p a r t i c u l a r l y h i s waveforms of loop c u r r e n t . Also the 

waveform of the t r a n s m i t t e d current during f a u l t conditions i s 

p r a c t i c a l l y i n phase w i t h the l i n e voltage but shows a s l i g h t 
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lea d i n g component as observed i n t h i s present study of the double 
resonant l i n k . I t therefore seems f a i r l y c e r t a i n that the double 
resonance l i n k i s involved here although no mention of t h i s i s made. 
Kalkner goes on to show t h a t the resonant l i n k can be u s e f u l i n 
l i m i t i n g the surges of an out of step machine and indicates that 
automatic resynchronisation i s possible i f the l i m i t of the l i n k 
i s set w e l l above the normal synchronising pov?er l e v e l . I t may w e l l 
be the case t h a t t h i s paper covers the r e s u l t s obtained w i t h both 
types of l i n k otherwise i t i s remarkable t h a t Kalkner does not 
h i g h l i g h t the s t a b i l i t y problem t h a t undoubtedly e x i s t s when a 
double resonance c i r c u i t i s used i n conjunction w i t h a synchronous 
machine. I t i s ra t h e r d i s a p p o i n t i n g t h a t no reference was made i n 
the t e x t t o the generation of sub-harmonics, since i t would have 
been i n t e r e s t i n g t o have had some data concerning t h i s mode of 
behaviour from a large high voltage system. 

9.8 The l a s t three references 14, 15 and 16 are mainly 

concerned w i t h the p r a c t i c a l aspects of the l o c a t i o n of resonance 

l i n k s a t s t r a t e g i c a l p o s i t i o n s i n power systems to l i m i t f a u l t 

c u r r e n t and to b u f f e r the system against voltage disturbances 

created by f l u c t u a t i n g loads. 

A new innova t i o n t h a t emerges from these papers i s the 

shunting of the damping r e s i s t o r R by an a u x i l i a r y s a t u r a t i n g 

r e a c t o r . 

This r e a c t o r , l i k e the main non-linear s a t u r a t i n g r e a c t o r , 

i s quiescent under load flow conditions but under f a u l t conditions 

i t s aturates a f t e r the main reac t o r and shorts out the damping 

r e s i s t o r . 
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The need f o r t h i s from a p r a c t i c a l stand point arises 
because under f a u l t l i m i t i n g conditions considerable currents flow 
i n the p a r a l l e l loop and t h i s means t h a t the d i s s i p a t i o n of R must 
be l a r g e . By a u t o m a t i c a l l y s h o r t i n g out R during f a u l t l i m i t i n g 
the need f o r a p h y s i c a l l y large and c o s t l y r e s i s t o r i s overcome. 

A f t e r the f a u l t i s cleared the a u x i l i a r y reactor i s set 

to recover f i r s t so t h a t the r e s i s t o r R suddenly becomes a v a i l a b l e 

to damp out the ferro-resonance loop current and the l i n k recovers. 

main r e a c t o r 

\AAA/ 

a u x i l i a r y reactor. 

•xQMr 

F i g . 30. 

Such a system was tested i n the labo r a t o r y to assess 

i t s e f f e c t i v e n e s s . 

A saturable r e a c t o r w i t h a s i m i l a r core to the main reac t o r , 

but w i t h a 10 t u r n winding, was connected across the 3.0 ohms damping 

r e s i s t o r R. 
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The re a c t o r had no noticeable e f f e c t on the generation 
of sub-harmonics and i t s e f f e c t on the throughput current of the 
l i n k was a very s l i g h t r e d u c t i o n ; 3.7 amps to 3.6 amps. 

I t s e f f e c t on the short c i r c u i t current i n the damping 

r e s i s t o r R was considerable, the current being reduced from 4.1 amps 

RMS to 0.8 amps RMS,, which i s a reduction i n the d i s s i p a t i o n of R 

by a f a c t o r of 26, so i t s usefulness was amply demonstrated. 

A l l of the papers reviewed concerning the resonant l i n k 

f a i l e d to deal w i t h the sub-harmonic problem, except f o r a b r i e f 

mention i n reference 16. 

The p o i n t seems t o be tha t although the sub-harmonic 

response i s r a t h e r involved i t can f a i r l y e a s i l y be eliminated so 

th a t there i s a concentration i n these papers on the p r a c t i c a l 

aspects and economics of the resonant l i n k . 

There i s very l i t t l e t h e o r e t i c a l work i n any of the papers 

on resonant l i n k s , very few waveforms are given and no attempt at 

an a l y s i s i s made. 
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Summary and Conclusions. 

10.0 The object of t h i s work has been to show that the 

non-linear resonant l i n k has a s a t i s f a c t o r y performance as a f a u l t 

l i m i t i n g device i n a power system and t h a t c e r t a i n problems 

associated w i t h i t can be s a t i s f a c t o r i l y overcome without the need 

f o r expensive e l a b o r a t i o n . 

I t i s d i f f i c u l t t o make a clear economic assessment of the 

l i n k i n r e l a t i o n t o a l t e r n a t i v e modes of system operation f o r a given 

degree of s e c u r i t y and power transference. 

This i s because every case of possible a p p l i c a t i o n i s 

d i f f e r e n t and must be t r e a t e d i n d i v i d u a l l y . To e f f e c t a v a l i d 

economic comparison i n a p a r t i c u l a r case as to. whether to i n s t a l a 

l i n k or t o , say, up r a t e or replace c i r c u i t breakers f o r ones 

w i t h higher r a t i n g , one would need to know the cost of c i r c u i t 

breakers, and the numbers inv o l v e d , and the possible f u t u r e 

development of the system. The amount of r e g u l a t i o n t h a t could be 

t o l e r a t e d f o r the use of simple reactors as a cheap a l t e r n a t i v e , 

or the possible reduction of the f a u l t l e v e l s by a c e r t a i n amount 

of system s e c t i o n i n g a t the expense of some s e c u r i t y . 

M.N. John, r e f . 1 3 , makes a simple economic study of a 

simple f o u r transformer 11 kV system and a r r i v e s a t a f i g u r e of 

£2.4/kVA of f i r m load which he shows to be cheaper than network 

reinforcement to achieve the same r e s u l t . However, f o r systems 

a t high voltages one would expect a f i g u r e s u b s t a n t i a l l y higher 

than t h i s t o o b t a i n . Indeed, the volume of the main capacitor 
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bank, given by John as 550 cu.ft./MVA,. would r e q u i r e c a r e f u l 
c o n s i d e r a t i o n . 

