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Abstract of Thesis.

A Non-Linear Resonant Link for ‘Power Systems.

The link is formed by a capacitor connected in series
with a linear inductor and tuned to a state of resonarce for
normal load flow conditions so that the resulting impedance
and vﬁltage regulation are negligibly small.

Under fault conditions the state of resonance is
destroyed by the saturation of a reactor in parallel with the
series capacitor hence the fault throughput current is severely
limited to a few times full load current. . The limitation
occurring in the firét half cycle.

Certain sub-harmonic instatilities are investigated with
a view to gaining insight into their cause and t§ remédy this
response. A cause of the sub-harmonic response is put forward and
a relationship Between the sub-harmohic and the 50 Hz ferro-resonant
response.is suggested.

An analysis of the circuit by two methods is given and
digital intégratioﬁ of the system equations yields 1/3 sub-harmonic
solutions.

A double resonance link is introduced with load flow
properties similar to those of a single resonance circuit, but which
relies upon the high impedanée of parallel resonance to limit the
fault current to a little above full load value. It is shown that
such a 1ink actually reduces the fault level of a busbar to which
other supplies are connected.

Spectrum analysis of the current waveforms show that the
harmonics and sub-harmonics have basically different circulation

paths in the link.



' The possibility of protecting the link against internal
faults by the application of standard cémmercial systems 1is
demonstrated and a completé protective scheme is presented.

Finally a discussion of previous papers is given and a

summariéed list of the salient points to emerge from the research.
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The Performance and Behaviour of a Non-Linear

Resonant Linkvfor Power Systems.

Introduction§ 
The interconnection of lérge pover systems has several

important advantages over the simple radial system:-
1) Imprqved securityvof supply to consumers and

undértakings.

2) Plént opération can be rendered more economic.

3) Reductidn-in the”amount of é£andby plant required.

4) iméroves the systems stability;

.5)3 - Allows the'usé of 1arger,>more‘efficient generator
~units, |

. There are, however, several disadvantages that arise
from interconnection and one of the more important of these is
the short circuitAproblem.

The effects of short circuit currents are both thermal
and mechanical, and bofh increase as the square of the current.

Thermal effects arise from the chessive increase in
temperature and may give rise to Burning of insulation and
excessive expansion of conductors leading_té mechanical damage
such as buckling at joints, end boxes and windings; annealing
of overhead line conductors is also possible.

 Some relief can be afforded by te reduction of fault

time since the heating éffectiis a function of the energy input
to a system, I°R x time. However; no such relief can be
afforded in the case of the mechanical forces which arise from
ele&tromagnetic attraction or fepuléﬂxlof current carrying

COhduCtors and which act in the first half cycle and may lead to

nsumv 5517/;,
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distortion and buckling of conductors e.g., bursting of cables etc.

lIt is thus evident that excessive fault currents within
a system can lead to extenéive damage to otherwise healthy
equipment.

As an interconnected system increases in size, with the
addition of genefation to méet the load growth, the fault levels
within the system increase and may ultimately excéed the short
circuit ratings of the controlling circuit breakers and allied
equipment. Most vulnerable are the circuit breakers
controlling tail-end feeders to static loads.

An instance of this rise in fault level océurred on
the 275 kV supergrid where the first circuit breakers had
ratings of 7,500 MVA, which was thought to be adequate.

Very soon after the initial development of this system
the fault levels in certain localities vastly exceeded this rating
(Stella West 10,000 MVA) and new circuit breakers of 15,000 MVA
are now standard. At Longannet, Scotland, where-there are
eight 330 MW machines, 20,000 MVA units are installed, with reactors
in the 275 kV lines to Kincardine ?ower Station.

This tendency for the short circuit levels to rise and
to exceed the ratings of circuit breakers in a system leads to the
need for expensive uprating or replacement of circuit breakers.

In én effort to overcome the short circuit problen,
methods have been developed in the past to curtail the rise in
fault levels. These well known methods include the use of
current limitiné reactors and the judicious sectioning of the
power system at the busbars. Both these methods have serious

disédvantages.



The use of current limiting réactors has had some
succeés in distribution and transmission.systems, buf it leads
to excessive voltage_régﬁlation under load transference. Also
since they increase the transfer reactancé the stability margin
-of the systen is reduced. '

The diéadvantage of‘éystem sectioning is that it reduces
security and works against the advantages of interconnection.

" Sometimes sectioning is'emplo&ed with automatic ciosing of the
sectioning circuit breaker in the case of loss of plant. However,
such automation haé to be.paid for and could under certain
conditions lead té fault pfdpagafion{

‘Ideallj what is required is an interconnecting lihk having - -
tﬁe followiﬁg operational pfoperties:-'.

1) Under'ﬁormal conditions, having a very low impedaﬁce to the
transmission of load currentifhus leading to negligible
voltage regulation. |

2) In the event of a fault within either.of the linkgd systems,
the impedance should increase, so that the fault current
transmitted is either negligible or small.

Three innovations satisfy these conditions to a good
'degree. These are:-

1) The transductor éaturable rééctor which réquires a d.c.

| 'supply'and control equipment. .

2) The high voltage d.c. link.

3). The non-linear or conditionally resonant link.

The first two systems are expensive particularly the

d.c. link, and require elaborate control.




This is not meant to be a condemnation of the high
voltage d.c. link which it is believed has an esteblished place
in the field of power transmission where its pérticular

properties can be used to advantage.

To some extent the d.c. links ébility.foAblock‘ 4
*vpotential faultvcurrenf is‘é secondary advantage, although at
oné time it was seriously considefed as a possible method of
fault sectioning of the s;upe‘fgrid in the United‘ Kingdom.
It was never put into effect because of costs and security
lcbnsidérations.
The.thirdAsysﬁem is- the oﬁe studied in this work.
it has the advantage of Being cheéper-than the first two systems
~and of being automatic withoﬁt the'necessity for elaborate control
4-equipment.
However, as will be discusééd later, the nOp—linear :
_ resonant link has certain ferro-resonant and sub-harmonic
responses Qﬂich if not arrested would seriously jéopardise its
usefulness as a Current-limitiﬁg device.
' he object of this work is, therefore, to study the
performance and 1imitations'ofthis system as a fault current

limiting link for power systems.




1.0

V The Rescnant Link,

_ If the inductive reactance of the link is cancelled
by the capacitive reactance of a series capacitor a resonant
condition arises whereby the link. becomes purely reéistive, which

resisfanée could be of a very low order. This is the ultimate

of the series capacitor which is used occasiorally in long

transmission lines and which compensates'for only parf of the

circuit inductive reactance and is thus not in resonance.

Under norral conditions the resonant link should be ideal

for the transfer of power, because the resulting regﬁlation,

dependent only on‘fhe resisténce, could be éxceédingly small.
Two busbars linked by such a sysfem woul& be virtually sclidly
coupled for the flow of power.

| Hdwevér, under fault conditions the through-put fault

current would be very large and the corresponding capacitor

- voltage would be eNnormous.

The capacitor must thus be protected'against these

over—Voltages_and this could be achieved by arranging that the

© resonance state be destroyed under short circuit conditions.

This in turn would limit the short circuit current which ié the
prime object of the link. The besﬁ way to aéhieve this would
be to short circuit the capacitbr.when the voltage across it
reached a predetermined yalue.

' This could be achieved by the arrangements shown in
fig; 1 é and d. Circuit "c"Aoperatés by sh&rt_circuiting the

capacitor by flashover of the spark gap'under fault conditions.

-



The gap current could then be used to close a pafallel circuit
bfeaker thus extinguishing the arb. |
| The advanfages of this system over that of d is its

. simple operation and the complete absence bf‘unstable response.

However, it hés the following disadvantages:-

1) A circuit breaker is required with all its ramifications of
cost and maintenance,

2)  Control éircuits are needed to close the circuit breaker and
also td open it after the fault ﬁas éleargd. |

3) - It is not really‘éuitéble for low voltage systems and systems
over 33 kV*bécause of difficulties in desiéning a suitabie
spark gap that would completely protect the capacitor.

4)' After operation difficulty may be encountered dgring recovery
if the'voltége vectors at each end of the link were widely

~ displaced in phase,

The alternative proposed syéteﬁ shown in fig. 1d is the
sysfem studied in this work. It has the advantage of being‘
'compietely automatic and self recovering without the need for
auxiliary parts and is cheaper than scheme (e) ;t Grid voltages
and maiﬁtenance would be minimal.

In Scheme (d),S, is a saturable non-linear reactor which
1imits.the}voltage rise across the capscitor -C and deétroys the
resonant state under external fault conditions. Under normal
conditions S, will present a very high magnetising impedance

. aeross C and will thus not effect the resonant condition

if xs)} X

- | ' |
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A

Reactiveé Power Flow . Reactive Power Flow
from A - B. _ from B - A

a) Basic resonant link between two bus bars A and B. This
is unsatisfactory because an internal fault could lead to
excessiVe-vdltages in system A and under load flow conditions

the voltages at point C could be high

./\ | _ . B
Reactive Power flow Reactive Power Flow
from A - B. : from B - A.
Va Ve

VCA ' %5 l/CB '

A | v

b) Tmproved afrangement leading to a better internal voltage

distribution

Fig. 1.
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Circuit Breaker.
Normally open.

Close A
i

Relay

-]  spark Gap

h | | 'C. | | B 'B

c) Resonant link designed to short circuit the capaocitor under
fault conditions. see ref.12 E. Friedlander.

Saturable ‘ ‘
Reactor Damping
Resistor

S .

n
1

d) Alternative proposed mefhod of 1imiting the voltage across
the cépacitor and hence destroying the resonance state

under fault conditions.

Fig. 1.
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1.1 Design of the Model and Practical Considerations.

Combiete details of the saturable reactor, iﬁcluding
" magnetic circuif properties are given in aépendix I,

In brief, the reactof was built with several different
windings ranging from 10 to 100 turné to give a great deal of
flexibility in operation. It w88 50 designed that a winding
1of 250 turné lead to saturétion whén the Voltaée appiied.just
exceeded 44 Volts R.M.S: . H.C.R. square loopAalloy was used
fof the core material since fhis gave a better switch action than
stalloy on saturation. Furthermore, the initial tésts showed
that-although both stalloy * - and H.C.R. alloy cored coils gavé fise
to sub—harmonicé, these were more’likely to arise with the~lafter
materiai, and it waé felt.that this was a pheﬁomena wérth
inVestigafing with a view to finding methods to. quench this
response. |

The difference between.the two core materials with
regard to sub-harmonic fesponselis belié&ed to lie in,the amount
of core loss exhibited.' Stalloy Being the more lossy material
i lesé susceptable to sustained sub-harmonic response.

For this'reason and for reasons of cost the core'of a
saturating reactor in a real link would probably be §f stalloy or
of stalloy—séuaré loop materiai éomposite rather than of all
square loop material. Howe&er, it must be stressed that the
performance of a stalloy cored reactor Qould be'much inferior to
thaf.of a reactor with a core of square loop material and some
benefit of the resonant link would be ééé}ificed witﬁ the former.

This nevertheless may be economically acceptable.

*¥ The name stalloy in this text means hot rolled silicon steel

‘or cold rolléd grain orientated silicon steel. ______________—;____J



1.2

Scaling.

The model was designed per phase on the basis;that

132

1100 volts was equivalent to 5 kV and that 1 ampere was

equivalent to 438 amps giving a total 3 phaée load of 100 MVA,

‘Hence the impedance 'scale follows:~

The linear indﬁctbr was set at a nominal wL =20 ohms
at 50 Hz, and the main resonating capscitor.to a nominal 160 /L(F;
Reéonanqe being obtained by setting fhe capacitor value and
adjusting the linear inductor coré.

Impedance scaling:-

Model ' o | Grid system.
Llo - 100 ohms - iggo = 173 ohms

For the linear reactive components.

20ohm is equivalent to 35olmsat 132 kV,

80 the main reactor would be

L _ - . ) _
5—%%—753 0.112 Henry

‘and rating

6

3 x 4382 x 35 x 10~ 20 MvA

Main capacitor C

10°

It

27‘50 x 35 | HuF

20 MVA,

1l

and rating

 These being practically and economically reasonable values.
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Initial Observations of Behaviour and Response

of the Resonant Link,

2.0 Resonant Link feeding an isolated load,

With the following arrangement a full load current
of 1 ampere gave a completely sinusoidal respoﬁsé and the
voltage regulation was negligible with an inductive losd.

A similar resistive ioad gave a 3 volt; i.es, 3% regulation
although_this; being dependent solely upon the main linear
reactor reéistance, éould be clearly reduced‘in practiée.

Under shért circui£ conditions the fault throughput
was limited to 3.65 amperes equivalent to.365 MVA.

| This contrasted with the prospective fault throughput
of 30 amps equivalent to 3000 MVA,

It is clear from this that the fault. throughput is
vlargely limited by the linear reactor and is not much effected
by the potentiél fault level of a large source. This is an
important practical aspect because it'means that thevthfoughput
fault current éan bg controlled, . |

In the foregoing cése the throughpuf curfent was in
fact rather less than would be.expected from the iinear reactor
limitation. In fact the fauit iﬁpedance of the link is composed
of the linear reactor impedance plqs the'residuél impedance of
_fhe capacitbr, saturable reactor parallel combination,

Tﬁis residual impedance is non-linear being voltage
or current dependent as the case may be, 'The overail link
impedange is shoﬁn in fig.2 (a and b) as a function of applied

voltage and current for the short circuit: cordition,
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At this juncture it is worth defining what is meant
by impedance since the recordings of the wave'forﬁs of current
and voltage uﬁder short circuit show that many are complex and
may be far removed from a piain sinusoid. ‘ | |

In'ﬁork,of fhis pature where many of_the waves of
voltage and current are complex great care must be taken in
déciding.what insfrﬁment réadings meaﬁ and what useful
;interpretatibn can be attacked to say, a current, This further
 poses the questibn of the meaning of impedaﬁce derived from
non—sinﬁéoidal voltage and cufrent. A1l that can be done in
these cases is to épproaéh the protlem from a practical aspect-
by asking what factors o} thé voltage and current are important.'
In tgis respect the impedance derived say, from tﬁe fundamental
components df.a very non-sinusoiaai cﬁrrent and voliage may
bé'quité useless‘and as’practiéally irfélevant aéAsay the
réfioqu réadingé taken -on rectifying instrﬁments calibrated
for sinusoidal quantities. ’ in this(wérk two aspects of
voltage aﬁd current have been deeméd of practical impprtance:—
1) Péak values since these‘determine stressing and magnetic

fprces.
2) R.M.S. values since these determine heating effects and
are thus directiy relevant to the rating of equipment.

Thus unless otherwise stéted a11>currents recorded
in tables and used in graphs are R.M.S.;quantities aé measured
by precision moving iron or dynamometer instruments.‘
Furthermore the impedance exhibited between complex volfages'

and currents is defined as the ratio of the R.M.S. voltage.
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" to the R.M.S. current. Plots of impedance thus defined and

shown ih;Fig;Z may have use in analytical studies of networks
containing resonant links particularly sincé in this case the

departure of the. current from a sinusoid was not great.

Ferro-resonance.

This is a phenomenon that can occur in any circuit.

containing non-linear reactors and capacitors.-' If the applied

~ voltage is large enough to drive the reactor towards saturation

its inductance falls énd finaily may,resonéte with the
qapacitance of the circuit. | This results in fhe persistence
of large spikes of.cuffent oqcurring‘at fﬁndamental frequency. '
 -The Qnset‘of ferro-resonance in a circuit. is

chgracterised by a sudden‘increase in the current flowing in
the circuit often described as jump phenomena in the literature.

Once the condition has been startgd‘in a circuit it
usﬁélly persists even when the voltage has been reduced .below
that required for(its initiation. Finaliy at some lower
vaitage the currenf suddenly falls as tﬁe state of ferro-
resonance is extinguishedr - See Fié;?.

In the initial short circuit studies it was found that
the circuit was unstable; in that, when the fault was removed a
ferro—resoﬁant»current persisted in the capécitor saturable
reactor loop and ga&e rise to eXCeséive regulation.

This failure of tﬁe circuit to recover:was cured by
the simple device of inserfing a resistance in séries Qith the
séturéble reactor. This resistor labelled R on the diagrams

turned out to be a very important component of the circuit and




2.2

2.3

moreover had no effect on the normal resonant condition.

An important aspect of the short circuit behaviour

" of the circuit was that the through-put current showed very

little distortion whilst the internal loop current and voltages

. were very non-sinusoidal.  See fig. 38., Appendix II.