C e r t a i n l y the resonant l i n k w i l l not f i n d wide a p p l i c a t i o n 

i n power systems, but i t i s believed t h a t , l i k e the d.c. l i n k , 

there are cases i n large A.C. systems where i t s unique properties 

would be b e n e f i c i a l . See f i g . 31. 

Cases (a) and (b) concern the l i n k i n g of systems f o r the t r a n s f e r 

of power, but which require a severe l i m i t a t i o n on the f a u l t 

c o n t r i b u t i o n from e i t h e r system to.avoid the necessity f o r large 

scale changing or u p r a t i n g of switchgear and or s e c t i o n i n g of the 

network w i t h i n e i t h e r system to reduce f a u l t duty i n the case of 

a d i r e c t coupling. 

Case (c) might involve i n a d d i t i o n to the short c i r c u i t problem, 

a r e g u l a t i o n problem w i t h a d i r e c t connection. The two l i n k s 

( f o r s e c u r i t y ) l i m i t the f a u l t c o n t r i b u t i o n from e i t h e r end, but 

f o r load, f l o w v i r t u a l l y connect the two bars s o l i d l y thus l i m i t i n g 

r e g u l a t i o n . 

I n the foregoing cases consideration would have to be given to 

machine s t a b i l i t y and t h i s f a c t o r would have to be taken i n t o 

account when deciding the l i m i t i n g l e v e l s of the l i n k s . 

Case (d) involves a load fed from a system and a number of 

reasons here might make a l i n k d e sirable between load and supply. 

1) to l i m i t the f a u l t l e v e l a t the load busbar. 

2) t o improve or e l i m i n a t e r e g u l a t i o n at the load busbar. 

3) t o l i m i t f a u l t back feed from a synchronous load to the 

• supply system. 
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4) to reduce the flow of harmonics, from high power r e c t i f i e r s 

i n t o the supply system,, 

5) the load may be f l u c t u a t i n g (arc furnaces etc.) and a 

resonant l i n k would b u f f e r the supply system against v i o l e n t 

load surges t h a t might i n t e r f e r e w i t h system voltages. 

I n some of the a p p l i c a t i o n s of case ( d ) , an a u x i l i a r y 

damping r e s i s t o r would be required to prevent the e x c i t a t i o n of 

sub-harmonics, p a r t i c u l a r l y i n the case of item 4) . 

10.1 The conclusions derived from t h i s i n v e s t i g a t i o n may be 

summarised a s f o l l o w s : -

Load Flow and Fault Studies. 

1) The resonant l i n k can be designed to operate s a t i s f a c t o r i l y 

as a load t r a n s f e r r i n g element i n a power system, wi t h 

n e g l i g i b l e r e g u l a t i o n , which nevertheless severely l i m i t s 

f a u l t currents to a few times f u l l load value. 

2) The resonant l i n k w i l l operate s a t i s f a c t o r i l y i n p a r a l l e l 

w i t h another resonant l i n k and i n i t s detuned state w i t h a 

conventional supply f o r load sharing. 

The load flow and sharing can to a l i m i t e d extent, be 

c o n t r o l l e d by v a r i a b l e detuning. 

3) The l i n k i s s t a b l e under a v a r i e t y of t r a n s i e n t conditions. 

I t s l i m i t a t i o n of f a u l t current i s r a p i d , i n the f i r s t h a l f 

c y c l e , and i t s recovery a f t e r a f a u l t i s r a p i d and complete 

w i t h i n a few cycles at most. 

4) The l i n k s overload capacity i s good and i s adjustable 

depending upon the value of the s e r i e s resistance R. 



- 110 -

5) The d i s s i p a t i o n and ph y s i c a l size of the damping r e s i s t o r 
R may be considerably reduced by the use of an a u x i l i a r y 
s a t u r a t i n g reactor shunting R. 

6) The l i n k can only be used i n conjunction w i t h an i s o l a t e d 

synchronous machine i f i t s l i m i t i n g current i s v f e l l above 

' the maximum synchronising surges the machine i s capable 

of producing, otherwise the machine w i l l not resynchronise 

f o l l o w i n g pole s l i p p i n g . 

7) P r o t e c t i o n of the l i n k against i n t e r n a l f a u l t s i s a 

s t r a i g h t f o r w a r d matter and no d i f f i c u l t i e s were encountered 

i n t e s t s using modern d i f f e r e n t i a l u n i t systems. 

8) Sub-harmonics w i l l flow i n the n e u t r a l c i r c u i t of a three 

phase system and f o r the common sub-harmonic i n a 

s o l i d l y earthed system may achieve a maximum value of 

2.53 times the phase RMS value. 

10«2 Sub-harmonics and Ferro-resonance. 

1) I t i s suggested t h a t sub-harmonics are generated when an 

excess energy i s imparted t o the system and c y c l i c a l l y 

replenished by impulse resonance surges driven by the 

50 Hz supply. 

This i s the proposed theory of excess energy put forward 

as a g e n e r a l i s a t i o n of Travis' theory of "trapped charge". 

2) The sub-harmonic and ferro-resonant phenomena are b a s i c a l l y 

s i m i l a r . " Both are excited by the impulse resonance surges 

d r i v e n by the fundamental frequency. 

Sub-harmonics w i l l occur i f an excess energy i s imparted 

to the c i r c u i t when the d r i v i n g voltage i s below t h a t 

necessary t o maintain ferro-resonance. 
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Ferro-resonance occurs when the d r i v i n g voltage i s above 

a c e r t a i n minimum l e v e l , s u f f i c i e n t to cause the reactor: 

to approach s a t u r a t i o n i n each h a l f cycle of the 50 Hz 

frequency. 

3) I t i s possible to go from the ferrO-resonance s t a t e to the 

sub-harmonic s t a t e as the applied voltage i s reduced or 

as a f a u l t current i s thrown o f f , but i t i s not possible 

to go from the stable sub-harmonic s t a t e to the f e r r o -

resonant s t a t e w i t h i n c r e a s i n g applied voltage. 

4) I t i s believed t h a t stable sub-harmonics are produced when 

the mean n a t u r a l frequency of the c i r c u i t f a l l s near a 

sub-multiple of the supply frequency. Otherwise an 

e r r a t i c e x t i n g u i s h i n g sub-harmonic i s produced. 

5) Sub-harmonic zones are r e s t r i c t e d to d e f i n i t e ranges of 

applied v o l t a g e , capacitance and resistance. 

6) The e f f e c t of resistance i n the c i r c u i t i s more complex 

than simple damping although t h i s i s i t s main e f f e c t . 

For any c i r c u i t there i s a range of resistance above which 

i t i s impossible t o generate sub-harmonics and below which 

i t i s impossible to maintain stable sub-harmonics, the 

response being e r r a t i c . 

7) Taking i n t o account both the sub-harmonic and ferro-resonance 

phenomena there may be 2 or 3 stable current states f o r a 

given applied voltage, and several unstable states which 

nevertheless may p e r s i s t f o r several minutes. 
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S) Contrary to the a s s e r t i o n of many workers a shock e x c i t a t i o n 
i s not necessary to s t a r t a sub-harmonic response. A l l that 
i s necessary i s t h a t a c e r t a i n value of energy be imparted 
to the system, which energy may be applied r a p i d l y as a 
shock or very slowly. 

Indeed sub-harmonics may be i n i t i a t e d by the slow a p p l i c a t i o n 

of a d.c. c u r r e n t , r i s i n g a t a r a t e of less than an amp per 

minute, to a winding on the saturable r e a c t o r . 

A f t e r the sub-harmonics have been established, i f i t i s a 

st a b l e response, i t becomes independent of the applied d.c. 

current, which may be removed. 

9) Such an applied d.c. bias may s t a b i l i s e an unstable 

sub-harmonic, convert an e r r a t i c response to a stable 

sub-harmonic response or e x t i n g u i s h i t and may i n i t i a t e 

a ferro-resonant response which also becomes incfejendent of 

the d.c. bias once i t i s established. 

10) The a p p l i c a t i o n of a heavy d.c. bias w i t h a low applied 

voltage r e s u l t s i n a ferro-resonant response i n an 

uns3niimetrical mode. The p o l a r i t y of the bias determining 

the asymmetry. 

11) I n i t i a l c onditions are unimportant i n determining the form 

of a st a b l e sub-harmonic response. The i n i t i a l conditions 

are only s i g n i f i c a n t f o r the t r a n s i e n t period as i n the 

case of l i n e a r systems. 

12) Remnance i n the react o r core a s s i s t s the i n i t i a t i o n of 

sub-harmonics, but has no noticeable e f f e c t upon the steady 



- 115 

s t a t e sub-harmonic response although i t must influence the 

t r a n s i e n t p e r i o d . 

13) Hysteresis loops of the saturable reactor w i t h sub-harmonic 

response show r e - e n t r a n t or minor loops, the t o t a l number 

of loops g i v i n g the order of sub-harmonic present. 

14) The V3 sub-harmonic i s by f a r the most common sub-harmonic 

response of the resonant l i n k . V2 and V4 and V5 

sub-harmonic responses are encountered but these are unstable 

although they may p e r s i s t f o r several minutes. The I2 

sub-harmonic may be s t a b i l i s e d by the a p p l i c a t i o n of a 

d.c. bias and the V5 sub-harmonic p e r s i s t s f o r so long 

t h a t i t could almost be regarded as a stable mode. 

15) I t i s possible t o generate sub-harmonics w i t h r e s i s t i v e and 

i n d u c t i v e loads of high impedance. 

16) A u x i l i a r y damping r e s i s t o r s " r " connected to a secondary 

winding on the saturable r e a c t o r or across the p a r a l l e l 

loop are e f f e c t i v e i n quenching the sub-harmonic response or 

i n preventing t h e i r e x c i t a t i o n . 

10.3 Double Resonance Links. 

1) Broadly these l i n k s e x h i b i t a s i m i l a r behaviour to tha t of 

the s i n g l e resonance l i n k . 

However, the double resonance l i n k i s superior to the 

s i n g l e resonance l i n k since i t s f a u l t throughput current 

may be only a f r a c t i o n greater than f u l l load current. 

2) The phase angle of the f a u l t current of a double resonance 

l i n k has a leading component and therefore leads to a 

reduction of the f a u l t l e v e l of a source busbar to which, 

i t i s connected w i t h other i n d u c t i v e supplies. 
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3) I t s o v e r a l l sub-harmonic and ferro-resonant response i s 
b e t t e r since the range of sub-harmonic response i s narrower 
and the current surges involved are not spiky l i k e those of 
the s i n g l e resonant l i n k , thus leading to a reduction i n the 
s t r e s s i n g of components. 

4) The double resonance l i n k i s not s u i t a b l e f o r use w i t h 

i s o l a t e d or l o o s e l y coupled synchronous machines since i t s 

a b i l i t y to transmit synchronising power i s very poor. 

10.4 F i n a l l y the open ended nature of t h i s p r o j e c t must be 

stressed. 

During the work t h a t has led to the presentation of t h i s 

t h e s i s many issues have a r i s e n and have not been f u l l y i n v e s t i g a t e d . 

For instance the whole problem of sub-harmonics and 

ferro-resonance needs f u r t h e r i n v e s t i g a t i o n p a r t i c u l a r l y w i t h 

regard t o non-linear reactors w i t h d i f f e r e n t core materials 

p a r t i c u l a r l y s t a l l o y and composite cores. 

With the i n c r e a s i n g use of series and shunt capacitor 

systems o f t e n associated w i t h reactors and transformers as 

s t a t i c compensating devices the general problem of sub-harmonic 

and ferro-resonant response w i l l continue to demand a t t e n t i o n and 

s u i t a b l e remedies can only be expected to emerge from studies i n t o 

the p h y s i c a l nature of the generation processes involved, r e f . l O 

discussion, 14, 15» 16. 

Improved an a l y s i s of t h i s non-linear system needs 

f u r t h e r a t t e n t i o n p a r t i c u l a r l y w i t h regard to the accurate 

r e p r e s e n t a t i o n of the B/H curve and hysteresis loop and t h i s i s 

being a c t i v e l y pursued as an extension to the present work. 
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The subtle e f f e c t s of d i s s i p a t i o n i n the c i r c u i t i s 
something t h a t needs f u r t h e r a t t e n t i o n since i t i s suspected of 
having some i,nfluence upon the generation of lower order sub-harmonics 
of f l e e t i n g existence. 

There were c e r t a i n aspects of behaviour of t h i s c i r c u i t 

which although of i n s i g n i f i c a n t e f f e c t , arrested ones a t t e n t i o n , 

but which were too f l e e t i n g and un c e r t a i n as to be capable of 

documentation. For instance i t remains a puzzle why f o r a few days 

i t seemed r e l a t i v e l y easy to e x c i t e a •'•/4 sub-harmonic which lasted 

f o r seconds or minutes and even the V? sub-harm.onic was seen long 

enough to e s t a b l i s h i t s frequency. But then f o r days or even weeks 

t r y as one may these sub-harmonics refused to appear w i t h the same 

undisturbed apparattis and i d e n t i c a l voltage condi t i o n s . 

Does the temperature of the saturable reactor core play a part ? 