Sub-harmonics,

About the time of the initial investigations it was
noticed that certain capacitive loads gave rise to a peculiar
response'diffefenf from theAferro-resonant donditiqn mentiéned
above. This fesponse was characterisédAby sub-harmonic

frequencies appearing in current and voltage wave forms and

' causing considerable distortion at the load terminals.

“Adjustment of the resistor R had no effect upon this

responseunless its value was made very large which in turn would

lead to large throughput currents see fig.3, plot oflthfoughput
curreht against R.. -

Thé.fascination'of this peculiar respdnse ultimately
led to its étu&y forming a major part of this work. In any
case it was clear that some method had to be found to quench
the sub—harmdnics because such a response would be quite
uﬁacceptable on a power system.

The significance of the resigtor R,

A programme of tests was‘embarked upon to demonstrate
that the link would perform satisfactorily under a variety of
conditions likely to be-enccuntered in a power éystem. . But
first it was necessary, having tested the link, to set the value

of the resistance R.
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1t was mentioned earlier that R was necessary to
qgench the'ferro—resonanf response subsequen{'to a fault.

This led: +to the necessity for a minimum value of R = 1.5u0hms
being the.value ﬁecessary for an inductive load. Resistive
.and capecitive loads required smaller velues of resietaece.

It was found that the value of R correspondlng to
ﬁlnlmum throughput current see fig. 3, was approx1mately 2. O ohms
and this seemed a desirable value giving a small factor of
safety over the bare minimum,

In addition it was felt necessary fo 1imif‘the
voltage rise across the capacitor under fault conditions to
- two or three times the full load valge and to aboui 60% of~the
system vcltage. The value of eapacifor voltage increased~
contlnuously with R, fig.4.

At this point recovery of tre 01rcu1t was observed
following an inductive overload.

If the lead on the circuit was increased the circuit
eventﬁally limited at a vaiue of load determined by the saturation
voltage of the reactor, in this case just over 2 amperes, i.e.,
tw1ce full load currenit.  Further increase inr overload current
was limited between 2 amps. and the short circuit limit of
3.65 amps.

| When the load was subsequently reduced the saturable
reactor-capaeitor lobp current persisted until the main load
current had fallen to a value below the limiting value of 2 amps.

There was thus feund'to be a current ﬁargin between

"pick-up" and "drop-off" of the saturable reactor current.
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It was found that this margin was reduced by increasing

R. The drop-off value approaching the pick-up value, and the

margin being virtually zero for a value of R = 9 gnps,

| Here there was a conflicf. It>was clear that if
the link was to operate effeptiveiy it must have an overload
capaecity which is the drop-off load. To achieve an overload

capacity R must bevincreased, yet increaéing R increases the

"capacitor voltage on short circuit and tends to increase the

“throughput current.

Some value 6f R to‘compromiée thé two conditions must
be arrived .at. The-value,decided ﬁpon was 2.6 omsgiving a safe
overload capacity of %0% (drop-off at 50% overload). . The
corresponding capacitor voltage under fault conditions was found
to be 64 volts R.M.S, i.e., 64% of system voltage and approximately
% times full load voltage which was thought to be accepfable.

It was thus seen that the value of R that must be
chosen for a link does not depeﬁd upon the ferrb—résonant
cOnditibn which it is its prime function to quench, but upoﬁ
thé overléad capacity of the link in conflict with the maximum
volfage specification for the capacitor. | Thisvis so0 since the
value of resistance>determined by the overload requirement must,

logically, be always greater than the minimum value of R to

.quench ferro-resonance,

Auxiliary Resistance 'r'.

About the time that these inVestigatidns were being
carried out it was becoming clear that something had to be

done about the generation of sub-harmonics which were giving
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trouble with certain capacitive loads,
Attempts tovcontrol and quench this respohse by
adjustment of the resistor R failed, but it was found that very
. large values of R, above 150cﬂms, did show some influenée over
‘the sub-harmonics. The use of such a large value of R was
clearly out of the question since the circuit limiting effect
for short circuits was virtuélly destroyed.

It was found subsequéntly that a resistdr,'r'?
connected to a secondary Winding on the saturable feactor (50 turns)
was combletely effective in destroying the sub-harmonic response
of the system, fig.5.  In effect this was like having a large
value of R in the sub-harmonic mode by reflection. The saturable

~ reactor now bghaving as an ordiﬁary transformer. Undér fault
conditions the sa£urable reactor core saturated and the reflected
resistance droppea considerably thus the limiting effect of the
‘circuit was maintained.

Under ﬁormal operation r is reflected into the priméry
circuit as 6 x(ggg ) i = 150 éhns which was fdﬁﬁd to be sufficient
to quench the sub-harmonic ?esponse.

Under fault conditions'the total resistance in the
loop was measured as 6.1 olms, iﬁdiéating a reflected resistance
of 6.1 - 2.6 - 0,36 = 3,14 ohms.

o The effect of the resistance 'r' under faulf conditions
was to increase the fault throughputlcurrent slightly from
3.65 amps to 3.7 amps and to increase the capacitor voltage
from 64 volts to 65 volts which was thought'to be a-small

sacrifice in performance for such an important stabilising effect.
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The discussion of the secondary resistance'r'shpuld
ﬁroperiy belleft until the section dealing witﬁ sub-harmohics
in detail. However, its introduction here is necessary because
its beneficial efféct waé discovered quite early in the
investigation, and it was thus used in some of.the load test
invéstigétiohs.

As was.expected the effect of 'r' was to increase the
- circuit loss under normal load conditions beéause it répresented'

a small transformer fed auxiliary load.

Auxiliary Damping'Resistor.

50 turns
208N
R
X N ’
]
C

Connection of Auxiliary Damping Resistor 'r' to quench the

sub-harmonic response.

Fig.5.
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Load Flow and Eaulf Studies,

3,0 Measurement of Link impedance as a function of applied voltage

or throughput ggrrént.

The link was short circuited and the applied voltage
was increased to beyond the 1imitiﬁg &alue and then re£urned
to zero. "No drop-off margin was observed.

The impedance defined as the ratio of R.M.5. voltage
to R.M.S, current is shown in fig.é (a, b).

The justification of uéing'R.M.S. values has been
discussed previously and since the distOrtion of the throughput
current waveform is never very great, see recordings Appendix II;
the curves of fig.2 should have a.usefﬁl'véiidity wﬁen applied
to loéd flow studies involving resonant linke. This is borne
out when the loéd transfer data is considered. The behaviour
at least of the infinite busbar case bteing consistent with the
curves of fig.2.

The curves of fig.2 start at approximgtely 3 ohme,
the residual resistance of the resonant link. This minimum
résistance waé characteristic of the reactors used, but in a
real system the series resistance céﬁld bg exceedingl&-small.

At limitation ilhe iﬁpédance/current curve is‘seen
to double back giving rise to a non-linear région where for
a given current, the impedance may have one of two values.

This shoﬁs that at limifation the impedance doeé not sudderly
become the value of the series linear reactor. In fact the
load flow studies indicate that the link impedance initizlly

remains substantially resistive.
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The negative,impedance/current characteristic gives

rise to the drop in current after limitation in theAload flow

_Studies and it is in this region that the drop-off margin occurs

in_cases whére additional series impedance extefnal to the 1link

exists, i.e., in the case of loads.

S " As the applied voltage is increased the impedance

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

- the saturable reaétor/capacitor loop effectively zdds 7oms to the
total series impedance. |

Load Flows.

‘The load flow studies were of two. kinds; single fed
and doublé fed Systems (interconnected systems). The single
end fed.éystems feeding inductive énd resistive loads were fully
investigatedAaﬁd found to be satiéfactory in all aspects of

performance. See Appendix II. With increasing loads the

circuits limited at 2.2 amps representing a 120% overload,

Further increase in load up to shorf circuit caused
the throughput curfent to increase to 3.65 amps.

After limiting the circuit recovered at 150% full
ioad for the inductive case and 190% full load for the resistive
case.

As stated before,values of recovery load are
determined by the resistor R, and tﬁe limiting current and the
final fault current are determined jointly by the linear
components and by the saturation level of the saturable reactor. -

Capacitive loads were also applied with the resistor r

connected to suppress sub-harmonics.
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. Again the circuit limited at 2.2 amps and the drop-off
occufred at 2.0 amps.

Increasing the capacitive load indefinitely caused
the throughput current to increaseAbeyond the normal limiting
value to 9.7 amps with C' = 145 )A/ F.

This must represent the load capacitance resonating
with the tctal inductive reactance of the cifcuit and source.

Beycnd'145lzy F the throughput current droppcd to 4.2 amps at

YZOO//y F and beyond this towards the short circuit value.

This capacitive case was interesting, but one hardl&
likely to arise in.practice, sincc it amounted to a load of
4.5 per unit.

In tHis case the current must have been limited by
the total residual series resistance of the circuit.

Fault Performance.

The fault performance of.the link was tested under

various load conditions.

The responses of the link were recorded and are given

.in detail in Appendix II. U.V. recordings.

Faults were thrown on an initially loaded 1ink and

.

subsequently cleared.

Inductive Load.with Short Circuit.

-The initial current inrush transient and asymmetry
observed were of a low order and short lived, approximately one
cycie.

For the duration of the fault the current was limited

normally to the value of 3.7 amps RMS and was seen to have little

distortion.
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Current in the saturable reactor-capacitor loop
showed large complementary spikes and could be explained simply

by the switching action of the saturable reactor discharging the

"~ capacitor at saturation. The flux wave of the saturable

reactor, initially sinusoidal, showed an approximately square form.

‘Recovery of the link upon clearance of the fault was rapid and

uneventful except for an odd épike or two of saﬁurablé rezctor
currént caused by the collapse of fhe ferro;resonant state and
thé fedistribution of energy within the recovering circuit,

Recovery waé complete in the spuce of one to two
cycles provided the initial load had been below the drop-off
overload of the link,

Resistive Load with Short Circuit.

. The‘effect of fault throwing on the link carrying
initially a resistive load was found.to be substantially the
same as for the inductive case, and the time of recovery was

rapid.

Capacitive Loads with Short Circuit.
During the fault period the circuit behaved as in

the first two cases, However, the recovery behaviour was

.dépi?dent upon three factors.

1) If the circuit load corresponded to a value of
capacitance oﬁtside the range of sub-harmoﬁic response for the
value of applied voltage tlre recovery ﬁas cbmplete after several
cycles of jittery response. The iength of the irregular
response and hence the fecovery time could be quite long if the

load happened to be close to a range of sub-harmonic responses.:




The recovery whilst it lastedlshowéd sub-harmonics of
unrécognisable>frequencies.

Pinally, normal load flow conditions would be restored
"quite suddenly after the period of irreguiarity.
| 2) If the circuit loéd corresponded to a value of
capacitance within the range of sub—hafmonic response for the
value of applied voltage, the circuit usually, but not.always,‘
féiled to recover and went into sustained sub-harmonic oscillation
after fhe removal of the fault. About once evéry ten times the
circuit recovered to normal opefation, but never recovered once
‘the sub-harmonic response had been established.

The odd cases where fhe circuit recovered probably
correspond to recbvery starting at or near a voltage peak or
current zero whence the circuit could continue operating on the
normal low current characteristic. That is.to say, soO long.as
the current had to pass through the sub-harmonic zone then,.iﬁ
this:case, a sub-harmonic response must inevitably occur.

3) If resistance r was connected to the séturable
reactor.secondary and the tests of 1) and:2) were repeated, in
both éases recovery occurred within a-few cycies, but within
this short time the response was jittery. The time of recovery
was, however, not excessive and was considefed to be satisfactory.
At né time during‘many switching operations did the circuit fail

to recover.
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3.6 Stability.

Certain transient studies involving switching
bperations were performed at this stage to test the link;
stability.

The tests were intenaed to represent conditions, other
'than normal load flow, that the link might be faced with in a
real systéﬁ.

1) 1 amp inductive load switched on and then off.

Transient condifions were slight and normal load flow was

established within-approximately two cycles. The switch

off performance was. uneventful and collapsé of the system

was rapid involving a single_pulse of discharge current in
the capacitor saturable reactor léop:

2) Energising‘a dead circuit with a fault. Here limitation
of the fault current and the establishment of ndrmal
sustained fault conditions was rapid. Assymmetry and
transient effects being minimal and confined to tﬁe first
éycle.

In all of the foregoing tests no attempt was made to

. control the point on wave of the incidence of the fault, yet
in all the tests where a variety of initiation angles obtained,
the fransient and asymmetry in current and voltage wavés were

seen to be minimal and of veéry short duration.

3.7' Double Fed or Interconnected Systems.

Detailed results are given in Appendix II,




The transfer of load across the link between two

The transference of load from A to B, -under the
influence of an increased voltege at A, occurred at a high power
-feetor which was to be expeeted from the point of view of
regarding the resonant link as'being a purely resistive coupling.

What was unexpected wae the very high power factor
maintained just after limitation.  Although this ultimately
deteriorated, the.power factor near limitation and drop-off
'was high indicating that the transfer impedance in these
regions was largely resistivef . This would go a long way
‘to explaining the tendency to instability when connected to a
single synchronous machine. |

This would contrast markedly with a switched resonant
link where the impedance at limitation would sﬁddenly become
highly inductive.

Limitation occurred at a through eurrent of 2.24 amps,
an oﬁerioad of 124%, but immediately upon limitation the current
decreased and continued to do so until a.minimum of 1.62 amps
was reached. Further increase inbvoltage caueed an increase
in current and a deterioration ef power factor.

This behaviour is entirely consistent with the impedance
characteristic.of the 1link and could have been predicted from the
impedanee/voltage or current characterisfics;

Very little measureable drop off margin was ebserved,
the circuit recovered along the loading curve at 2.1 amps at an

applied voltage of 107 volts. It is believed that for a truly
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At drop-off  Vy

infinite bus bar system the drop-off margin would be zero as
in the case of the short circuited link.

The transfer of load between two bus bars or systems

___———_.._-—-__._-_______

In.this case the impedance behind bus bar B was made
arbitrarily equal to 1.7 +j 5.8 and the load tests were
repeéted with satisfactory results.

The loéd,transference took place at much,léwer
power faétors than those that obtained when end B was an infinite
bus. bar.

At limitation the power factor suddenly increased as

the link impedance predominated and the regulation at the B

end increased markedly.
As the voltage at end A was subsequently reduced a
drop-off margin was seen to exist as fellows: -

At limitation Vp = 116 volts, throughput current I = 2.3 amps.

112 volts, throughput current I = 1.75 amps.

Parallel Operation of a Resonant Link and a Conventional Supply.

Léad‘sharing with this combination was shown to be
feaéible, tests being carried out at unity power factor and at
low leading and iagging power factors.

An operating chart is shown in fig.6, where the

conventional supply is largely inductive having an impedance

" angle of 73.7O and the resonant link is resistive with an

impedance angle of zero. The agreement between this chart

and the measured results is good.  An indication of this can
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be seen by considering the lagging load, point (2) on the chart,

fig.6 ds follows:-

Measured © Chart
Link Power P, ‘ 140 watts export 136 watts export
Link Power Factor 0.67 lag export ~ 0.65 lag export
Conventional supply -
Power Pp : 60 watts import 63.5 watts import
Conventionai supply .
. Power Factor 0.54 lead import 0.52 lead import

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

link loss + conventional supply loss

o= 22 X 3.5, + 1.32 x 1.7

and losses

14 + 3 = 17 watts

l

- Nett power to the load .= 80 - 17 = 63 watts from results

2.8 amps.

Il

current in the load
thefefore load -power = 2.82 x T = 55 watts.

It is clear, however, that the sharing of theload
" largely depends upon the link resistance having a comparable
'valug to that of the conventional supply impedance, otherwise
the link would tend to take all of thé load.

In a real link steps would be taker to minimise the
links resistance, so because of this, and the large transfer of
fower be tween the link aﬁd the conventional supply, it is felf that
where this combination may occur in practice some detuning of the
link would be desirable to equalise tHe lozd sharing.

Effect of Detuning.

These tests were done to record the performance of the
link in its detuned state, the reason being that in the case of a

link sharing load with a conventional supply some benefit may be
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- obtained by modifying the links characteristic to influence the

3.10

load flow.

In the case of an inductive load it can be seen from the
reéults that detuning the link so that it became inductive had
the effect of stoppiﬁg the large power transfer between the two
sources;' each now operating af a low lagging power féctor..
Detuning so that tke link became capacitive made the power
transferenée larger and'hence worse.

It is seen, thgrefore, thaf some control through detuning
is possible and_in_the case of a parallel pombination of resonant
link aﬁd conventibnal supply, desirable, although éxtensive

detuning is not recommended since this would call into question

the need for a resonance link in such a case.

Short Circuit Performance.
For a short circuit at the terminalé of the parallel
combination of resonant link and conventional supply the following

results were measured:-

FPault infeed from the 100 volts 16.7 amps = 1670 MVA

conventional supply bn - equivalent.

3.7 amps = 370 MVA

Fault infeed from the

resonant link : ' ' equivalent.
total infeed = 19.6 amps = 1960 MVA
o A equivalent,

]
i

alternatively two 33,4 amps = 3340 MVA
"conventional supplies infeed . ’ equivalent.

thus there is a total reduction of the fault level by 1,380 MVA

equivalent.
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Note that the sum of the two infeeds is less than
the scalar sum because of phase angle differences. See also
the effect of the double resonance 1ink page 72.

Two Resonant Links Opérating together and Sharing Load.

For two links having the same pzrameters, load

.sharing was equal up to and beyohd'limitation, both links

limited together.

Unstabilised links showed sﬁb—harmonic response with
certain capacitive loads, but no other unsatisfactory response
was observed. |

In the case of links having different parameters and
different'limiting levels, if the levels were widely different,
the lirnks limited in turn. as the load increased, but up to
limitation the link loadings were similar.

For links with limiting levels within 20% of each other

~the lower limit became the limit of the whole system both links

limiting together. It is believed that the low set link limits

first and thus reducing its own share of the load, causes the high

set link to limit.
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Sub-harmonic Response,

4,0 Overall Link Response.
| It was indicated earlier that with certain capacitive
loads the circuit cogld give rise to the generafion of
sﬁb-harmoni¢s. © Whilst it is uﬁlikely that such a.load_
wbuld be encountefed in practice extensive cable systems and
~ shunt capacitors éould give rise to instability underilight
load cOnditions.
The disadvantage of sub-harmonics of current énd
'-voltagé in a. pover system can be summarised as follows:-
1) Oscillation (hunting) and perhafs instability of rotating
maéhines. | o
'é) Interference-with and possible mal—operation of earth
fault protective systems.
3) Hunting and instabiiity of control systems.
4)  Voltage flicker and dangerous strobbscopic effects from
lighting. Overvoltages on E.H.V. systems,
5) System resonance with harmonics‘of the suB—harmonic.
It wos discovered early in the investigation that
a resistance 'r' connected to a secondary winding on the
safurablé reactor would guench or prévént the suﬁ—harmonic
responée. Ultimately, therefore, it Wwould be én
advantage to gain some insight into the funption of this
reéiétance.
The voltage and current response of the link is
shown in fig.7 (1, 2, 3 and 4). It is immediately seen

to e complicated and multivalued.
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4.1 PFerro-resonant Response.

4.2

Referring to fig.7, for any load on the link, if the

voltage is increased the saturable reactor current increases

-‘very slowly giving rise to the initial steep curve a - b,

At b the current sucdenly jumps to a high value, c,-and the
circuit is said to bte in a state of ferro-resonance. ref.2.
Further increase in voltage causes a coﬁtinuoué and rapid
rise in current.

When the voltage is reduced the saturable reactor
current falls along the high valued curve but instead of
returning té the iow value of current at c, the high valued
curve is followed to d when the current suddenly falls to
e on the low valued magnetisation curve.

This ié the "pick-up" and "drop-off" margin
aiready'discussed when considering the value of the
stabilising resistor R. Fig.7 shows a family of curves for
R starting at zero and it can be seen that for values of
R = 9ohms and above the margin is reduced to zero.

Sub-harmonic Response.

Additimﬁl.to the 50 Hz ferro-resonance response
there lies between the upper and lower curves, but.ggi bounded
by the "pick-up"_and "drop-off" lines, a region in which the
circuit response can be sub-harmonic. |

Within this>région the circuit is capable of
oscillation:~
1) ét a stable sub-harmonic frequency of 1/3 fundamental.

2) at other‘sub—harmonic frequencies l/2,_1/4, 1/5 and
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poésibly lower orders, which are'ﬁnstable and self
extinguishing over periods of time ranging from seconds
to many minutes, and it is probable that all these sub-
harmonics may have stable regions of extremely limited
extent requiring a very precise set ofAcircuit parameters
and voltége conditions to stabilise them. Such regions
if they exist would be very difficult to locate and none
weré found during the course of this study, except thét
the l/5 sub-harmonic persisted for so long that it

covld almost be regarded as a stable mode.

3) Regions of efratic response where sub-harmonics of
undetermined and possibly changing frequency exist..
Operation in this region is characterised by continuously
changing waveforms. This response may persist for only
a few seconds %o several minutes and then like the unstable
sub-harmonics of definite period, it suddenly, for no
apparent reason, extinguishes. Sometimes extinction
occurs after a particularly violent surge of current probably
indicating some radical redistribution of energy within

" the circuit.

Recovery of the circuit is always to the lower
magnétisation curve and never to the higher ferro-resonance
curve.

However, by adjustment of voltage with a capacitive
- load the ferro-resonant state can in the process of extinction
pass into the sub-harmonic state instead of exfinguishing orto

the low current curve.
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If.the voltage is subsequently increased the circuit
does not pass from the sub-harmonic state to the ferro-resonant
state, but first the sub-barmonic extinguishes and the circuit
reverts to the lower curve.

It is élearly seen from fig.7, that for a given
voltage at least three stable current conditions can exist
and maﬁy more unstaBle current states, which, may‘nevertheless
persist for a long time.

Fig.7 shows a 1/3 sub-harmonic region for a variety
of load capacitance values., The left hand boﬁndary of thie
region is characterised by an abrupt cessation of the 1/3
sub-harmonic response for a given capecitance as the voltage
is reduced and is thus well defined.

The right hand boundary is an uncertain region of
jittery response where the 1/3 sub-harmonic becomes more énd
more difficult to discern.

Finally the response in thié region degenerates
into an unstable self-extinguishing erratic respénse.

This uncertain boundary of erratic response is
relatively broad for large values of load capacitance and low
voltages but for lower &alues of load capacitance and higher
voltages the erratic region is narrow and cessation of stable
sub-harmonic response becomes abrupt.

The sub-harmonic fesponse in the resonant link
je characterised by the existence of large sub-harmonic flux
components in the reactor core and excursions into saturation

occurring at least once and sometimes twice in any half cycle
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of fhe flux wave; Accompanying these excursions into saturation
are surges of currentlin the parallel loop that must iﬁvolve the
tfansferencé of energy necessary to maintain the oscillations.

Supérficié.lly it is tempting to regard the saturable
reactor as a sort of switch going on and off as it goes in and
oﬁt.of saturation, discharging or holding the charge on the
. capacitor, prever, the impression that is gained from the
results of this study suggest that the simpie switch concept is
too simple and that the surges of currert are in the nature of
impulse resonance phenomena occurring as the reactor ;pproaches
saturation, |

Certainly a simple switching theory could not account
for the existence of sub—harmqniés in circuitse containing
stalloy cdres where the'onset of saturation'is a graaual process.

Fig.8 shows a typical hysteresis loop and waveforms of a
1/3 sub-harmonic response.

The hysteresis loop is complicated by the existence of
re-entrant or minor loops superimposed upon the main loop.

The total number of loops giving the order of the sub-harmonic

present.




. Hysteresis Loop of 1/3 sub-harmonic response.

Scales B

1.00 Wb/m%/cm. v 105 volts R.M.S.

0.10 A/cn. o

—t
il

20 YU F
/

Fig.8a.

. Saturable reactor flux and current during 1/3 sub-harmonic response.

c' = 20//1 F, V = 105 volts. R.M.S.
Scales B = 1.0 Wb/mz/cm.
I = 1.0 &/cm.

Fig.8b.







1 T
-/3 Sub-harmonic Response.

Scales B = 1,0 Wb/m2/cm. v 100 volts R.M.S.

22/‘1 F

il

s

It
l

2.0 A/cm. ot

Pig. 8e

i

.Capacitor/Saturable Reactor Voltage during 1/3 sub-harmonic response.

~Scales Vg = VS = 20 v/cm.

IS 2.0 A/cm.

Fig.8f.
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4,3 Initiation of Sub;harmonic Response.

As indicated on previous pages with certain capacitive
vloads a sub-harmonic response results, which requires a switching
action or some system disturbance fbr initiation.

The necessity for some disturbance to sta?t the
sub-harmoﬁic response is very significant because without this
the cifcuit behaves normally with sinusoidal response up to the
instant. of the onset of the high current of ferro-resonance,

As far as can be seen from the literature, the need for
a sudden distufbance has been accepted by other investigators as
being absolutely necessary (ref: 1 - Travis, and 2 - J,D, McCrumm)
and they go on to say that the effect of the disturbance is to
produce the correct voltage and current conditions requisite to
the initiation of the sub—harmonic_response.'

If this were entirely correct one might expect scme
difficulty in arranging for the correct voltage and current
conditions to exist for such an arbitrary process as closing a
switch, yet if the applied voltage and capacitance have certain
values the chances of exciting a sub-harmonic response by simply
closing a swilch is scmething over 90%.

The author believes that for the initiation of a
sub=harmonic response all that is necessary is for the saturable
reactor to have imparted to it an energy that‘is abnormally high
-for the applied voltage level, moreover, it will be shown that

the energy need not be applied to the circuit as a sudden shock.
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Previous wofkefs have alWays stressed fhe need for a
shock’egcitation for the establishment of the sub-harmonic reSponse.
Usually any switching operation or transient disturbance is
sufficient to éxcite the oscillations provided that the circuif |
paramétersland apflied voltage‘are of the correct order, and ye£
if the.excess energy idea hoidS'true.it should be possible to
'establisﬁ the sub-harmonic respdnse simply by slowly impartihg
energy to the Qiréhit until the‘resonance phenomena is established.

A teéf ﬁas thus devised fo impart energy to the circuit
by the application of a d.c., current, to the saturable reactor,

.. the magnitude increased very slowly from zero until the reactors
instantanedus‘inductance reduced as saturation was approached.

The resﬁlts of this test are shown in fig.9. It was
found'that by increasing the d.c; current at the rate ofAless than
aﬁ aﬁpere-per'minute the circuit could be set info a state of
sub=-harmonic oscillation; The applied d.c. current that
achieved‘this was beiow.that reéuired to effectively saturate
“the cofe. Once thé Sub;harmonié response.had been established,
the d.c. bias had little effect on the stable sub-harmonic response
and could be removed.. |

In the case where the circuit waé set up for unstable
sélf—extinguishing sub-harmonic response the éffect of the d.c.
bidas was to stabilise and sustain the response but as soon as the
bias was removed the sub-harmonic response extinguiched.

It was conceived that this method might provide a

technique for stabilising lower order sub-harmonic respenses

which were otherwise very fleeting in nature.
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-Scales B 0.715 Wb/mQ/cm;

—
1l

s = 0.3 A/cm.

.a . ’ b ) c~
Hysteresis Loops-shéwing the excitation of sub—ﬁarmonics by the
‘slow application of a d.c. current.
The d.c. current was injected very slowly at the'rate of
approximately 1 milliamp per second into 10 turns on the
saturable reactor.
90 volts was apﬁlied to the circuit to keep well below the
voltage normally needed to saturete the inductor with a
capagitive load of 29/;( F.
a) No &;c. applied.‘

b) 90 milliamp d.c.,resonance juét beginning.

c) © 99 pilliamp d.c.,1/3 sub-harmonic started.
Upoﬁ theiremovai of the d.c. bias the sub-harmonic response

continued virtually unaltered.

Fig.9.
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This was tried and it was found'to be sometimes
possible toistabilise the'higﬁer 1/2 sub-harronic, Fig!lO.
But the effect on other orders and on the erratic response
‘when there was time to apply the d.c. bias was either to
extinguish the sub-harmonics or cufiously enough, to establish
a 1/3 sﬁb-harmonic which extinguished-wﬁeﬁ the d.c. bias was
rém0ved.

If the 99 milliamp of d.c. current tﬁat was sufficient
to establish the stable 1/3 sub-harmonic response of fig.9,
was further increased'the respoﬁse.became erratic,finally
extinguishing and at 110 milliamps, férro—resonancé was initiated.

Reduction of the applied d.c. bias to 9% wmilliamps
caused the ferro-resonance to give way to the stable 1/3
sub-harmoﬁic.

The cdmplete removal of the d.c. current suddenly,
caused the response to revert to either the 1/3 sub-harmonic

mode or to the low current sinusoidal state.
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2

————— —

.. Hysteresis Loop of an unstable l/2 sub-harmonic stabilised by the

épplication of a d.c., bias of 85 milliamps, on 10 turns.

V = 90 volts. C = 160 M F,

C' = 40/ Fo
Scales B = :1.5_Wb/m2/cm.

Fig,.10,
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4
L4y

" Hysteresis Loop of long persistence (1 -2 minutes) 1/4 sub-harmonic

il

Scales B . 1.5 Wb/mz/ém. V = 85 volts. C = 160/;2 P

Ig

0.15 A/en. Y =50 u P,

Note the four loops and the tendency to jitter..

The response was self extinguishing and although it could

be excited several times in succession when the photograph was
taken, the next day with the same conditions it could not be
excited.

This shows the very fickle nature of the more uncommon sub-harmonics.
Perhaps fhey are difficult to repeat because they dépend upon very
specific values of resistance and slight changes in resistance may
prohibit their excitation. - Certainly this is the only parameter
that could have changed in the circuit in 24 hours. Reactor core

temperature may also be a significant factor.

Fig.1l1.
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The foregoing result is put forward as evidence that
the cause of the sub-barmonics is excess energy in the reactor,
but it_does not explain why the circuit goes into sub-harmonic
os01llat10n.

Travis ref.l has suggested that the reason for
'sub;harmonlc oscillation lies in the trapplng of charge on the
capacitor due to the inductor going in and out of saturation.

Whilst this explanation has beén widely accepted for
many years it is not considered to have sufficient generality;
~ to explain all the phenomena associated with the generation of
suﬁ—harmonics. In particular, results recorded in this work
show that although in some cases charges of & particﬁlar polarity
'can-ex1st on the capacitor for more than half a cycle of the
50 Hz applied voltage so that partial charge trapping could be
claimed to exist, in some instances, no evidence of trapped
charge was observed and large changes of charge were observed
to take place even when the reactor was definitely unsaturated.

The truth behind Travis'btheory of trapped‘qharge_is,
the author believes, the implied idea of excess energy in the.
system,

It is clear from Fig. 8a, b and other records that
if anything is trapped in the circuit it is mdgnetlc flux
- and hence maghetic energy. Thus it is proposed to take
Travis; theory of trapped charge and to extend and broaden

it in a theory of excess energy.
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Theory of Excess Energy.

The proposed -theory is as follows;.
Due to some disturbance or otherwise the circuit has

imparted to it an energy which is excessive considering the

'applied vbltage condition. This energy may be manifest as

excessive electrostatic charge or excessiﬁe magnetic flux or
of a combination of the two. SuBsequently the circuit '
endeavours to reject this energy and usually succeeds after

several cycles of the 50 Hz frequéncy. The rejection of this

energy can only take place relatively slowly because of the

large effective time constant and low mean natural frequency
of the circﬁit. Being a non-linear system both these must
be functioné of current or voltage but are démonstrablyilong,
Fig.47, Appendix III, Also reference 5 fig. 7 C.F. Spitzer.

It could thus transpire that at certain voltages for

.a given set of circuit perameters the circuit is forced to run

into resonance Or seturation again before\it has got rid of
the excess energy which is thus replenished and the oscillations
continue. The ordgr of oscillafion'will depend ‘upon the mean
natural frequency of the circuit being near to a sgb-multiple
of the éupply fréquency.

For a given applied voltage if this is close, a
stable sub-harmonic will obtain. If there is considerable
deviation an erratic possitly self-extinguishing oscillation
will occur. |

It is significant that no stable sub-frequency is

obtained that is not a sub—multiple of the mains frequency,
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because the sub-harmonic oscillatiors are themsleves dependent
upon resonance phenomena excited by the fundamental frequency.

This theory predicts the result of the application
of a d.c. current to the saturable reactor circuit and explains
why otherwise a shock excitation is necessary to establish the
oscillations.

It also predicts that if energy is artificially
abstracted from the capacilor saturable reactor loop the
sub-harmonic will be damped out or prevented from starting.

Hence it is found that the application of a resistor
to the secondary inductor winding quenches the sub-harmonic
response as does a resistor applied across the whole parallel
combination. The latter, however, is not a good power system
arrangement.

Damping out the Sub-harmonic Response.

The effect of the application of a resistor 'r'
acrogs a secondary winding of the saturable reactor 'is to
increase the apparent inductor losses as indicated by the
broadening of the hysteresis loop, Fig.12. Subsequently
a critical broadening occurs which leads to the extinction
of the sub-harmonic response, beyond which no sub-harmonic cen be
established or maintained. The minimum value of 'r' to
achieve this turned out to be 6 .o on the 50 turn winding.