The theory of excess energy needs to be tested f u r t h e r 

since i n i t s elementary form i t might be too simple to explain a l l 

the o d d i t i e s of behaviour t h a t t h i s c i r c u i t i s capable of producing. 

Probably the most p r o f i t a b l e and f r u i t f u l f i e l d of 

i n v e s t i g a t i o n l i e s i n the o p e r a t i o n a l behaviour of the resonance 

l i n k i n conjunction w i t h a synchronous machine. 

Prel i m i n a r y i n v e s t i g a t i o n s i n d i c a t e t h a t there i s a 

s t a b i l i t y problem involved which i s very acute i n the case of the 

double resonance l i n k . 

I t i s f e l t t h a t the complexity of t h i s problem w i l l be 

considerable because pa r t of the response of such a system w i l l 

i n v o l v e a synchronous machine operating asynchronously (pole s l i p p i n g ) 
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against a synchronous supply through a non-linear coupling. 
Also the e f f e c t of sub-harmonics, generated by the l i n k , b e i n g 
supplied t o r o t a t i n g machinery ( p a r t i c u l a r l y small induction motors) 
needs to be looked a t . 

On the other hand sub-harmonics have mostly been generated 

by the use of c a p a c i t i v e loads, yet i t has been observed t h a t a 

type of e r r a t i c sub-harmonic response can be produced by any load 

r a p i d l y switched on and o f f . Thus i t may w e l l be the case th a t 

f l u c t u a t i n g loads could give r i s e to t h i s , adverse response. 

Again the j i t t e r i n g and slow o s c i l l a t i o n s can be damped 

by the use of a secondary damping r e s i s t o r supplied from, the 

saturable r e a c t o r and t h i s i s important because' the l i n k should be 

u s e f u l as a b u f f e r between a f l u c t u a t i n g load (arc furnaces etc.) 

and a supply system to prevent the propagation of voltage disturbances 

i n t o the system. 
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Appendix I . 
Design of the Saturable Reactors. 

The saturable reactor used i n t h i s i n v e s t i g a t i o n i s shown i n 

f i g . 3 2 . , and i t s c h a r a c t e r i s t i c magnetisation curve and hysteresis 

loop are shown i n f i g . 33 and 34 f o r 50 Hz e x c i t a t i o n . 

Core m a t e r i a l ; H.C.R. square loop a l l o y type 12C, see TELCON 

magnetic a l l o y s p u b l i c a t i o n TP 25 - 666. 

Dimensions of Tor o i d a l Cores. 

In s i d e diameter 82.5 mm 

Outside diameter 127 mm 

Core depth 25.3 mm 
2 

Cross s e c t i o n a l area of core 564 mm 

Stacking f a c t o r 0.88 
2 

Nett cross s e c t i o n a l area of core 496 mm 

Mean magnetic length of core 329 nun 

Core tape thickness 0.0158 mm (0.004") 
V o l t s per t u r n RMS 4.44 B.A.f = 0.12 v o l t s / t u r n . 
where B = 1.1 Wb/m̂  f = 50 Hz A = 4.96 x 10~^m^ 

Thus 250 turns give a nominal 30 v o l t s . 
A - 2 Sat u r a t i o n occurs at B = 1.54 Wb/m i . e . , at 44 v o l t s RMS 

( s i n u s o i d a l ) on the 250 turn winding. 
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Windings. 

Main windings 16 S.W.G. 5A continuous r a t i n g , current density 

J = 2000 amps/inch 

Normal operating combination to 
give 250 turns - 30 v o l t c o i l . 

D.C. resistance = 0.36 ohms. 

20 S.W.G. 

Winding Regime 
100 turns 
100 tui'ns 
30 turns 
20 turns 
20 turns 
10 turns 

A u x i l i a r y windings 
50 turns 

50 t U l T L S 

The r e a c t o r s were designed w i t h a large number of separate windings 

to allow f o r f l e x i b i l i t y and to save the p o s s i b i l i t y of having to 

add f u r t h e r windings l a t e r . 

This proved to be very convenient as the p r o j e c t progressed. 

The 50 t u r n a u x i l i a r y windings were placed r e s p e c t i v e l y next to the 

core and on the outside of the reactor and were used to measure 

f l u x waveforms and t o supply the a u x i l i a r y damping r e s i s t o r r 

when r e q u i r e d . 

Summary of magnetic p r o p e r t i e s taken from manufacturers data manual. 
5 Maximum r e l a t i v e p e r m e a b i l i t y 

S a t u r a t i o n 

Remnance maximum 

Hysteresis loss a t B ::= 1.5 Wb/n 

10' 

1.54 Wb/m̂  

1.5 Wb/m̂  

65 Joules/mVcycle. 
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The Saturable Reactor. 

Pig. 32. 
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Normal Hysteresis Loop of H.C.R. A l l o y core w i t h 50 Hz 

si n u s o i d a l e x c i t a t i o n on 250 t u r n winding. 

Scales B = 0.414 Wb/m̂ /cm. 

I s = 0.05 A/cm. 

Pig.34. 
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This shows the high performance i n t e g r a t e d c i r c u i t 
a m p l i f i e r N0.574IA used f o r the i n t e g r a t i o n process i n the 

production of the f l u x waves and hysteresis loops. 

With the r e s i s t i v e and ca p a c i t i v e components of 

300 K ohmti and 1.0yCt ^ r e s p e c t i v e l y , the i n t e g r a t o r had good 

l i n e a r i t y over the frequency range i n d i c a t e d i n the harmonic 

a n a l y s i s . L i n e a r i t y was tested using a v a r i a b l e frequency 

square wave generator working down to a frequency of 10 Hz. 

Fig.35. 
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Single phase - Single/Double Resonance - Resonant Link, 

3 phase - Resonant Link, 

l'̂ iC.'56. 
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Appendix I I . 

Load Flow Data. 

The following are load flows taken with a single 

resonance l i n k operating i n conjunction with conventional supplies. 

This data forms the basis of the discussion of section 3.00. 

The driving voltages i n the load flows have often been 

taken to levels f a r higher than would occur on. a real power system 

having regard to the nominal system voltage. This was done to 

get a broader picture of the behaviour of the c i r c u i t p a r t i c u l a r l y 

beyond l i m i t a t i o n . 

Fig.37 shows the metering arrangements fo r the load flows 

and f a u l t studies. 

Where non-sinusoidal currents or voltages could be 

encountered moving iron or dynamometer instruments were used to 

determine the RMS values. 

The waveforms are reproduced from U.V. recordings and 

show a variety of conditions of load flow and f a u l t l i m i t a t i o n 

discussed in. section 3.00. 
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TrariaCer of' Lioad from A - H. 