That the losses in the saturable reactor profoundly
affect the existence of sub-harmonics in the circuit is
illustrated by the féct that it is easier to establish and

maintain sub-harmorics in a circuit containing a low loss core
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*Hysteresis Loop with r = 31 ohms on 50 turn winding.
l/3 sub-harmonic response just about to extinguish.

100 volts.

23)/g F.

0.76 Wb/mZ/cm. v

il
Al

Scale B

0.11 A/cm. ct

i
it

Ig

Fig.12,
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material inductor than in a cifcuit containing a stalloy core
inductor.

Stalloy core inductors do, however, have a sub-harmonic
response-as indicated by Fig.l13 a, b;

Sﬁbhharmohics with Stalloy Cores.

By replacing the square loop saturable reactor by one

having a stalloy core a resonant link was produced whose

- operational properties were similar, but inferior to those of a

link.circuit containing the square loop material.

‘Thisvlink was capable of limiting through fault current,
but because of the more gradual onget of saturation it was
necessafy for successful normal operation, to operate low down
on the hysteresis curve. This meant that greater excursions

of voltage were necessary under fault conditions in order to

-saturate the reactor and further since the onset of saturation

was not abrupt. the limitatien of the capacitor voltage was not
so good. Interference with the state of resonance wae also

a gfadual froeess occurring down into the region of normal
operation and thus adversely effecting the linksregulation
which ideally should be negligible,

With a potential fault current of 30 amps, equivalent
fo 3,000 MVA, the link limited the throughput current on dead
Short.eircuit to 7.4 amperes, more than twice thevcurrent limit
set by the square loop reactor,

The generation of sub-harmonics in this system was not
as‘eESy as in the square loop reactor system and this is thought

to be because of the greater loss of the stalloy core.
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When sub-harmonics were established their range
in terms of load capacitance for a given applied voltage was
much narrower, of the order of 5//4 I, and the order of stable
sub~-harmonics was 1/2. Fig. 13b.

Effect of Remnance in the Reactor Core.

The effect of remnance in the reactor core was not
found to have the significance that some theoretical studies
would attribute to it. Ref.1l.

| Certainly it did not determine the form of fhe
fesulting sub-harmonics,

Its effect was investigated by magnetising the core
by d.c. currents in the dead state and then switching on the
supply.

The only effect that the remnance seemed to have was
to help the initiation of sub-harmonics if it was large enough.
Certainly the incidence of sub-harmonic response with a
demaghetised core when the circuit was switched on with a 20//4 F
load, was less than when the core had a remnant magnetisation.

'Such a result was not unexpected in view of the excess
energy idea since any remnant flux must represent an amount of
stored energy within the system just as an initial charge on
the capacitor in the series case has according to some workers,
ref,1 helped the initiation of sub-harmonics gnd also represents
stored energy.

The effect of the remnance in relation to the direction
of'the applied voltage at the time of switch closure was not

investigated but is probably of significance.
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4.8 Analysis of Waveform Cbnditions.

Consideration is given to the detail of the circuit
_wavefbrms durihg.stable 1/3 sub—harmonic oscillation, Fig.l4
| 'vStarfing af the first méjOr flux peak at "a" there is
a surge of cﬁrreﬁt in theiparallel loop withia pbsitiQé But
rapidly reducing voltage on the capacitor.
| Here there is a transfer Qflenergy from the capacitor
to the inductor. |
Imﬁediately following the surge, the current reverses
'and'the‘capacitof voltage goes negative as. the supfly voltage
goes negative. This gives rise to a reductior of flux
lével in the reaétor cofe and a trough in the flui wéve is
produced. This is an attempt by the system voltage to drive
the flux negative; but which does not succeed..
The flux and hencé the energy in the field reaches
a minimum and begins to rise again as the capacitor voltage
and supply voltage go pésitive.
| This reduétion of flux level and reversal of current
create‘the minor loop on the hysteresis loop. A second flux
peék isAreached as the reactor once more satufates énd'the
éapacitor'is again discharged in a surge of cujrent, which again
represents a transfér of énergy to the reactor.
| .This second discharge is significanf because it oécurs
wheﬁ the supply voltage and cépacitor voltage are reaching peak
values in the:pdsitive direction, but subsequent to the surge
the capacitor voltage is reduced to neaf ZEero., That is to say
théscapacitor vqltage is zero when.it should nofmally have a peak

positive wvalue.
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This means that as the driving voltage falls towards the
negative direction the capacitor voltage is forced to swing to
© approximately twice normal voltage in the negative direction
becausé it starts from zero instead of posifive peak value.

_ This 1érge voltage excursion on the capacitor is common
to all the sub-harmonic responses and probably provides the
mechanism of energy transfer that keeps the sub—harmonics going.

The effect of this large voltage excursion on the |
capacitor is to caﬁée the reactor flux to undergo reversal so
that there is a major energy transference during this period.

The reactor flux feaches a peak in tre negative
direction leading to a current surge as the charge on the
capécitor is reduced to zero.

This negative going current pulse is identical to
the firsf positive pulée and all the foregoing events are
repeated negatiyely until the cycle is completed in a period~
equal to three 50 Hz periods.

If the system voltage is increased the flux troughs
and minor ldopé betwéen the current pulses get deeper until,
in fhis case,-at 130 volts, the sub-harmonic extinguishes when
the bases of the flux troughs and loops appfoach Zero. This
sugéests that during the sub-harmoric response the system
Vbitége is not sufficienrt to drive the flux level to zero,
‘which can.only happen when the capacitor voltage achieves a

sufficient magnitude as was described above.
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Scales

I = 0.68 A/cm.

V. = 20 v/cm.

Conditions: V = 105 v C' = 20 HE.

Tig.14.




Scales

I = 0.68 A/en.

I = 0.34 A/cm.

B =1.0 Wb/mz/cm.

Ig = 2 A/cm.

. Conditions: V = 105 v Ct = 20‘/4 F.

Fig.1l4,
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In Travis' aralysis, Ref.l, it is suppoéed that thre-
paase of the sub;harmonic resporse is trépped‘charge on the
caﬁacitor. This may be éo for some series circuvits bu® in .-
fhislcaée if anytﬁing is tfapped it is magnetic‘energy, although
"somé.degree_of éharge storage does occur in trat, the charge 6n
the;cépacitdr:persists for alperiod of up to 75% of tke 50 Hz
period. But as stated this ariseg not so much because the
charge is trapped but because the capacitor suffers a peak td,
peak voltage excursionlin one direction following its discﬁarge.
The persiSfeﬁce'of magnetic flux in any one directiqn is 150% of
the 50 Hz period. Travis also says that the mechanism of the
tfapping of charge is the reactor going out of saturation and
.limifing the transfer of charge; yet it is clear from the
resﬁlfs of this work that major transfers of eﬂergy océur when
the reactor is unsaturated,

It is fof theée reasons that it is felt that Trayis'
theory lacks generality , certainly it does not hold for tﬁe
caée of a stélloy core where the onset of saturation ié_gradual.

The theory of excess energy is, therefore, put
forward as a possibie explandtion of the sub-harmonic pheromena
~and this theory wouvld be applicable to any cifcuit containing any
core material. It embraces Travis' theory where stored charge
is invelved agd explains why lossy cifcuits discourage the
Sub—harmoniéffesponse.

It also provides a possible 1ink‘between tte

sub-harmonic response and the ferro-rescnant respcnse which some

workers. seem to think are unrelated, ref. 2, J.D. McCrumm,
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Relationship-betwéen'the Sub-harmonic and Ferro-resonance

Phenomenae.

The theory of excess energy suggests that sub-harmonics

.occur when the circuit. receives an enefgy_input that is
abnormally high for the applied voltage condition prevailing

" and which is of sufficient magnitude to take the saturable

reactor to saturation; to a region where impulse resonance
phenomena can occur between the capacitance and falling
inductance of the saturable reactor.

If the applied voltage is of sufficient magnitudé

‘that it cah, without the additional injection of energy, drive

the inductor to near saturation on-each half cycle then a

ferro-resonant condition will result of fundamental frequency.
This is believed to be the relationship between the

two phenomena, that they are both essentially impulse resonance

phenomenae .driven By the fundamental applied frequency and

dependent largely upon the magnitude of the applied voltage.

Furthermore, if the circuit is operating stably with

 the saturable reactor on the lower current curve, but within

the overlap margin'previously discussed, a shock or slowly
aﬁplied d.c. current will excite the ferro-resonance condition
which will persiét after the d.c. bias is removed.

Fig.lS shows the waveforms of two ferro-resonance

conditions. The flux and current waves have a fundamental

frequency of 50 Hz and those of 15a are typical of the single

resonénce link limifing fault current.
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. Saturable Reactor Flux and current waveforms of ferro-resonance
phenomena during fault current limitation,

Scales B 1.0 Wb/m%/cm. Conditions V = 100 volts RMS.

il

It

Ig = 4 A/cm. o C = 160 u F.

Link short circuited.

Pig.15a.

* Saturable Reactor fldx and current waveforms of ferro-resonance
phenomena during fault limitation, but with gross detuning of the link,

i.O Wb/mz/cm. Conditions V = 100 volts.

i

Scales B

I

I

s 4 Afcnm. ' C = BO/AV.F-

Fig.15b.




4.10

- 58 -

The wave of 15b is for the case where there is gross

detuning of the link (C = 80//u F). and is produced to show the

‘complexity that the ferro-resornance respornse can achieve, and to

demonstrate the similarity between these waveforms and those of

the sub-hérmonic response. Yet the waveforms of 15b are of
fundamehtal freqﬁeﬁcy and are produced here to support the
belief that the sub-harmonic and ferrc-resonance phenomenavare
related by.g common excitation process.

Possibility of the Sub-harmonic Response with other than

Capacitive Loads,.

In the course Qf the sub-harmonic investigation ift
soon beqame clear that the linear series reactor was of no
consequence in the generation proceés of these low frequencies
aﬁd could.in'féct be shorted out with littlé effect.

At first it was accepted that in order to excite

a sub-harmonic response the load impedénce had to be capacitive

and yet as experience of the circuit was gained it became clear

that the source of the sub-harmonic and ferro-resonant response

‘was the parallel loop, although the load capacitance did determine

the waveform and range‘of the sub-harmonics.

It was conceived that it might be possible to excite a
sub-harmonic response with other high impedance loads and such
was found to be the case if a d.c. bias or a sufficiently large
shock was applied to the saturable reactor and capacitor loop.
Thereafter the sub-harmonics were stable and éelf supporting of

orders 1/2‘and 1/3, Fig.16 & Appendix III, Fig.54.
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The load impedénces for this resﬁonse had to be high
of the order of several hundred ohms résistive or inductive.
 This poilnts' to the probability that the load capacitance that
allows a sub—héernicvreSponse,~acts simply to allow sufficient
blbose coupling of the pérailel loOp to exist éo that any excess
energy imparfed to the loop cannot be easily dissipated to the
‘external circuit.

This is consistent with the observation that any strong
coupling of the 50 Hz supply or supplies to the link, as in
the caéé of parallel operation with a coﬁventional source;l

eliminates the sub-harmonic response.
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1
/3 Sub-harmonic with a resistive load of 550 ohms with an
applied voltage of 180 volts. R.M.S.

1.0 Wb/mz/cm;

Scales B

I

s 1.0 A/cm.

Pig.16.




- 61 -

Analysis of ‘Resonant Link Circuit.

5.0 _ In the analysis of circuits contafning magnetic material
it is often useful te represent the-B/H, ¥ /1 curve as &
'single valued functien by ignoring hysteresis.

The eiimination of the hystefesis means thet a loss is
eliminated from the system and this should assist the generation
of harmonics. |

| In eny formal aralysis the representetion of fhe B/H
curve presents a problem, Some workers have represented the
curve by two straight lines,.ref.l., which gives a good approximation
for square loop material but eliminatee the mee region and is a
crude modelifor stalloy type materials,

Other ﬁorkers have advocated the use of polynomial series
or part series containing only odd ferms ref. 8, 9., which can be
showﬁ to give good representation of stalloylmaterials and systems
containing added feactance, but are not very accurate for square_
100pAmatefials-

Two methods of representation haye been investigatedﬂ

5.1 Polynomial Method.,

Considering the circuit:-

Ll

C' ——

c
" _ I
-V sinwtf A 2 . ”

where r' represents the reflected damping resistor r.
Neglecting the voltage drop across L' cdmpafed to the

voltagevdrop across C'.




7[’(;,,) ..................... (1)

I =
. VC - jd_i_b + R(IS‘*-Z—I“) ............. (2)
differentiating:- |
- ﬂ.:—d?’ + R dIL: *,,?0/],‘ ........ (3)
At at?* at AF
Vsinwt ¢ [Lodt+ [Ldt -oovnoo... (a)
- c C
differentiating:~
Vw coswt= Le 4+ L
c c”
= L ~ I¢+_Z;4-.Z'
_ . c/
-.' IC = ch = C & I - _[
?- | dl‘ s = (Vw oS w Cf _C_‘F) ..... (5)
and. L, = A, 2N if R is small
_ r=asrT 5 Ve s

thus equating 2 and 5.

Y wc’coswt= d#¥ +,eo//(¢),¢ea/’;o+ A, 1 e
Cc+c’ At At r'dt* (€+c’) ricsc’) a¢

which is it p/ D>R
Vwe! coswt= % Lrodflt) o 1 de, &) .. ()
ctet - dE? At rilcec’)dt “EFch

and following the method of Cunningham ref.8 for the series circuit

and using a part polYnomial representation:-

= Fw = Ap+B¢?

' and substltutlng in (6)

Ve c’ coswt =d¥  (rA+3RBy%
c+c! a0 "(""C’)

) v, Av 4 B3 -
at (fC’) (C+CI) .
...... (8)

which is a form of Duffings equation with a non-linear damping term.
The use of higher order polynomial terms results in higher order forms

- of Duffings equation.
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The emergénée of Duffings equation and highérvOrder forms
of Duffings equation from th; analysis directly indicates the
" possibility of a sub-harmonic response gsee Cunningham, Non-liﬁear
© Analysis, ref.8.
Several methods of solution of non-linear differential
: eduations.ére apﬁlicable. Perturﬁétion techniques; seé ref.8,
are rather long and involved and areAnot conveniently suitable
if one wishes to try-the effect of varying the circuit parameters.
Two obvious methods are analogue and digital techniques.
The former Was_at first attempted. However, the large range
of parameters involved made scaling very difficult, at least on
the machine.avaiiable at the time.
A digital solution was thus felt to be the most feasible.
The object of the analysis was tb see if:=
1) Given the right circuit conditionS‘a_steady sub-harmonic
responsé céuld be generated. |

g)' with such a reSponée to see whether it cduld be damped
out by adjustment of 'r' in fhe region of values
corresponding to the reflected'vélue of r the secondary
damping resistor in the model.

The Duffing equation was programmed using a Runge-Kutta
procedure and the computed resulis in real time are shown in
fig.1l7a.

The results show that after an initial transient period
the reséonse settles down to‘a.regular 1/3 sub-harmonic. This
response was found to extinguish when r' was made equal to 100 ohms,
the response fhen being sinusoidal. This value of r' compares

to the value of 150 ohms measured on the model.
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The foregbing method provides a way of estimating the
value of the reflected damping resisfénce r' necessary to
extinguish the sub-harmonic response, as an alternative to simple
trial and error.

However, the analytical representation of the B/H curve
for high permeability materials is still rather crude and subject
to considerable'error. This béing so better methods of
representation and analysis are éurfently under investigation
as an extension of the present work.

The new apprﬁach attempts to represeﬁt the B/H,-ﬁV/I,'
curve as a series of points, aefining small étraight lines, fed

_ into>a computer and the system equafions then being solved by
a step by step process as follows.

5.2 Step by Step Integration Method.

Taking equations (1), (2)Aand (5) modified and
int_egrafing for small steps of time A £ beginning at time
t = O when Ig = O and V, and % having initial values specified.

The analytical procedure is defined as follows:=-
ST = ;Es = f?(yg) a setlof.p01nts for ST and 4 . . . .« o o (9)

de = W —RI
7

A;//»a.i(//Aéﬂ (V'c-'QISA')A’f
. JE '
psL = # = E LA

= £+ (Vo —RSI)AE

and using equation (5),

I 1))
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AV =dVear= _c' (\/wCoswl' 15_1‘,-)45
dF c+c' c’

and _1;. = Ve for small values of R

.Vc= chlé <’ (VwCaswl'—Sl - Ve Jaé.. . ()

c+ c’ c' r'c’

£ = l‘+A¢'.