R not an i i i f i n i le liu:;il);'i.r 
PJ''a 

K'l) ••: 1.7 ohms 

VP I t s 
100 
102 

lo 
amps 

0.4 

watts 
0 

31 

Vb Pb 
volts wattt 

.76 
Ig.exp. 

100. 
102 28 

'5.0 ohm;-.. 
PPb 

.7 
Ig.imp. 

103 0.65 54 .8 " 102.5 49 .74 I t 

105 0.91 76 .79 " 104 71 .75 I I 

107 1.17 •100 .8 " 106 92 .75 I I 

111 1.70 147 . .79 110 • 136 .73 I I 

116 2.3 204 .77 " 115 190 .72 I I 

120 1.7 196 .96 " 102 170 .98 " l i m i t i n g • 
122 1.65 192 .9,5 " 102 160 .97 I t 

126 1.58 190 .95 " 102 154 .96 I I 

136 1.57 206 .97 " 103 153 .95 I I 

145 1.65 234 .98 " 104 164 .95 1! 

116 1.75 200 .98 101 170 .95 I I 

Ig.exp 
115 1.85 212 UPF 101 184 .95 I I 

112 1.75 150 .76 110 140 .73 " drop-off 
Ig.exp. 

Transfer of Load from A - B. 
B an i n f i n i t e busbar. 
Va la Pa PFa Vb Pb PPb 
volts amps watts volts watts 
100.5 0.34 34 • UPF 100 33 UPP 
101 0.74 73 100 70 t l 

102 0.95 97 100 93 M 

103 1.05 107 100 104 M 

103.5 1.4 144 100 138 I I 

104 1.5 153 " 100. 147 I I 

104.5 1.64 170 100 160 t l 

105 1.85 190 100 180 I I 

106 2.1 220 100 210 I I 

106.5 2.24 235 100 220 I I 

107 2.05 216 100 198 rt l i m i t i n g 
111 1.93 212 100 193 .99 Ig.imp. 
126 1.62 196 .96 Ig.ex .100 166 .99 I I 

130 1.76 206 .9 " 100 159 .90 I I 

140 1.9 226 .85 " 100 162 .85 I I 
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Transfer of Load from A - B. 
B. riot an i n f i n i t e bus bar R̂  = 1.7 ohms X̂b =5.8 ohms. 
6 ohm Auxiliary S t a b i l i s i n g Resistor " r " connected. 
Va • la .Pa PFa Vb Pb PFb 
volts amps watts volts watts 
105 .32 27 . .8 104 22 .85 

Ig.exp. Ig.imp. 
109 .74 ' 67 , .83 " 106 64 .85 " 
114 1.18. 108 .8. " . 108 100 .8 " 
118 1.65 154 .8 111 140. .78 " 
123 • 2.05 200 .8 " 114 174 .75 " 
128 2.5 250 .79 " 116 214 .74 " 
130 1.93 244 .97 " 108 198 .98" l i m i t i n g 

B an i n f i n i t e busbar 
6 ohm Secondary S t a b i l i s i n g Resistor " r " connected • 
Va la Pa PFa Vb. Pb PFb 
volts amps watts volts watts. 
101.5 .26 . 26 -• 100 25 -
103 • .59 60 UPF 100 59 UPP 
105 .89 94 100 90 
107 1.3 138 100 128 
109 l-T 184 100 167 
110 2.03 220 100 201 
111 2.43 276 100 240 
212 2.25 260 . . . 100 234 " l i m i t i n g 
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Effect of Detuning on the Transfer of Load between A - B. 
B not an i n f i n i t e busbar R̂  = 1.7 ohms = 5,8 ohms. 
Va l a Pa PPa Vb Pb PFb C F Link . 
volts amps watts • volts watts Impedance. 
108 1.3 137 .98 

Ig.exp. 
104 130 UPP 120 R C 

108 1.23 115 .89 I I 106 . 110 .85 
Ig.imp 

140 
• 

R C 

108 1.18 101 .8 .. 106 96 .82 " 160 Resistive 
108 .85 62 .65 .. 106 58 .64 " 190 R L 
108 .76 52 .63 .< 106 48 .6 " 210 R L 

B an i n f i n i t e busbar 
Va 
vol t s 

l a 
amps 

Pa 
watts 

PPa Vb 
volts 

Pb 
watts 

PFb C /4 F Link 
Impedance 

97' • 1.05 102 .93 
Ig.exp. 

100 95 .96 
Ig.imp 

120 R C 

98. 0.68 76 .9 .1 100 62 .97 " 140 R C 
103 .65 67 UPF 100 62 UPF 160 Resistive 
103 .6 51 .8 

Ig.exp 
100 48 .8 

Lg.imp 
180 R L 

103 •55 37 .73 I t 100 34 .65 " 200 R L 
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Unity Power Factor Load Supplied from a Resonant Link and 
Conventional Supply Operating together. 
A - A resonant l i n k with series resistance of 3 ohms. 
B - Normal supply with Rb = 1.7 ohms = 5.8 ohms. 

In a l l cases Va and the driving voltage behind B is equal to 100 volts. 
I R l a Pa PFa Load l b Pb PPb 
amps amps watts volts amps watts 
.5 • .4 •35 .91 98 .26 19 .75 

Id.exp. Ig.exp. 
1.0 .72 64 .89 " 97 .52 28 .75 " 
1.5 1.05 94 .9 " 95 .76 57 .76 " 
2.0. 1.4 124 .89 " 95 1.0 72 .75 " 

(1) - - - 2.5 1.82 156 .85 " 94 1.3 93 .76 " (1) 
3.3' 1.7 40 .25 " 81 3.8 280 .9 " l i m i t i n g 

As above but with 6 ohms secondary s t a b i l i s i n g resistor r i n c i r c u i t . 
I R l a Pa PFa Load l b Pb PPb 
amps. amps watts volts amps watts 
.5 .3 25 .84 99 .25 23 .92 

Id.exp. Ig.exp. 
1.0 .57 50 .87 " 97- .47 42 .9 " 
2.0 1.2 104 .87 " 94.5 1.3 91 .87 " 

- 3.0 1.85 60 .35 " 88 1.9 162 .89 " l i m i t i n g 
. Note with a throughput of 104 watts i n the resonant l i n k the loss 
i n the 6 ohm resistor amounted to 2.7 watts measured. 