The foregoing equations are solﬁed in the order 11, 10, 9, 12,

starting with initial values at t = O of ST =0, § =& and
Vc = Vco; and usiﬁg a prescribed small value for A t.
| Equation(9) acts as a control proaucing a new value for
SI using the value of PSI () from equation (10)

| New values of V, and SI are then substituted back in (11)
and.the-process repeats.

'}The results of using a simpie fhree point i.e., two slope

- approximétion fo the 95'/1S curve and an integration step5¥ime At

of 00,0001 second -are shown in fig. 17b'for which the following data

was also used:-

at t =0, Vgo=0 PSI (4, ) = 0.195 Wb turns, SI = O,
DELT = A t = 0.0001 sec. V = 141.4 volts, <o = 314.16 rad/sec.
€ o= 160 4F, C' = éo/a F, R =2.60mms, r'=1,400 ohms

Break point PSIM = 0.195 Wb turns.

Slopes defining ;4'/1 curve,

Kupbto therbreak point SLP1 = 0.05 amps/Wb turn.

after the break point SLP2 = 250 amps/Wb turn.

Il
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The emérgence of 1/3 sub—harmonics from the digital computer
.stﬁdies with only fundamental excitation present and the similarity
in.the shape and detail between the computed waveforms and the actual
waveforms sﬂéwn in Appendix III, adds credence to the analytical
procedures adopted, |

However, a compléte.méthematical model 6f this non-linear
s&stem must représent the B/H curve in accurate detail and ultimately

the full hysteresis loop must be represented.
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The Double Resonance Link.

The singie resorance link discussed so far relies
upon the series linear reactor as the main limiting élement_
to the flow of fault current, when~the'state of resonance is
destrdyed.

A more enhanced limitation would be achieved if the

. circuit could be arranged to switch auntomatically from the
series resonant condition to the high ihpedance parallel

resonant condition when a fault is beihg fed by the link.

Fault limiting parallel

resonance circuit.

Load flow series

resonance circuit.

Fig.l8.

In the circuit shown the linear reactor and
capacitor are in series resonance for load flow conditions, but
the value of the capacitance is chosen so that it resonates with the
séturated.inductance éf the saturable reactor under fault conditions.
With such an arrangement the cﬁrrent through-put could theoretically

be very small, indeed smaller than the load current.
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6.1 Practical Considerations.

Such a link was set up but it was initially found

that the value.of capacitance required to resonate with the

. .Saturated ndn—linear reactor was‘over 350 /‘lF‘and this was
considered to be too lafge fér practical reasons and in any
case with the resistance hecessary in the loop the sta%e of
resonance was poor and the current limitation was juSt over
3 amps, little better tﬁan that of the single resonance link.
The resistance in the loop, the value of R, had a limiting
lower value of 3 ohms-néceSsary to quench the ferro-resonance
current which otherwise persisted after a fault was cleared.

An auxiliary linear balast reactor was»tried in
the loop to increase the reactance and this was found to be
very successful.

Its value was set by making the capécitance 160 /;( F
as previously, and applying such a voltage aé.to saturate the
non-linear reactor and then tuning the parallel loop for
minimum through current by means of the auxiliary reactor.
The operatiohal,circuit as set up to study this system is

shown in fig.l1l9., shown overleaf.
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/ Tub L1

Ballast
reactor
L!
R=3

e
w L=j20 a1 jlon

100 v.
50 Hz.

NS

50Hz." | _ ' ! 7

= 160 .
¢ /Ll F . —r— Load

Neutral

Fig.19.

Again the circuit was set up to take a normal load
current of 1 ampere represénting 100 MVA af 132 V.
6.2 Load Flow. |
| The linklwas used to supply resistive, inductive énd
capacitive ioads and to transfer load between two busbars,
In all cases it behaved liké the single resonance
link aﬁd the regulation was negligible. Indeed for the
reéctive.loads'slight detuning could produce negative regulation
which might be useful for maintaining voltage levels. With some
- capacitive loads sub-harmonic response occurred.

With an inductive load the throughput current could be
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increased up to 2.5 amps and then thé.link limited to 1.35 amps.
As the load was reduced the éurrent increased very slightly to
1.4 amps before recovery toék place, the load dropping to
1.5 amps. ' |

Furthermore, a load of 1.3 amps could just beISWitched
onto the cifcﬁit without its limifing, s0 in this case ?hé
ciréuit had a firm 30% overload capacity. Unlike the single
resonance link the circuit, as indicated, had very little drop-off
margin.

Short Circuit Performance.

The improvemént over the single resonance link was
considerable and indicated an impedénce to fault current of
74 ohms. On short circuif the.current limited to only 1.35 amps,
with a poteﬁtial,fault-current of 34 amps. This fault
throughput current is dependent upoh the value of fhe damping
resistance R nécesSary to quench the ferro- resonance current
in the saturable reactor loop following a disturbance.

The necessity to have a yalue'of R of 3 ohmé in the
parallel resonance‘loop tended to hinder its performance.
Indeed with R reduced to zero the,current on short circuit could

be made to fall to 0.28 amps, which is about a quarter of the

~load current and indicates an impedance of 430 ohms.

However, .that such a dramatic fault current limitation

- cannot be utilised because of the need for finite loop

resistahce turned out to behardly a disadvantage.
A bus bar was established, fed by a 100 volt source

ﬁhrough an inductive impedance of 10 ohms v 800, giving a fault




current of iO amps at a power factor of apprqximately 0.2 lag.
The resonant link was attached to this bar from

_another 100 volt'éource to determine the actual fault

contribution to a bus bar when other sources were aléo connected.

When a fault was éstéblished-on the busbar although
thé current throughput of the link was 1.% amps it was
discovered that the actual fault level of the busbar had
dropped to 9.8 amps. So that far from contributing, thé
link was now reducing the fault level of the bar to which it
was attached.

In fact it was found that, with the very small fault
infeed of 0.28 amps with R = zero,the fault level reduction
ﬁaé negiigible so that there was some advantage in having a
link fault current of the same order as the load current.

Tt turned out that with R increased to 6 ohms the link
throughput was 2 amps and-the combined busbar fault level was
9.5 amps, thereafter as R was increased and the link throughput
increased, the fault level increased to and beyond 10 amps.

The reduction in fault level was an unexpected
result since it had hitﬁerto been considered that the limited
double resonant link might be like a high resistance, but
instead it was behaving like a high impedance capacitive infeed.

The reason for this behaviour can be seen from the
construction of a phasor diagrém for the limiting link
Pig.20, using'measured values of current and voltage and
assuming that these are sinqsoidal. An assumption which is
not true, but is sufficiently accurate to demonstrate why an

overall fault level reduction is achieved.
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It.is at once seen that the voltage across the main
capacitor and hence the parallel loop is high, 107 volts, and
this directly gives rise.to a leading current through the link.

This current, although its leading comﬁonent is small,

is sufficient to cause an overall reduction in the total fault

~current as fig.20, shows.

From.a_practical standpoint such a reduction in fault

level would be a considerable advantage in places where the

fault level is already approachiﬁg the rating of the switchgear.

However, the use of such a link in series with a synchronous
méchine is not indicated since its high resistive impedance
with a capacitive component would inevitably lead to instability.

Link Impedance.

The link impedance as a function of voltage or

~current is shown in figs. 21 and 22.

What is stfiking about-these curves is the remarkable
gimilarity in shape with those of the single resonance link
fig.2, although the mechanism of fault current limitation is
apparently different in each case.

| The word apparent is used since in reality the
phenémenon bf ferro-resonance takes places in both links when
they limit. In effect what is happening in the double

resonance link is that this resonance process is optimised to

' give the maximum impedance and hence the minimum current.

Agein it can be seen that the link was not operated
9ptimally~to give maximum limiting'impedance,'but to achieve this
would have meant'altering the value of the capacitance and this

was not considered to be worth while for a mere 5 ohms increase.
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The setting,of the auxiliary ballast reactor for minimum
transmitted current is different for different applied voltages

althbugh the range of variation is not large.

Ferro—resonénce and Sub;harmonics.

One significantidifference between the ferro—resoﬁance
and sub-ﬁarhonic currents of the double resonance link compared
to those of the-sinéle resonance link was the relatively long
dufafion of the current peaks and their rounded hature.

This was found to be a direct result of the auxiliary

ballast reactor and was considered to be beneficial since the

absence.of'very large spiky currents in the parallel loop

" must lead to reduced stressing of the capacitor and inductor.

What is striking is the similarity of features of the
ferré-resonsnce currénté énd sub-harmonic currents providing
further e&idence that the two phenomena are related, figs.

23 and 24.

vThe establishment of sub-harmonics in the circuit was
rather more difficult tﬁan in the single resonance circuit,
requiring a greater shoék excitation although a slqwly increasing
d.c. bias'cufrent applied to the saturable reactor was just as
effective.’

The need for an increased shock to establish the
sub-harmonic state was thought to be due to the difficulty of
imparting sufficient energy to the parallel resonant 109p.

'The sub-harmonics once generated were always of
l/3 order and were limited in range of capacitance and voltage,

more so than in the single resonance circuit.
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- Double Regonant Link,

‘Saturable reactor flux and current during fault current
-limitation.

‘Scales B 1.0 Wb/mz/cm.

Is = 4 A/cm.
Conditions.

V = 100 VOltSo

C = 160 /[l F.

Fig.23.
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-Hysteresis Loop for sub-harmonic response showing details of
minor loop.

00 Wb/n’/cn, Minor Loop B = 0.5 Wb/m/cm.

- Scales B

0.1 A/cm.

Note current impulses are truncated.

Fig.24a,

|

+ Saturable reactor flux and current during 1/3 sub-harmonic response.
2 .
1.0 Wb/m /cm. Conditions V = 100 volts.

17 //( F.
160 //( _F.

Scales B

1.0 A/cm. !

1l
I

Is

C

Fig.24b.
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There was some evidence to suggest that this poorer

" sub-harmonic response was due to the existence in the parallel

loop of the linear ballast reactor since a circuit was set up

without this, and although of little practical use showed a

much richer sub-harmonic response with spiky currents.
Again the sub-harmonics were easily quenched or

prevented from arising by the use of a 6 ohm auxiliary resistor

supplied from a 50 turn secondary winding on the saturable

reactor,

During the sub-harmonic oscillation the reactor
flux was predominatly sub-harmonic, and practically

trapezoidal in shape.

" Summary.-

Where isolated machines are not involved the
performance of the double resonance link is undoubtedly
superior to the single resonance circuit. In particular the

much greater fault transfer impedance and the actual reduction

. of fault levels at busbars to which it is connected are of

considerable practical importance.
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Harmonic Analysis.

Harmonic analysié wés carried out on the various
current'and voltage waves of the resonant link, in order to
determine the frequency spectra within the system, the
résults of which are given in appéndix Iv,

The flux Qaye of the-saturable reactor during
sub-harmonic oscillatiOn was found to be remarkably pure,
being mostly 1/3 sub-harmonic. Indeed the total harmonic
content, if one can regard the mains frequency as a third
harmonic of the sub-harmonic, was just over 10%, in one
case,virtually the whole fiuwaave was made up of 50 Hz

and 162/3 Hz frequencies, other harmonics being of negligible

'proportion.

The peaky current wave of the saturable reactor
was found to be rich in harmonics of both the fundamental
and’sub—harmbnic frequencies, containing a large component
at 831/3 Hz this being the fifth harmonic of the sub-harmonic,

The speétra'tailed off above 500 Hz and at the lower end cut

off -at the sub-harmonic frequency of 162/3, there being nothing

below this frequency.

As expected the ferro-resonant current and flux

"~ waves contained only fundamental and odd harmonic frequencies

of 50 Hz. Generally speaking the waves of current and flux
for the double resonant link had a smaller harmonic content
than those of the single resonance system and the range of
the speqtrum was more limited, a result that might be
expected from the more rounded waveforms of current obtaining

in the double resonant circuit,
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-Although the relative phase displacements of the
harmonics are unknown<it is relatively eaéy to assume these
for the simple spectra and to see how the waveforms of flux
and in spme cases the Current and capacitor voltage are built up.

It is clear from the results that the bulk of the
’harmonicsroccurin the currents circulating in the parallel
capécitor-satﬁrable féactor loop. . -Moreover it can be
geen that for the sub-harmonic and its hérmonics the capacitor
-and feactor compoﬂents are fairly evenly matched, indicating
that the loop is ‘the origin of the sub-harmonic and its
harmonics. Dissimilarity between the componentsof current
in the:'loop occurs only in the fundamental and harmonics of
50 Hz,  The 1a:ger>éomponent always occurring in the main
qapacitor and it is thus indicated that these harmonics
are associated more with the supply circuit thgn with the
sa%urable reactor-capacitor loop. Certainly the main flow
‘paths of ‘these two types of harmonics are different.

This similarity in the harmonic coﬁponents within
the loop‘is also evident in the anélysis of the ferro;resonant
condition although in this case no sub—ha;monic is present,
This'would seem to further indicate a basic similarity between

the sub-harmonic and ferro-resonant responses and points to a

resonance origin.




- 80 -

Protection of Resonant Link.

8.0 "~ .The pfoblem of protecting a resonant link against
‘inte:nal faults is not difficult if one discounts the use
of distance protection.

To substantiate thisvthree modern unit systems were
connected to é_resonant link and tests were made to determine
the pérformance:under é variety of conditions likely to be
encountered in practice. In particular infernal faults were
thrown,in'fhe positioné indicated in fig.25, for both single
end and double end fed faults.

Relay Relay

—

1
I 7

Fault

Fig.25.

In all cases the protective systems operated
satisfactorily and in the case of the single end fed faults
both ends cleared so that no need for intertripping was

indicated.




8.1 Solkor R - Reyrolles 410A16315 Pamphlet 1%328.

8.2

843

' The protection was stable on through faults and

under transient conditions when the system was switched onto an

externai fault from the dead condition.

For internal faults the fault settings obtained were

close:to those indicated in the manufacturers pamphlet.

Single Meésured
fed faults fault

1 amp relays setting.
Red phase-earth, 0.25

Red—yellow_phase. 1.29
Red-blue phase. 0.64

3 phase, 0,70

Manuf. fault Remote
setting end fault
figure. setting.,
0.25 : ' 0.55
1.25
0.62
0.72

Translay - A,E,I. HOZ pamphlet 22161C.

Again the protection was stable on through faults

~and under transient conditions when the system was switched

onto a fault from the dead condition.v

Internal fault settings are indicated:

Single end Measured
fed faults faults
1l amp relays. setting.

‘Red phase-earth. 0.22
Red-yellow phase. 0.93

' Red-blue phase. 0.47

3 phase. . ' 0.51

Merz-Price Balanced Current. -

AE. I, with 1 ¢

Manuf.fault Remote
gsetting end fault
figure., setting,
0.22 0.65
0.90
0.45
0.52

5 C.T's, Protection stable under all

external conditions. Internal fault settings are indicated:

Single end Measured
fed faults fault
5 amps relays. setting.

.Red phase-earth. 0.31

(1.55)

Manuf.favlt
setting
figure. ____

0.30
(1.50)
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No maloperation occurred in any of the protective
systems when sub-harmonics were generéted by the link, although
when these were éxcited they appeared in the pilot voltages
and currents. As ezpected none of the systems saw series faults
within the link'and_these, where they may occur, must be catered
for sepérately.

Earth Fault Protection (Back—up).

Back-up protection could be provided by timed earth

:fault relays in the normal way.

However, sub-harmonics can flow in the neutral circuit

"or be summed by current transformers connected in the phase

conductors.

Thus where sub—harmonics'may occurand malopérate the
earth fault relays,thesevrelays could be made insensitive by
either increasing the fault setting to override the sub-harmonic
level or by providing relays sensitive to 50 Hz only.

The former solution would be preferable to special
relays since the sub-harmonic level is never ﬁore than 0.3 per
unit in the phaée currents, although in the case of the

1/3 sub-harmonic, these can sum to:-
Iy = ]5/.”%’_& + L Sin (%J_l'+4o°)4_[5/}1(_ai/;+go")
3

= ,2-53]5/17_@'
3

V - giving a minimum fault setting of 0.759, which is high for an

1

"earth fault relay.

0f course where a secondary damping resistor "r" is

connected no such modification to the normal earth fault protection

would be necessary.
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8.5 Open Circuit or Short Circuit of Capacitors,

i
In medium voltage systems, say up to 20 kV, the

capacitor units within the capacitor bank could be protected
againét internal short circﬁits by fuses, however, it could
be possible fqr several gnits‘to be shorted out or become open
éircuited aﬁd some method of detection applicable to all systems
is negessary.

A proposed system is as follows and necesgitates the
splitting of the capaéitor bank into two parallel balanced

- sections fig.26.

Cc.T.
L M
000
c T.
M L
vV uUv
C.T.'s are conneoted
back to back.

Low set relay.

Fig.26.
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such o gsystem would detect uny imbalance in the capacitor
branches.

Finally some means of detecting capacitor over
voltage would be necessary and this could be achieved by the
“use of a voltage(transformer connected across the parallel

loop and backed up by a simple spark gap.
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8.7 Digtance Protection,

In the case where the linear series reactor is an
overhead line it would be difficult to cover the whole scheme
by distance protection because of the large change in impedance
that the circuit is capable of producing when limiting fault
current. However, it is rather difficult to see where the
need for a resonaﬁt link incorporating a long line wculd arise
since with long lines there is usually no short circuit problem
and.ffom a Stability aspect a rescnance link, with its high-
short circuit impedance, would be undesirable where the
interchange of synchronising power over the long distance

' transmission system may be important. | However, the line
itself cquld be covered by -a. distance scheme leaving the
parallel part of the link to be protected by another system.

- Back up by distance.reiays in zones behind the link would
again be difficult because the link during limitation would
cause these relays to under reach.

For shorter lines less than 100 miles and for links
>between busbar sections any differential éystem (carrier
protection for lines above 30 miles) would be satisfactory

as indicated in this investigation.

P
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'éircuit_containing a saturable reactor, supplied from a

-ginusoidal source.

‘was the theory that the sub-harmonics in these circuits are

- generated because of trapped charge -on the capacitor.

a charge to the capacitbr, subsequently when the inductor becomes

-unsaturated some of the charge remains trapped on the capacitor
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Review of Previous Work.

The peculiarities of the non-linear series resonant
circuit have been studied since as early as 1907. However,
the first major contribution to the understanding of the
suﬁ;hafmonic phenomenon waé undoubtedly the paper published iﬁ

1938 by Travis & Weygant, ref.l, entitled Sub-harmonics in

_Circuits Containing Iron-Cored Reactors. This paper has been

‘ regarded as a standard reference text by many subsequent workers

and by industry.

The paper studies the response of a series resonant

The most important result to emerge from Travis' work

The fheory explained in detail in the paper states

that when the inductor saturates a large current flows imparting

and can only escape when next the inductor goes into saturation
in the opposite sense, which with a limited applied voltage
may be several cycles after the initial trapping.

Thus the existence of sub-harmonics +is attributed to
this charge trapping and Travis goes on to analyse the series
circuit with the aid of a differential analyser the solutions

of which confirm the existence of trapped charge. Fig.3, ref.l.
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There is some doubt about the complete generality of

this. theory because whilst charge,does.persist'on the capacitor

when the saturable reactor is unsaturafed in the series-parallel

"~ circuit, it does not seem to be‘trapped since it changes

continubuély,.rising and- falling to zero.
Perhaps the word stored would convey a better idea of
the situation than the word trapped.

When a series circuit was connected up similar to

"Travis', the expected trapped charge was not recorded.

Fig.28, a and b,

| ‘What was recorded was the existence of substéntial
sub~harmonic flux in the inductor core indicating a storage
of magnetic energy over 1 cycle of the 50 Hz frequency.

This remained a puzzle for some time and it was

décided to look at fhe seriés circuit case in more detail.
| At‘first no trapped charge was bbserved, with
capécitors of a few P4 F giving rise to sub-harmonics of
l/2_supply frequency. But the sub-harmonic flux 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 persisting for several loops of

applied frequency. Here then was Travis' trapped charge,
but if this was the cause of the sub-harmonics howwere the
other cases to be explained, and in any case sub-harmonic flux

was again observed in the reactor at the same time, Fig.29 a and b.

Is Charge Trépped.

The idea that the charge that persists on the

capaéitor; if it persists, is trapped, arises largely .out
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6f Travisf qssumption that the inductance and hence the effective
impedance of the saturable reactor is infinite at times when it
is unsaturated. - Thﬁs it is stated'that charge imparted to

the capacitor when the inductor is saturated, cannot leak away
when the ipduétor is unéaturated.

Undoubtedly, the weakness of fhis idea is fhaf whilst
it might be arguable that the unsaturated reactance of square
loop material tends to infinity, this is certainly not the case
for stalloy cores and yet sub-harmonics can be generated in
circuits containing stalloy cores.

The author also questions the validity of
representing the B/H curve by two straight lines, one vertical
- and the-other having low finite slope to represent the saturated
'coﬁdition, Fig.Z in Travis' Paper, Ref.l.

This technique is sometimes uséd with success to
represent the behaviour of C,T. cores in protective systems,
but heré the question is simply, is the core saturated or not.

And again this representation in the case of sfalloy
cores is crude.

There is abundant evidence to show that the sub-harmonic
phenomena is closely associated with changes taking place in the
knee regions of the B/H curve and any valid analysis must take
into account the finite curvature of these regions. To represent
the B/H curve by two sfraight lines is to eliminate this vital
‘region. Certainly all the re-entrgnt loops of the B/H curve,
characteristic of the sub-harmonic response occur near this

region.
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{

- Saturable reactor hysteresis loop for the series circuit with

1/2 sub-harmonic response,

Fig,29a,

Charge.

Flux.

;Waves of capacitor charge and saturable reactor flux for the
~ series circuit with 1/2 sub—harmonic.response. Both charge
and flux show l/2'sub—harmon'ic. This is the trapped charge of
Travis' paper.
Conditions V = 22 volts RMS, C = 87 P,

,/A(

Fig. 29b.
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Furthermore, the idea that the charge éannot transfer
during periods when the reactof core is unsaturated is certainly
not borné out by the results obtained in this present work, see
:Figll4.

Fig.14 shbws that there is considerable transfer of
energy ﬁithin the éircuit at times whenvthe reactor is unsaturated

“and indeed during,fhese periods the charge on the capacitor can
change sign.

The impression that comes from a-study of the results
of this work is hot so much that theré is anything trapped,but
that there is a slow transference of energy going on mosf of
the time, |

Finally, although Travis produces analytical curves to
-démoﬁstrate trapped chéfge no wave forms of charge for actual
systems are given. However, it is interesting that Travis'
'waQeforms of Fig.3, ref.1l, reproduced here for convenience,
have a remarkable &uality with the waveforms recorded for the
series~parallel circuit Fig.55. Appendix-III. Travis'
waveforms of trapped charge V,, and flux g are similar
respectively to the waveforms of flux and charge recorded for
the series-parallel circuit.

It is such considerations as these backed up by the
recorded results that have led to the broader notion that the
sub-harmonics are the result of excess energy within the systen,
originally.imparted to the system by some disturbance and
cyclically replenished'in the case of sub-harmonic response and

dying away in the majority of cases.
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Much of the appendix of Travis' paper is devoted to
_methddsiof golution of his equations using step by step procedures
and faking into account gpecified initial conditions.

His analysis yield useful descriptions of the
different types of sub;harmonics obser#ed, but suffers from a
difficulty‘that Besets‘anylattemp£.to analyse this type of circuit.

In order to start any analysis of these circuits one
must define a B/H curve or loop and théreafter Qﬁes analytic
results are constréined by this curve. The trouble -is that
nature knows no sucﬁ constraints and éftén does things outside
the scope of our restricted analysis, i.e., the response including
" minor loops of complicated and changing shape. This criticism
can be lévélledat all analyses carried out on this type of
non-~linear circuit and.thé’author's own analysis, which is far
less rigérOus and comprehensive than some of the analyses applied
to the series circuit, falls down in this way.

Thus résults of such aﬁaiyses must always be suspect
in certain detail' and this certainly applies to Travis' B/H

curve excursion of Fig.5 entitled Sub-harmonics of the First Kind.

Such a single excursion is never observed in nature from

either tﬁe series o£ paraliel circuits, since it implies the
existence of only the sub—harmbnié frequency in the flux and in
fact the fundamental frequency is always present giving rise to
the ﬁinor loops, as are shown in Travis' excursion, Fig.7, ref.l.

"~ Hence the total number of loops gives the order of
sub~harmonics being generated. The minor loops are caused by
the fundamental frequency flux wave being superimposed on a
predominant sub-harmonic flux wave.
Travis' single excursion of Fig.5, ref.l arises because of the neglect

of resistance in his analysis and.is physically unrealistice.
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" Both E..Weber and McCrumm have critisized Travis'
analysis 6n‘the grounds:of hisAnegléct of reéistance or
diésipation and McCruﬁm in his paper has shown the importance
of resistance by practical demonstration. '

The fole'of resisténce or dissipation in these circuits
is at once siﬁple aﬁd complicated. It is simple by its
damping action as it appears, albeit in non-linear form, only in
the‘démping term of the Duffing equation and in practice it has
.- & positive effect in quenching the sub-harmonics.  But aléo it
is.capable of changing the range and form of the sub-harmonic
waveforms and the reésons.for this are obscure.

Travis & Weygant also conclude from_their analysis
that initial conditions play an important part in determining the
form of the éub—harmonic response. It has been the Autho;g
expefience, over many months of experimental study, that initial
conditions play little or no part in determining the final
response of the circuit although inevitatly, as in the linear
circuit, the initial conditions will determine the transient
response.  To give-an instance, if the series-parallel circuit
was set up witﬂ 100 volts R.M.S. applied voltage and a load
capacitance of 20 &« F, the response was consistent and repeatable
irrespective of how'the sub-harmonics were started or o6f the
instantaneous value of the applied voltage when the disturbances
took place.

Dr. Ernest Weber, in the discussion that follows the
paper, attacks Travis' analysis on the grounds that resistance

has been ignored which results in the ccnclusion that switching
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angle determines the mode of sub-harmonic response. Weber writes,

v"the conclusion of the authors that there can exist entirely different

characteristic responses to an applied a.c. voltage for different

switching angles is not justified. In fact, experience shows
that the final steady state as seer in oscillograms is typically

the same for various switching angles, though not necessarily of

~exactly the same form", this is the experience of the present author.

The value of Travis & Weygants paper lies undoubtedly

in the idea of trapped charge as the cause of sub-harmonics which

can be developéd and generalised into the idea of excess energy
as the céuse of sub—harmonics;

The weakness iﬁ Travis' thesis is that too much
reliance is placed upon the results of differential analyser
golutions of equations of only limited validity.  Had the
results been supported by actual results obtained from such a
non-linear circuit, some of the invalidities would have been

exposed.

McCrumm's paper is essentially concerned with the

experimental investigation of sub-harmonics in the series circuit.

In a rather pleasing way he shows in some detail the
comﬁlicated influence of resistance in the circuit and uses
families of constant capacitance curves for given resistance,
biotted on applied voltage/current graphs to indicate the zones
of sub-harmonic response. Hgving demonstrated tﬁe complicated
effect of resistance iﬁ this way he rightly concludes when
referring to other papers that the neglect of resistance in

the analysis renders the results questionable.
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The author agrees with McCrumm that the initial conditions

Aof capacitor charge, switching angle, étc., have no effect on the

final form of the sub-harmonic response, but disagrees with the

statement that the sub-harmonic phenomenon and ferro-resonance

~.are unrelated for reasons already given on pages 56 - 58.

Furthermoré; the statement that a shock excitation

is always required to initiate the sub-harmonic response has been

“shown to be‘untrue pages 39, 40. In addition to this McCrumm
" states that one cannot produce a sub-harmonic response sihply
by applying a high voltage magnitude to the circuit and then

'reducing the voltage to the right value for sub-harmonic response.

This may well be true for a series circuit but for the series-

: parallel circuit,'used by thé author, it was certainly possible to

- go from the high state of ferro-resonance into a sub-harmonic mode

as the applied voltage was reduced. See fig.48. Appendix III.
- It was, however, not possible to go from a sub-harmonic
modé‘to.the high current ferro-resonant mode by increasing the voltage.

tinguished before the high ferro-resonant

!

| mode was reached. - This behaviovr is entirely consistent with
- the fééponéé diagfam'fig.?. For a falling voltaée the operating
"boint may pasé.thréugﬁ.a sub—harmonic zone asvthe férro-resonance is
-éxtinguished but for a rising voltage‘the operating point passes out
léf the. sub-harmonic zone before thévhigh state of ferro-resonance is

reached..

" Charles F. Spitzer's paper, ref.5, is interesting because’
it is .one of the few papers that shows a sub-harmonic voltage for the
saturable reactor and also the re-entrant loops on the hysteresis

loop and corroborates McCrumm's evidence that the effect of
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resistance in the circuit is complicated and goes beyénd the
gimple effect of démping. Evidence is given to show that a
minimum resistance is required below which sub-harmonic responses
cannot be sustained. -

‘Ignoring the fact that, strictly, superposition cannot
be.applied to the non-linear series circuit, Spitzer gives a
convinéing construction for the hysteresis loop showing re-entrant
loops, as being simply the result of the superposition of
fundaméntal on predominanfly sub-harmonic flux waves, fig.l10
réf.5.

The validity of Spitzer's construction is borme out by
the fesuits of the harmonic analysis of this present work which
shows,fhat in the cases considered the flux waves were composged
predominantly of a sub-harmonic and a-fundamental component,
éll other harmonics being of low order.

The most recent American papers on sub-harmonic
oscillations in power systems ref.9 and 10, are still concerned

with the series non-linear circuit, the non-linear inductor in

' these cases being a power transformer. Paper 9 is mainly

concerned with an analytical approach to the problem primarily

in an éffort to establish a suitable computational technique

and to determine the existence zones of sub-harmonic response in

the vdltage-current plane. In this, the paper gives a good degree
of mathematical substantiation to McCrumm's experimental results
ref.2.‘

The authors repregsent the power transformer maénetising

. ’ . ﬂ
characteristic by the expression, €z = Cf; & A Ch 94')
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- where n takes the values 3, 5 or 7, similar to the representation
adopted in this present work. The first linear term is then
elimipated by combiniﬁg‘it with the series capacitance and hence
 the repfésentation becomes, 45. = Cn QQI,ﬂ

This elimination of the.linear term would seem to be
difficult fo‘jdstify since several frequencies are involved in
the problem and in any case such an elimination could not be
hade in the case of the parallel circuit.

The main”objec$ion that can be ﬁade against the analysis
is that having established the necessary circuit equations the
authors assume trial'sblutions containing fundamental and 1/3
sub-harmonic terms.,  Whilst such procédures are often adopted
in apalysis it is'more impressive to see sub-harmonic solutions
gmerge'by direct’computation,.because otherwise some a priori
knowledge of the solﬁtion ié necessary and one méy not necessarily
determine other modes such as 1/5 sub;harmonichhich may,nevertheleés,
appear in a real systém.

| The authors claim good agreement between theoretical and

experimentallresulfs. -But tﬁe experimental results are obtained

from & transient analyser model and not from a real system, so

that it is not a really good check. G.W. Swift of Manitoba

University writes in the discussions; "itlshould be emphasised

that the experimental results of the papér are really analogue

computer results and verify the mathematics but not the mathematical
' model”.

The papers main contribution is analytical but unlike
Travis! much earlier contribution, does not come near to giving

- a physical reason for the generation of sub-harmonics.
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Paper 10, from an engineering standpoint, is more useful
gince it investigates sub-harmonics in a 3 phase system. Particular
attention is paid to the sub-harmonic current in the neutral
circuit and one important result to emerge is that the neutral
curréﬁt'can take thrée-different modes. for given sub-harmonic
phase current waveforms, depending upon the sﬁb—harmonic current
phase displacement which can be 400, 80° of 160°. The 40°
displacement gives the greatest sub-harmonic neutral current
and'was the displacement assumed in the protection section
éf'this present work page 82,

- The authors verify that all modes of three phase
oscillation can in the case of solidly earthed systems be
represented by per phaée systems, a result that is rightly
.claimed to be useful for the power systems_analyst.

Certain operating states which obtain wﬁen neutral
resistance is present and which are termed asymmetric or
degenerate modes are investigated. These are:-

‘1) Sub-~harmonics in two phases and ferro-resonance in the
~ third phase.‘
2) Sub~harmonics in two phases and a low magnetising current
in the third phase.
3) As case one; but with the ferro-resonant state continuously
cycling round all three phases.
This last case is very. interesting and gives rise

to an apparent beating as the phase current amplitudes slowly

change.
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These three responses occur near to the upper and lower
voltage limits of sub-harmonic response and show a complexity
that cannot be accurately represented by a per phase circuit

for the resistance earthed case.