Effect of Detuning. 
I R l a Pa PFa Load' l b Pb PPb C 
amps amps watts volts amps watts 
1.5 1.24 48 .5 90 1.55 94 .67 140 

Id.exp. Ig.exp. 
1.5 1.05 94 .9 " 95 .76 57 .76 " 160 
1.5 .8 74 ' .95 " 96 .82 .84 .97 " 210 
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LaggingLoad (apDroximatelv .2 PF) supplied from a resonant l i n k 
and conventional supply operating together. 
A - A resonant link: with series resistance of 3 ohms. 
B - Normal supply with Rb - 1.7 ohms Xb = 5.8 ohms. 

(2) - - -

In a l l cases Va and the driving voltage behind B i s equal to 100 volt s . 

IR 
amps 

la 
amps 

Pa 
watts 

PPa Load 
volts 

l b 
amps 

Pb 
watts 

PFb 

.5 .44 22 - 100 .2 14 .7 
Id.imp. 

1.0 ..84 43 .5 
Ig.exp. 

100 .38 26 .69 " 

1.5 1.25 78 .6 " 100 .7 52 .75 " 
2.0 1.67 116 .66 " • 97 .94 61 .67 " 
2.5 2.0 140 .67 " 95 1.3 60 .54 " -• - - (2) 
3.0 1.8 86 .96 

Id.exp. 
86 3.0 100 .4 " l i m i t i n g 

Effect of Detuning. 
IR 
amps 

la 
amps 

Pa 
watts 

PFa Load 
volts 

l b 
apps 

Pb 
watts 

PFb C ̂  F 

1.0 1.25 120 .98 
Id,exp. 

96 1.35 100 175 
Id.imp. 

120 

1.0 1.1 87 .77 " 100 .78 .76 .93 " 140 
1,0 .84 43 .5 

Ig.exp. 
100 .38 26 .7 " 140 

1.0 .78 30 .35 " 100 .32 14 .45 " 180 
1.0 .69 21 .3 " 99 .33 5 .2 " 210 
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Leading Load (zero power factor) supplied from a resonant l i n k 
and conventional supply operating together. 6 ohm s t a b i l i s i n g resistor 
connected. 
A - A resonant l i n k with series resistance of 3 ohms. 
B - Normal supply with Rb ̂  1.7 ohms X-^ = 5.8 ohms. 
In a l l cases Va and the dri v i n g voltage behind B i s equal to 100 vo l t s . 
I R l a Pa PPa Load l b Pb PFb 
amps amps watts volts amps watts 
.5 .34 20 . .6 101.5 .22 15 .7 

Id.imp. Id.exp. 
1.0 .7 36 .5 101.5 .6 39 .65 " 

Ig.imp. 
1.5 1.06 53 .5 " 102 .85 57 .67 " 

2.0 1.36 64 .47 " 102 1.1 72 .65 " 

(3) - - - 2.5 1.67 79 .47 " 103 1.45 90 .64 " (3) 

3.0 2.25 98 .43 " 106 1.75 118 .65 " 

3.3 1.8 170 UPF 119 3.8 196 .5 " l i m i t i n g 

Effect of Detuning. 
I R l a Pa PFa Load l b Pb PPb C AF 
amps . amps watts volts amps watts 

C AF 

1.0 .98 92 .97 104 1.4 95 .67 110 
Id.imp. Id.exp. 

1.0 .85 63 .74 " 102.5 .8 65 .8 " 140 

1.0 .7 36 .5 101.5 .6 39 .65 " 160 
Ig.imp. 

1.0 .63 25 .4 " 102 .62 27 .42 " 180 

1.0 .54 14 .26 " 102 .6 1 8 .25 " 210 

Without the s t a b i l i s i n g resistor r connected the capacitive load 
of between 1 5 and 25 yCt F caused the generation of /3 sub -harmonics 
when single end fed. 
Closing end B extinguished the generation of the sub-harmonics. 
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Two Resonant Links operating together transferring load between 
A and B. 
The link s were id e n t i c a l with C equal to 1 6 0 ^ P and with the 
same l i m i t i n g l e v e l . 
Va l a Pa PFa Vb Pb PFb 
volts amps watts volts watts 
102 .32 32 UPF 101 31 UPF 
104 . .65 . ••., 68 , I I 102 67 I I 

106 1.1 118 1. 103.5 114 I I 

108 1.3 . 148 .. 104.5 135 I I 

110 1.7 185 .. 105 175 1. 

112 2.1 239 I I 106.5 222 .. 

114 2.0 225 I I 107 212 .. 

116 1.9 220 I I 108 204 .1 

120 1.8 214 I I 111 196 I I 

130 1.6 205 1. 116 183 I I 

112 2.2 240 .1 106 226 .. 

l i m i t i n g 

drop-off 
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ĈJ 
E 
\ 
X) 

•CD 

m 

•H 

o 

u 
0 x; • m 
0 

• (U 
o 

u 
cd 
0) 

•D 
c 
cd 

c 
E a 

• 0 

> 
a 
x: 

c 
0 
•H 
+̂  
•H •o c c o 
•a 
cd o. J 
0) 

> 
•H 
+̂  
o 
3 •o c 
a 
E • 
Cd 

U 

0 

o 
(1) 

> 

C 

E. 
0 

i-H 
i : 

0 

a 
0) 
t a 
cd 
cd 
0) 

0 E O 
0 

u 
> 
0 

•D 
GJ 
in 
u 
> 
0 
U 

CQ 
+-> 
cd 

o 

Fig.41 . 



- 138 -

• V 

O 
\ 
cn 

O > 

II 

> 

E 
CJ E \ U E 
in \ 0 E cn \ 

o rH 4-> cn 
\ p rH a 
cn 0 E a > ca E rH ca 

ca o O rH CD rH 
CD 

II 
1 II II 

o cn 
l-H > > 1—( 

E 
o 

\ 
cn 
.a 

O 
rH 
II 

E 
O 

X I 

CD 

CD 

0 
> 
0 

0 

C 
0 
U 
0 
<H 
<H 
•H 
73 

0 

+-> 

• 0 

c 
c3 

0 •o 
-H o o 
0 

> 

C 

0 

n 

0 0 

a •o 
0 

9 fcD 
ca 

ca 1. 
0 ca 0 

J 0 •.H 
rH SH 

0 
r> 0 rH 
•H 

om
 a +J om
 

0 . o a u •o 0 
c > 0 
M 0 

c 
a 0 o E .-1 
ca 

•a •-J 
rH 0 

M 0 
<H M a 
0 0 

> 
0 

=H 0 0 
u 

0 
cn 

— 

t 3 •H 
C 
ca DD 

c 4-J 0 
o ca 7! 

x : 
x ; 4-> 
u U 

0 
•H i-> 0 

0 
CO z 

Fig.42, 



- 139 -

c 
0 

• r l 
+ J 
• r J •D 
C 
o 
u 
•c; 
ca 
c 

r H 
I 

0 
z 

E 
0 

. u u 
•rH 
CJ 

+-> 
u 
o 
s: 

u 
<a •o 
u 
0 o 
0 

> 

c 

X I 
0 
u 
a 
0 
bD 
ca 

ca 
0 

0 E 
0 P 
0 
> 
o 

•o 
0 
cn 
u 
0 
> 
0 

u 
cn 

•H 

CD 
+ J 
ca 

E o \ 
cn 

•p 
r H 
O 
> 

E 
O 

cn 
• f t 

CO 
II 

E C 
cn 

e 
o 

\ 
cn 

O 
CD 

o 
> 

cn 
a 
E 
ca 

E 
o 

\ 
IT] 
a 

E 

XI 

II 

m 

. o 
z 

Fig.43. 