9.5 Seriés-Parallel Circuit. The Resonant Link.

A search through the technical literature has yeilded
surﬁrisingly little on the séries-parallel resonant circuit as a
power system link, This is all the more surprising because a
prototype system is in commission at the St. Helens works of
Pilkington Brothers.

This sparsity of papers on the resohant link and lack
- of any paper to compare with-the standard of the American papers
von thé éeries circuit, has been discussed by letter with M.N, John
. the author of ref.,13, who agrees that the subject is poorly
documented and -suggests that "commercial secrecy concerning the
development of resonant' links" is responsible.

| . A few important éontributions have been found.
The first, "Tuned Interconnectors " by M.W. Bonell and
E. Friedlander deals with a reéonant link in which the capacitor
is protected by a short circuiting spark gap and circuit breaker.
See fig.lc and ref.l2.

This arréngement has the advantage of being entirely
linear and no sub-harmonic response arises. However, the
system is no£ as automatic as that employing a saturable reactor
and auxiliary supplies for the circuit breaker must be available,
Also for E.H.V, systems, this system will probably be more
expensive than the séturable reactor system, because of the high

cost of circuit breakers for grid voltages.
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A serious disadvantage that emerges concerning the

switched link is that limited overloads may overstress the

Capacitor without operation of the spark gap or circuit breaker.

Furthermore, there would seem to be some difficulty in getting

The circuit to recover properly after operation because the
gpening of the circuit breaker would give rise to. current surges
if the voltage vectors bn either side of the link were different
and'or,widely out of phase. Such current surges could again
operate the spark gap and reclose the circuit breaker.

In order to overcome these difficulties the auttors

propose the splitting of the capacitor bank with isolators and

,switbhes.so that the link may be brought back into circuit

‘untuned as the system recovers.

Such complexities must further complicate the control

and protection systems necessary and increase the cost of the scheme,

In a paper entitled "An Automatic Resonance Link",

| ref.13, M,N, John looks at the practical aspects of incorporating

a link or links in strategical positions in power systems.
Unfdrtunately, John does not deal. with the problem of sub-harmonics,
but hig paper is based upon the practical applications of links

acting betweer sectlons of power systems in.which situations

‘sub-harmonics are unlikely to occur, That is to say,the links

aré intended to bridge two systems for sequrity purposes, and
to block fault current infeed from one system to another.

In such a situation the only time that there would be
a.likelthood of sub-harmonic response would‘be at light load, low

plant conditions when there might be a predominance of leading VARS
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6n‘fhe system, - However, under these bonditions the link would not

" be required and would probably ndt be in circuit.

C.I.G.R.E. paper 301 by B. Kalkner, ref.ll, describes
an experimental German system operating at 10 kV and limiting a

p:ospéctive fault current of 31,000 amps to a mere 190 amps.when

the actual full load current is 140 amps.

. Kalkner does not say whether his circuit is of the
single or double resonance variety since such severe limitation
could be achieved with either system depending upon the parameters
chosen, |

No indication of the values of reactancegor capacitance
are given in the pépér and his circuit and text would suggest that
the single resonance éircuit is involved.

If this ic the case such extreme limitation implies high
vglues of capacitive and inductive reactance with ccnsiderable
véltages being deveioped across the equipment under normal load
conditions.

The total short circuit impedance of the German link

is 10,000
190 = 53 ohms,

impedance is of the order of 50 ohms, this would imply a voltage of

7 kV, that is 70% system voltage, developed across the series

capacitor and reactor during normal operation,

On the other hand some of Kalkner's waveforms look

:remarkably similar to those obtained for the double resonance

'ciréuit; particularly his waveforms of loop current. Also the

waveform of the transmitted current during fault conditions is

practically in phase with the line voltage but shows a slight

and assuming that the actuzl series reactor
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leading qomponent as observed in this present study of the double
resonant link., It therefore seems fairly éertain that the double
resonénce link is invblved here although no mentior of this is made.
Kalkner goes on‘to show that the resénant link cen be useful in

limiting the surges of an out of step machine and indicates that

‘automatic resynchronisation is possible if the limit of the link

is set well above the normzl synchronising power level, It may well

be the case that this paper covers the results obtained with both

types of link otherwise it is remarkable that Kalkner does not

highlight the stakility problem that undoubtedly exists when a
double resonance cifcuit is used in conjunction with a synchronous
machine. AlIt is rather disappointing that no reference was made in
the téxt'to the generation of sub-harmonics, since it would have
been interesting to have had some data concerning this mode of
behaviour from a large high voltage system,

The last three references 14, 15-and 16 are mainly
concerned with the practical aspects of the location of resonance
links at strategical positions-in power systems to limit fault
cufrent and to buffer the system against véltage disturbances
creatéd by fluctﬁating loads.

A new innovation that emerges from fhese papers is the

shunting of the damping resistor R by an auxiliafy saturating

- reactor,

This reactor, like the main non-linear saturating reactor,
is quiescent under load flow conditions but under fault conditions
it saturates after the main reactor and shorts out the damping

resistor.
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The need for this from a practical stand péint arises
‘because under fault limiting conditiens conéiderable currents flow
in the parallei loop and this means that the dissipation of R must
be 1arge; By automatically shorting out R during fault limiting
the need for a physically large and costly resistor is overcome.

After the fault is cleared the auxiliar& reactor is set
‘to recover first so that the resistor R suddenly becomes available

to-damp out the ferro-resonance loop current and the link recovers.

_ auxiliary reactor.
main reactor

Fig., 30.

Such a system was tested in the laboratory to assess

its effectiveness.

A saturable reactor with a similar core to the main reactor,

but with a 10 turn winding, was connected across the 3.0 ohms damping

resistor R.
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The reéctor had no noticeable effect on the generation
~of sub-harmonics and its effect on the throughput current of the
link was a very slight reduction; 3.7 amps to 3.6 amps.

Its effect on the short circuit curfent in the damping
fesistor R was considerable, the currént being reduced from 4.1 amps
RMS to 0.8 ambs RMS,. which is a reduction in the dissipation of R
by a'factor of 26, so its usefulness was amply demonstrated.

All of the'papers reviewed concerning the resonant link
-failed to deal with the sub-harmonic problem, except for a brief
mention in reference 16.

The poiﬁt seems to be that although the sub-harmonic
response is rather involved it can faifly easily be eliminated so
that therevis a concentration in these pépers on the practical
aspects and economics oflthe resonant link,

There is very little theoretical work in any of the papers
on'resonant 1inké, very few waveforms are given and no attempt at

analysis is made.
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Summary and Conclusions.

The object of this work has been to show that the

non-linear resonant link has a satisfactory performance as a fault

limiting device in a power system and that certain problems

~associated with it can be satisfactorily overcome without the need

" for expensive elaboration.

It is difficult to make a clear economic assescment of the

1link in relation to alternative modes of system operation for a given

degree of security and power transference.
This is because every case of possible application is

different and must be treated individuwally, To effect a valid

- econoric comparison in a particular case as to whether to instal a

link or to, say, up rate or replace circuit breakers for ones

with higher rating, one would need to know the cost of circuit
breakers, and the numbers involved, and the pOSsiblé future
development of the system. The aﬁount of regulationAthat could be
tolerated for the use of simple reactors as a cheap aiternative,

or the possible reduction of the fault levels by a certain amount
of system sedtidning at the expense of some security.

‘M,N. John, ref.l3, makes a simple economic study of a
simple four transformer 11 kV system and arrives at a figure of
£2,4/%VA of firm load which he shows to be cheaper than network
reinforcement to achieve the.same result,. However, for systems

ét high voltages one would expect a figure substantially higher

_than this to obtain. Indeed, the volume of the main capacitor
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bank, given by John as 550 cu.ft./MVA,.would require careful
consideration, | |

Certainly the resonént link will not find wide application
in power'systems, but it is believed that, like‘the d.c. link,
' there are cases in large A.C. systems where its unique properties
‘would be beneficial, See fig. 31.
Cases (a) and (b). concern the linking of systems for the transfer
of power, but which require a severe limitation on the fault
contfibution from either system to avoid the necessity for large
scale changing or uprating of switchgear and or sectioning of:the
network within either system to reduce fault duty in the case of
a direct coupling.
Cése (c) might involvé in addition to the short circuit probler,
a regulationlproblem with a direct connection, The two links
(for’security) limit the fault contribution from either erd, but
for load. flow virtually connect the two bars solidly thus limiting
fegulation.
In the foregoing cases consideration would have to be given to
machine stability and this facfor would have to be taken into
accounf’when deciding‘the limiting levels of the 1inks.
Case (d) involveé a load fed from a system ard a number of
reasons ﬁere might make a ‘1ink desirable between load and supply.
1) to limit the fault level at the load busbar,
.2)A. to‘improve or eliminate regulation at the load busbar.
3)  to limit fault back feed from a synchronous load to the

- supply system.
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Supply . Link | | Loaa l
o id) U
Fig.31.



-~ 109 -

4)  to reduce the flow of harmonics, from high power rectifiers
into the supply system.
5) the load may Be fluctuating (arc furnaces etc.).and a
resonant link would buffer the supply system against violent
- loéd surges thet might interferé with system voltages.

In some of the applications of case (d), an auxiliary
damping resistor would be required to prevent the excitation of
sub-harmonics, particularly in the case of item 4) .

- 10.1 | ‘ The conciusions derived from this investigation may be

summarised as follows:-

Load Flow and Fault Studies.
1)  The fesonant link can be designed to operate satisfactorily
" as a load transferring element in a power system, with
negligiblé regulation, which nevertheless sevérely limits
fault cﬁrrenté to a few times full load value.

2)  The resonant link will operate satisfactorily in parallel
with another resonant link and in its detuned state with a
conventional SUpply for load shafing.

The load flow and sharing can to a limited extent, be
controlled by variéble detuning.

3) The link is étable under a variety of transient conditiors.
Its limitation of fault current is rapid, in the first half
cycie; and its recovery after a fault is rapid and complete
within a few cycles at most.

4) The 1ink; overloéd capacity is good and ié adjustable

depending upon the value of the series resistance R.




.5)

6)

8)
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The dissipation and physical size of the damping resistor

R may be considerably reduced by the use of an auxiliary

saturating reactor shunting R.

' The link can ‘only be used in conjunction with an isolated

synchronous machine if its limiting current is well above
the maximum synchroniéing surges the machine ié capable

of produéing; otherwise the machine will not resynchronise
folloﬁing pole slipping.

Protection of the liﬁk against internal faults is a
straightfqrward‘matter and no difficulties were‘encountered
in tests using modern differéntial unit systems,

Sub-harmonics will flow in the neutral circuit of a three

‘phase system and for the common 1/3 sub-harmonic in a

solidly earthed system may achieve a maximum value of

2.53 times the phase RMS value.

10.2 Sub-harmonics and Ferro-resonance,

1)

It is suggested that sub-barmonics are generated when an

excess energy is imparted to the system and cyclically
replenished by impulse resonance éurges driven by the

50 Hz supply.

Thig.is the proposed theory of excess energy put forward

as a generalisation of Travis' theory of "trapped charge".
The sub-harmoric and ferro-resonant phenomena are basically
similar, - Both are excited by the impulseAresonance surges
driven by the fundamental frequency.

Sub—harmoﬁiCS will occur if an excess energy is imparted

to the circuit when the driving voltage is below that

necessary to maintain ferro-resonance.



4)

5)

6) .

7)
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Ferro-resonance occurs when the driving voltage is above
a cértain.minimum ievel, sufficient to cause the reactor.
to approach saturation in each half cycle of the 50 Hz
frequency.

It is possible to go from the ferro-resonance state to the

sub-harmonic state as the applied voltage is reduced or

as a fault current is thrown off, but it is not possible
to go from the stable sub-harmonic state to the ferro-
resonant state witih incfeasing applied voltagé.

It is believea that stable sub-harmonics are produced when
the mean natural freéuency of the circuit falls near a
subfmultiple of the supply frequency. _Otherwise an
erratic extinguishing sub-harmonic is.produced.
Sub—harmonié zones are restricted to definite ranges of
applied voltage, capacitance and resistance.

The effect of resistance in the circuit is mofe complex

than simple damping although this is its main effect.

For any circuit there is a range of resistance above which

it is impossible to generate sub-harmonics and below which
it is impossible to maintain stable sub-harmonics, the
response being erratic,

Taking into account both the sub-harmonic and ferro-resonance
pheﬁomena thére may be 2 or 3 stable current states for a
'given applied voltage, and several unstable states which

nevertheless may persist for several minutes.
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8) Contrafy to the assertion of many workers a shock excitation

is né#-necessary to start a sub-harmonic response. - All that
is necéSSary is that a certain valuelof energy be imparted
to the system, which energy may be applied rapidly as a

shock or very slowly. -

Indeed sub-barmonics may be initiated by the slow application
of a d.c, current, rising at a rate of less than an amp per
minute, to a winding on the saturable reactor.

After the sub-harmonics have been established, if it is a
stable response, it becomes independent of the applied d.c.
current, which may be removed.

9) Such an applied d.c., bias may stabilise an unstable

| sub-harmonic, convert an erratic response to a stable
sub-harmonic response or extinguish it and may initiate
a ferro-resonant response which also becomes independent of
the d.c. bias once it is established.

'10) The application of a heavy d.c. bias with a low applied
voltage résqlts in a ferro-resonant response in an
unsymmetrical mode. The polarity of the bias determining
the asymmetry. |

11) Injtial conditions are unimportant in determining the form
of a stable sub-harmonic response. The initial conditions
are only significant for the transient period as in the
case of linear systems,

12) Remnance in the reactor core assists the initiation of

sub-harmonics, but has no noticeable effect upon the steady




13)

14)

15)

16)

10.3 Double Resonance Links.

-decs bias and the 1/5 sub~-harmonic persists for so long

.Aloop are effective in quenching the sub-harmonic response or

- 113 -~

state sub-harmonic response although it must influence the
transient period.

Hysteresis loops of the saturable reactor with sub~barmonic

"response show re-entrant or minor loops, the total number

of loops giving the order of sub-harmonic present.

The 1/3 sub-harmonic is by far the most common sub-harmonic
response of the resonant link. 1/2 and 1/4 and 1/5

sub-harmonic responses are encountered but these are unstable

- although they may persist for several minutes. The 1/2

sub-harmonic may be stabilised by the application of a

thaﬁ it could almost be regarded as a stable mode.

It is poséible to generate sub-harmonics with resistive and
inductive loads of high impedange;

Auxiliary damping resistors "r" connected to a secondary

winding on the saturable reactor or across the parallel

in‘preventing their excitation.

1)

2)

the single resonance link,

' single resonance link since its fault throughput current

may be only a fraction greater than full load current.

Broadly these links exhibit a similar behaviour to that of

However, the double resonance link is superior to the

The phase angle of the fault current of a double resonance
1link has a leading component and therefore leads to a
reduction of the fault level of a source busbar to which.

it is connected with other inductive supplies.
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3) Its overall sub-harmonic and ferro-resonant response is
better since the range of sub-harmonic responge is narrower
and ﬁhe current surges involved are not spiky like those of
the single resonant link, thus leading to a reductioﬁ in the
stressing of components. |

4) The double résonance link is not suitable for use with
isolated or loosely coupled synchronous machines since its
ability to transmit synchronising power is very poor.

Pinally the open ended nature of this project must be

‘stressed.

During‘the work that has led to the presentation of this
fhesis many issues have arisen and have not been fully invéstigated.

Eor instance the whole problem of sub-~harmonics and
ferro—fesonance needsAfurther investigation particularly with
regard to non-linear reactors with different core materials
particularly stalloy and compésite cqres.

With the increasing use of series'and shunt capacitor
systems often associated with reactors and transformers as
static compensating devices the general problem of sub-harmonic
and ferro-resonant response will continue to demand attention and

suitable reredies can only be expected to emerge from studies into

| the physical nature of the generation processes involved, ref.10

discussion, 14, 15, 16.

Improved analysis of this non-linear system needs

further attention particularly with regard to the accurate

‘fépresentation of the B/H curve and hysteresis loop and this is

being actively pursued as an extension to the present werk.
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The subtle effects of dissipation in the circuit is
Asomething that needs further attention since it is suspected of
havingvsome'influence upon the generation of lower order sub-harmonics
of fleeting existence,

.There were certain aspects of behaviour of this circuit
which although of insignificant effect, arrested ones attention,
but which were too fleeting and uncertain as to be capable of
docﬁmentation. For instance it remains a puzzle why for a few days
‘it seemed felatively easy to excite-a 1/4 sub-harmonic which 1asted
for»séconds or minutes and even the 1/7 sub-harmonié was seen long
enough to establish its frequency. But then for days or even weeks
try as one méy these sub-harmonics refused to appear with the same
undisturbed apparatus and identical voltage conditions.
Does the termperature of the saturable reactor core play a part ?