- 140 -

S 

E 0 
u \ 
\ l/S 
Ul E -«— 
-l-J 0 r-l 
rH \ o 
0 > 
> a. 

E r-i 
cd "T 

t-( 
m ll 

II II 

> 

e 
o 

0 
> 

o 
to 

> 

E 
o 

• \ 
m 
a 
E 

E 
o 

in 
a 

o 

II 
o 

£1 

D 
cd 

ca 

x; 
•p 
•H 

•H 
3 
O u 
•H 
u 
•c 
a 
Q) 
Q 

o 

bD 
C 
•H 
Ul 
•H 
bfl 
u 
d) 
C 
W 

u 

O 
O 
<D 

> 

C 
•H 

E 
(U 
r-l 
XI 
0 

0 

nJ 

0) 

0 
o 

> 
o 

o 

•(-> 

•c 
0) 
tn 
;h 
0 
> 

m 
+-> 
4-> 

(1) +-> 
0 
2; 

Fig.44. 



- 141 -

•D 
0) 
•>-' 
U 
0) 
c 
§ 

o 

w 
•H 

w 

a : 

CO 
.11 

u 

0 
> 

8 

II 
> 

0 

Q) 
> 
•H 

o 
d 
Q. 
re 
u 

e 
u 

\ 

e 
o 

> 

E 
0 

E \ 
0 •M 
\ r-l 
a 0 
E i> 
cd o 
II II' 

>̂  

E . 
O 
\ 
a 

a 
E 
cti 

i n 

O 

u 

\ 

E 

\ 

X) 

r-l 

II 

CD 

ID 
to 
c 
O 
a 
w 
0; 

O 
i n 

0 

Fig.45. 



- 142 -

E 
U 

\ . 

0 > 

II 
> 

E 
U 
tn 

0 > 

> 

E 
o 
\ 
tn 
a 

c 

o 
c 
cd 
c 
0 
in 
0) 

J2 o 
o a 

0 

D 
U 

•H 

o 

0 
o 
o 
c 

cd 

cd 

C 
cd 

•p 
c 
0) 
E 
a 
o 
i-i 
> 
CU 

Q 

E •a 
0 

o
a
 

\ r-l 
E 
O (N 
\ E e > 
en o •H 
• M \ \ P 
1-1 w o O 
0 a \ XI D 
> E in s Tl 

- cd D. c 

o E (M •H 
•g* 

II II 

• cd 
H 

II a
m

p
 

u o in 
> t—( CQ r-l 

Fig.46. 



- 143 -

Appendix I I I 

Sub-harmonic Response of the Resonant Link. 

A l l time markers on recordings are at 0.01 sec. intervals, 
ft 

S.R.L, means single resonance l i n k . 

D.R.L. means double resonance l i n k . 



r 

- 144 -

u 
o 

-p 
•H 
O 
<A 
ft 
<A 
O 

i-l 
0) 

U 
nJ 
Oi 

c h 
o 

0) 

' o 
m 

•H Id 
t f i 

•H 
;s 
o 
i-i 

o 

m 
> 

o 

o 
(D 

O 
- P 

o 
a 
Q) 

0 

CO 

a 
•H 

cd 
> 

-p 

% 
o 

-p 

o 
o 

m 

•H 
o 
C3 
ft 
C 

•H 
O 
CQ 

O 
o 

g 
•H 

Fig.47. 



- 145-

E . 
E o 
0 \ 
\ in 
in p e 
p r-l 0 
rH 0 \ 
0 > en 
> a 

r-l 
r-l c3 

r-l 
CO 

II II 
ll II 

> >• »—1 

E 
O 

\ 
E 
u E E CM 
\ 0 O E 
in \ 
p in in \ 
r—1 a • a 
O 
> c3 3 
o O O 
ro rH —1 

rH 
II II II 

II 
a 0 

> — ' DQ 

o 
M 

o 

> 

in 

0 
a 
in 

I 
XI 
D 

p 
p 
m 

cd 
c 
0 
in 
Q) M 
I 
0 

Vl 
o 

a; 
in 
a 
cd 

o 
u 

Fig.48. 



- 146 -

1 

2 

00 

0] 
•p 

i r - l 0 
> 

8 

0 
CO 

g 
a 
to 

.05 

o 
•H 

1^ I 
3 

CQ 

CO 
+ J 
I - l 

0 
> 

m 
rH 0 > 

B 
a 

w 
-p 
H 
O 
> 

o 
CO 

a 
in 

o 

\ 
N 
e 
\ 
Si 

II 

Fig.49 



- 147 -

8 
II 

> 

0 

a 

cd x; 
I 

XI 

\ 
in 
p 
rH 
O 
> 

II 

> 

O 
> 

E 

\ 
cn 
•p 
rH 
o > 
o 

a 

II 

u 

u 
\ 

E 

i n 
• 

o 
II 11 

CD 

Fig.50. 



- 148 -

• • 
e e 0 o \ 

\ m 
CO +j 
•p iH 
i-i 0 0 > 
> 
rH 
' J iH 
I - l II 
II II 

PS 
> > 

ft H 0 > 

9> 

e 
o 

• 
6 o 

e IN 
u 
ft \ 
i 
• 

O 
H 

II II 
II 

to 
M 

o 
(N 

CO 4-' 
H 0 > 
in 
O 

II 
> 

Pi 

•H 

a 

o 

to 
(U 
05 

•H 
m 

Q) 
CD 
§ ft 
to 
0) 
PS 
o 
•H 

cd 

3 

Fig.5 1 . 



- 149 -

E 
O 

0 
> 

II 

> 

E 
o 

\ 
tn 
rH 
O 
> 

a: 
> 

o 

0 

> 
o 
00 

a 
E 
td 

II 
o 

0 
\ 

csi 
E 

03 

Fig.52. 



- 150 -

b 

b 

o 

to 
p 
iH 
0 
> 

8 
II 

> 

• J 

as 
0) 
tn 

ft go « 
OS 

0 
> 

iH 

II 
> 

tn 

ft 

\ 
tn 

rH 
o 
> 
o 
CO 
II 

II 

o 

o IN 

a ; 
I 

D 

Pig.53. 



- 151 -

o 
i n 
i n 

•D 
td 
0 

4) 
> 

in 

10 
0) 
K 

in p 
rH 
0 
> 

r J 

PC 

in 
c 

a 
tn 0) 
Pi 

\ 
in 
p 
rH 
0 
> 

II 

> 

E o 
\ 
in +j 
rH 
0 
> 

tn 

i n 

o 
II 

E 

o 

p 
rH 
0 
> o 
cn 

> 

E 
0 
\ 
in a 

i n 

O 

tn a 

i n 

o 
II 
in 
IH 

IN 
e 
XI 

II 

m 

s 
cd 

D 

m 

Fig.54. 



152 

1^ 

s 
e o 
0 \ 
\ to 
CO +J 

- p rH e rH 0 0 0 > \ 
> ft rH 6 
rH cd 

rH 
H I I rH 

II II II 
PS 

> > l-H 

tn 
rH 
0 
> 

o 
CO 

. 
E 
CJ 
\ 

s c; 
E \ e 
0 ft \ g \ ft £1 
e 5: 
cd • H o rH 
II II 

II 

o CO 
I I 

M CQ 

u 

CO 
•p 
rH 
O 
> 
in 
O 

i J 

cfi' 
Q 

C 
•H 

(U 
o 

§ 
to 

PC 

J3 
3 

a 
0) 
to 
§ 
ft 
to 
•« 
OS 
t) 
•H 

Cd 
X ! 
I 
£> 
3 

Fig.55. 



- 153 -

Appendix IV - Harmonic Analysis. 
Asymmetrical Sub-harmonic Waves re f . Figs. 8e, f . 

Conditions V = lOOv. C 160 JIA F. C = 22 / < F . Order 
( - ) ( of Harmonics ) 

Hz I I s ^c. • VR B 50 Hz. 16t Hz. 
I 6 i .3 .5 .45 .71 .16 1.0 1 

T 1 
33T .1 .28 .28 .35 .035 .24 - 2 
50 1.0 • '41 ; .95 ; . 1 .0 1.0 .25 1 3 

661 — .28 .27 .1 - - . - 4 
83T .22 . 425 .346 .1 .02 - - 5 
100 - .05 .05 - - - 2 6 
116| . .1 .2 .173 .02 - - - 7 
113T .06 .06 - - - - 8 
150 .412 .28 •51 .17 . .14 .03 3 9 

166i .02 .02 - - ' - 10 
183T • .17 .35 .39 .005 - - - 11 
200 - • .01 .01 - - - • 4 12 
216| - .07 .07 - - - - 13 
233T - • - . - - • • - - - 14 
250 ,1 . .1 .1 - - . .01 5 15 
266i - - - . . - - - 16 
283i .1 • .2 , .2 - - - 17 
300 - - - - - 6 18 
3 l 6 i - - ^14 • - - - - 19 
333T - . - - - ' • - - - 20 
350 .02 .05 .05 - - - 7 21 
366i ^ - - - - 22 
383T' 
400 - - - - • - - 8 24 
4 l 6 i .02 .02 - - - - 25 

433T - - - - •• - - - 26 
450 - .01 .01 - 9 27 
466i - - . — - - . - - 28 
483i - .005 .005. - - - - 29 
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Symmetrical Sub-Harmonic Waves, re f . Fig. 8d. 
Conditions V = 100 V. C = 160 /< P. C = 1 7 ^ F . 

Order of 
( Per Unit Magnitude. ) ( Harmonics. ) 

Hz I I s Ic B 50 Hz 16f Hz. 
16| .17 .35 .33 1.0 i 1 
50 1.0 .175 • .94 .07 1 3 

83T' .07 •17 .14 .02 5 

l l 6 i .05 .19 .19 .005 7 

150, .09 .1 .1 .01 3 9 
250 .005 .002 .002 - 5 15 

Symmetrical Very Long Persistence V5 sub - harmonic ref. Appendix I I I , 
Conditions V = 50 V. C = 160 ̂ P . ' C = 20 ^ F . 

Per Unit Order of 
Magnitude. Harmonics. 

Hz Is B 50Hz 10 Hz. 
10 1.0 1.0 1 

30 .81 .14- - 3 

50 .74 .265 1 5 

70 . 79 .1 - 7 

• 90 .66 .004 - 9 

110 . 53 - - 11 
130 .37 - 13 

150 .24 - - 15 
170 .12 - -- 17 
190 ^ .06 - • - 19 

210 , 05 - - 21 



Double Resonance Link. 
Symmetrical Sub-harmonic Waves ref. Fig.24b. 
Conditions V = 100 v. C = 160 ^ F. • C = 17 ^ F. 

Order of 
Harmonics ) 

50 Hz 161 Hz. 
i 1 
1 3 

5 
7 

3 9 
11 
13 

5 15 

( Per Unit Magnitude - -• - ) 

Hz . I Is Ic Vc B 
16^ .2 , .515 .495 .79 1.0 
50 1.0 .375 .85 1.0 . .24 
83T .1 . .3 .3 .1 .05 

l l 6 i .02 .08 .08 .02 -

150 •17 .12 .14 .03 -

183T - .005 .005 -

216| - - - - -

250 .02 .004 .014 - . -
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Ferro-resonance. 
Single resonance l i n k r ef. f i g . 15a, 
Conditions V = 100 v. Lirkshort circuited. 

Hz 
( Per 

I 
Unit Magnitude. 

Is Ic 
) 

B 

Order of 
Harmonics 

50 Hz. 
50 .84 1.0 .945 1.0 1 

150 .12 .81 .85 .2 3 
250 .07 .89 .89 .1 5 
350 .02 .65 .65 .07 7 
450 - .49 .48 - 9 
550 - .35 .37 - 11 
650 - .3 .31 - 13 

750 - .28 • .29 . - 15 
850 - .24 . .24 - 1'7 
950 - .2 .22 - 19 

Double Resonance Link r e f . Fig. 23 
Conditions V = 100 v. Link short circuited. 

Order of 
( . Per Unit Magnitude. ) Harmonics, 

Hz. I I s Ic B 50 
50 .425 .965 1.0 1.0 1 

150 . .17 .28 .32 .24 3 

250 . 1 .17 .17 . 1 5 

350 - . 1 . 1 . 01 7 