The theory of excess energy needs to be tested further
_ éince in its elementary forﬁ it might be too simple to explain all
| the oddities of behaviour that this circuit is capable of producing.

Probably the most profitable and fruitful field of
investigatioh lies in the operational behaviour of the resonance
link in conjunction with a éynchronous machine,
- Preliminary investigations indicate that there is a
stability problem involved which is very acute in the case of the
double resonance link.

| It is felt that the complexity of this problem will be

‘considerable because part of the response of such a system will

invélve a synchronous machine operating asynchronously (pole sliﬁping)
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égainst a synchronous supply through a non-linear coupling.
 A1s6 the effect of sﬁb-harmonics, gererated by the link,being
supplied to rotating ﬁachinery (particularly small induction mqtors)
ﬁeeds to be looked at. |
On the other hand sub-harmonics have mostly'been generated
by the use of capacifive loads, yet it has been observed that a
tY§e 6f erratic sub—harmonic response can be produced by any load
rapidly‘switched on and off, Thus it may well be the case that
fluétuating loads could give rise to this adverse response.
Agéin the jittering and slow oscillations can be damped
.by the use of a cecondary damping resistor supplied from the
saturable redctor and this is important because the link should be
useful as a Buffer between a fluctuating load (arc furnaces etc.)
. and é'éupply system to prevent the propagation of voltage disturbances

into . the system.
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Appendix I,

Design of the Saturable Reactors.

iThe saturable reactor used in this investigation is shown in
fig.32., and its éhafacteristic magnetisation éﬁfve and hysteresis
ioop are shown in fig. 33 and 34 for 50 Hz excitation.

Core material; H.C.R. square loop alloy type 12C, see TELCON

nagnetic alloys publication TP 25 -~ 666,

Dimensions of Toroidal Cores. .

inside diameter | - 82.5 mm
Outside diametér o A 127, mm
Core depth 25,3 mm
Cross sectional area of core : 564 mm2
Stacking factor ' 0.88
Nett cross sectional area of core ‘ 496 mm2
- Mean magnetiq'length of core _' _ 329 ~mm
Core tape thickness ‘ _ | | 0.0158 mm (0.004")
Volts per turn RMS ='4.44 g.A.f = 0.12 volts/turn.
v'ﬁhere B - 1.i Wb/m® f = 50 Hz 1 A = 4,96 x 1074%°

Thus 250 turns give a nominal 30 volts.
. A
Saturation occurs at B = 1,54 Wb/m2 i.6., at 44 volts RMS

,(sinusoidal) on the 250 turn winding.
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Windings.
Main windings 16 S.W.G. 5A'continuous rating, current density
J = 2000 amps/inch2

Winding Regime
100 turns
100 turns

30 turns

Normal operating combination to

give 250 turns - 30 volt coil.

D.C, resistance = 0,3%6 ohms.

20 turns

20 turns

10 turns
Auxilisry windings 20 5.W.G,

50 turﬁs

SQ turns

The reactors were designed with a»largé number of separate windings
to allow for flexibiiity and to save the poésibility of having to
ada further windings later.

‘This proved to be very convenient as the project progressed.

The 50 turn auxiliary windings were placed respectively next to the
cbre and on the outside of the reactor and were used to measure
flux waveforms and to supply the auxiliary damping resistor r

when required,

Summary of magnetic properties taken from manufacturers dafa manual,

Maximum relative permeability : lO5
. 2
Saturation 1.54 Wb/m
Lo 2
Remnance maximum 1.5 Wb/m

Hystéresis logs at B = 1.5 Wb/m2 65 Joules/ms/cycle.







‘s fy FUB vt w0 720BY F/gYINIYE
L0 TZP z-0 M\% u\% %\\ 270 / f0-0

. A
DT L . . i I..lw
. [ [ -
h f 3 .. . . e
i ! ! T -, - ' - el e ..~.
_ CoL o Ll
ﬂ ' , (S RSN SR T HH
ml; - : - - .M11||1. ——— J‘ - T _— .. j_
m . o UL SE : it N
L O ORI s S It — N
i i B - ..
: [ -

B e Mk kst ¥

X
w P 56 |
TSRO S * , S
. | i N i
M y _— e 4//_
i - - - N
oo m ....... Wlw
R S . : "=
. - - _. - - o N
e LR S ol k ua,--rmpl.|_w
R N et st : _
! - 3

}-Nm.w\\ut\\,a. N\.\k\N.. QMN

! S
i _-- B _
io- - P e - - : :
i Rt LA - - |
H f ~ !
=T ~ _ . - e H
ﬁ ! j
i ]
o ]
1

:v«o.\w BW\QNKU G..... .._m..w”.,.g.“.l.‘,“

§ e vl||411.»l




- 123 -

Normal Hysteresis Loecp of H.C.R. Alloy core with 50 Hgz
sinusoidal excitation on 250 turn winding.

Scales B 0.414 Wb/m2/cm.

Is = 0.05 A/em,

Fig.34.
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Appendix II,

Load Flow Data,

The following are load flows taken with a siﬁgle‘
resonance link operéting in conjunction with conventional supplies.
| _This data forms the baéis_éf the discussion of section 3.00.
- The driving voltages in the load flows have often been
taken to levels far highér than would occur on. a real power system
having regard td the nominal system voltage. This was done to
get a broader picture df thevbehaviour of the circuit particularly
beyond limitation.

Fig.37‘showé-the metering arrangements for the load flows
ana fault studies.

Where non-sinusoidal currents or voltages could be
eﬁéountered moving iron or dynamometer instruments were used to ‘
determine the RMS values.

The waveforms are reproduced from U.V, fecordings and
shoﬁ a variety of conditions of losd flow and fault limitation

discussed in section 3.00.
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' Trangfer of Load from A - 18,
B not an infinile huﬁhnr “h w17 ohma Xb 5.8 ohm:s,
Va In P Plta Vh  Pb Pip '
volts  ampg watta : volts watts
100 - o - 100. - B
102 0.4 31 .76 102 28 .7
' lg.exp. lg.imp.
103 0.65 54 8 " 1025 49 .74
105  0.91 76 .79 " 104 71 750"
107 1.17 100 .8 " 106 92 75 "
111 1.70 147 9 110 . - 136 73"
116 2.3 204 J7T" 115 190 72"
120 1,7 19 .96 " 102 170 .98 " 1limiting -
122 1.65 192. 95 " 102 160 97"
126 1.58 190 .95 " 102 154 .96 "
136 1.57 206 97 103 153 .95 "
145 1.65 234 .98 " 104 164 .95 "
116 1.75 200 .98 101 170 .95 "
- lg.exp ‘
‘115 1.85 . 212 UPF 101 184 .95 "
112 .75 150 .76 110 140 .73 " drop-off
‘ - lg.exp. ‘ '

Tfansfer of Load from A - B,

B an infinite busbar. _
Va Ia Pa PFa Vb Py PFp -

volts amps watts volts watts

100.5 0.3%4 34 = UPF 100 33 ~ UPF

100 0.4 T3 " 00 70 "

02 0.95 97 " 100 93 "

10% 1.05 107 i 100 104 o

105.5 1.4 144 " 100 138 "

104 1.5 153 "o 100, 147 "

104.5 1.64 170 " 100 160 "

105 1.85 190 " 100 180 "

106 2.1 220 " 100 210 "

106.5 2.24 235 " 100 220 o

107 2.05 216 " 100 198 " limiting
111 1.93 212 "o 100 193 .99 lg.imp.
126 1.62 196 .96 1g.ex.100 166 .99

130 1.76 206 9 " 100 159 .90 "

140 1.9 226 .85 " 100 162 B85 "




- 129 - -

. Pransfer of Load from A - B.

B. not an infinite busbar Ry = 1,7 ohms Xy = 5.8 ohms.

6 ohm Auxiliary Stabilising Resistor "r" connected.
Va =~ Ia ~Pa PFa Vb Pb PFb
volts  awmps watts volts watts
105 32 27 .8 104 22 .85

. lg.exp. ‘ "~ lg.imp.
109 .74 67T, -.83" 106 64 .85 "
114 1.18 - 108 .8 " 108 - 100 .8 "
116 1.65 154 .8 " 111  140. .78
123 - 2.05 = 200 .8 " 114 174 75"
1281 2.5 250  .79" 116 214 T4

130 1.93 244 .97 " 108 198 .98 " limiting

B an infinite busbar

6 ohm Secondary Stabilising Resistor "r" connected.

Va = Ia Pa PFa Vb. Pb PFb
volts amps watts volts watts.
101.5 = .26 . 26 - 100 25 . -
103 .59 60 UFF 100 59 UPF
105 89 94 " 100 90 "
107 1.3 138 " 100 128 "
109 1.7 184 " 100 167 "
110~ 2,03 220 n 100 201 "
111 2.43 - 276 " 100 240 "

212 2,25 ~ 260 . " 100 234 " limiting
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Effect of Detuning on the Transfer of Lozd between A - B,

103

B not an infinite busbar Ry = 1.7 ohms = 5.8 ohms.
Va Ia Pa PFa Vb Pb PFb  C g4 P Link .
volts amps watts - volts watts Impedance.
108 1.3 137 .98 104 130 UPF 120 RC
o ' lg.exp.
- 108 1.23 . 115 .89 " 106 110 .85 140 RC
' o ~lg.imp.
108 1,18 101 .8 " 106 96 .82 " 160 Resistive
108 .85 62 65 " - 10€ 58 64 " 190 RL
108 .76 52 63 " 106 48 b "M 210 RL.
' B an infinite busbar |
Va 1a Pa PFa Vb Po PFb Cur Link
volts' amps watts volts watts Impedance,
97 1.05 102 .93 100 95 96 120 R C
: ' lg.exp. lg.imp
. 98 0.68 76 9 " 100 62 97 " 140 RC
103 .65 67 UPF 100 62 UPF 160 Resistive
103 .6 51 .8 100 48 .8 180 RL
: lg.exp Lg.imp
53 37 13" 100 34 65 " 200 RL
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Unity Power Factor Load Supplied from a Resonart Link and

. Conventional Supply Operating together.

A - A resonant link with series resistance of 3 ohms.
B f‘Normal supply with Rb = 1.7 ohms Xp = 5.8 ohms.
In all cases Va and the driving voltage tehind B is equal to 100 volts.

Ip Ia Pa PFa Load ~ Ib P PFp
amps amps watts ‘ volts amps watts
S W 35 .91 98 - .26 19 .75
. T 1d.exp. - - lg.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
2.5  1.82 156 .85 " 94 1.3 93 .16 " - - = (1)
3.3 1.7 40 .25 " - 81 3.8 280 .9 " limiting

As'ab6ve but with 6 ohms secondary stabilising resistor r in circuit.

IR Ia Pa PFa Load Ib Py PFb
-amps. amps watts _ volts amps watts
o5 o3 25 .84 99 25 23 .92
_ 1d .exp. : lg.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 " limiting

Note with a throughput of 104 watts in the resonant link the loss

in the 6 ohm resistor amounted to 2.7 watts measured.

Effect of Detuning.

IR Ia Pa 25‘_a_ Load Ib Pb PFb Cur

amps amps watts volts amps watts

1.5 l.24 48 «5 90 1.55 94 .67 140
o 1d.exp. lg.exp.

1.5 1.05 94 90" 95 .76 57 .76 " 160

1.5 .8 74 .95 " 96 .82 84 .97 " 210




Ip Ia Pa PFa Load Ib © Pv
amps  amps watts volts amps watts
1,0 - 1425 120 .98 96 1,35 100
1d .exp.
1.0 1.1 87 LT " 100 .78 76
1.0 .84 43 5 100 .38 26
‘ lg.exp.
1.0 .78 30 35 " 100 .32 14
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LaggimgLoad (approximatelv .2 PF) supplied from a resonant link

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.
In all cases Va and the driving voltage behind B is equal to 100 volts.,

Ip Ia Pa PFa Load Ib Pb PFb
amps anps watts volts amps watts
) 44 22 - 100 o2 14 7
' 14.imp.
1.0 - L84 43 5 ’ 100 .38 26 69"
. lg.exp.

1.5 1.25 78 N 100 .7 52 15"
2,0  1.67 116 .66 " - 97 .94 61 6T ™
2.5 2.0 A 140 N YA 95 1.3 60 54" - - = (2)
3,0 1,8 86 .96 86 3.0 100 4 " limiting

‘ : ld.exp.

Effect of Detuning.

1.0 .69 21 30" 99 33 5
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Leading Load (zero power factor) supplied from a resonant link

and conventional supply operating together. 6 ohm stabilising resistor

connected.-

A - A resonant link with series resistance of 3 ohms,

B - Normal supply with Rp = 1,7 ohms Xy,

'In all cases Va and the driving voltage

= 5,8 ohms.
behind B is equal to 100 volts,

I Ia Pa PFa Load Ib Pb PFb
~amps © amps  watts ' volts amps watts
.5 34 20 .6 101.,5 .22 15 .7
ld.imp. ld.exp.
1.0 o7 36 5 101.5 .6 39 .65 "
lg.imp.
1.5 1.06 53 5 " 102 .85 57 N
2.0 1.36 64 AT 102 1,1 72 .65 "
2.5 1.67 79 AT " 103 1.45 90 .64 " - - - (3)
3.0 2.25 98 43" 106 1.75 118 .65 "
363 ‘_1.8 _170 UPF 119 3.8 196 5 " limiting
Efféct of Detuning.
Ip Ia Pa PFa Load Ib Py PFb C UF
anps .amps watts volts amps watts
1.0 .98 92 .97 104 1.4 95 .67 110
‘ . 1d.imp, 1d.exp.
1.0 35 63 14 " 102.5 .8 65 .8 " 140
l.O 07 36 05 10105 . 39 -65 " 160
lg.imp.
1.0 .63 25 A" 102 .62 27 A2 " 180
1.0 .54 14 102 .6 18 LI 210

260"

Without the stabilising resistor r connected the capacitive load

of between 15 and 25/¢(F‘caused the generation of 1/3 sub-harmonics

when single end fed,

Closing end B extinguished the generation of the sub-harmonics.

y
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Two Resonant Links operating together transferring load between

A and B.
The links were identical with C equal to l60/x4 F and with the

same limiting level.

Va Ia Pa PFa Vb Pb Pr'b
volts amps watts . - volts watts
S 102 .32 32 UPF 101 31 UPF
104 . .65 . 68 " 102 67 oo
106 1.1 118 " 103.5 114 "
108 1.3 . 148 L 104.5 135 "
110 1.7 185 " 105 175 "
112 2.1 239 " 106.5 222 "
114 2.0 225 " 107 212 " limiting
116 1.9 = 220 " 108 . 204 "
120 1.8 214 " 111 196 "
130 © 1.6 205 " 116 183 "

112 242 240 " 106 226 " drop-off
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Appendix IIT

Sub-harmonic Response of the Resonant Link,

S.R.L, means single resonance link,

All time markers on recordings are at 0.01 sec, intervals.

&

" D.R.l,. means double resonance link.
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Appendix IV. - Harmonic Analysis.

Asymmetrical Sub-harmonic Waves ref., Figs. 8e, f.

Hz

| Conditions V = 100v. | c.;'16o/4:F.' o = 22 uF. Ocder
(- = = Per Unit Magnitude = = = = = = = = ) (" of Harmonics )
I Ig I, Ve Vg B 50 Hz. 16% Hz,
16% .3 5o W45 1 - .16 1.0 - 4 1
33 0 .1 .28 .28 .35 L035 .24 - 2
50 1.0 . 41 . 0,95 1,0 . 1.0 25 1 3
66k - . .28 w27 a0 - - - 4
- 83% .22 425 346 1. - .02 0 - - 5
100 - 05 .05 - - - 6
1168 .1 .2 .73 W02 - - - 7
1134 - .06 W06 - o= - - 8
150 .42 .28 .51 .7 .4 .03 3 9
166, - .02 .02 - - 10
18350 .17 .35 .39 0 .005 - - - 11
200 - - .01 0L - - -4 12.
2168 - .07 .07 - - - - 13
235y - - - R T - 14
250 .1 1 .1 - - .o 5 15
2668 o= - oo - 16
8% 1 .2 .2 - - - 17
300 - - - - - - 6 18
3168 . - Q4 14 . - - - - 119
3334 - - - - - - - 20
350 ,02 .05 .05 - - - T 21
3668 - . - - - - 22
3835 . -
400 - - - - - 8 24
168 -+ 02 .02 - - - - 25
4334 - - - - - - - 26
450 - - .01 .01 - - - 9 27
4668 - - - - - - - 28

48%% - T .005  L005 - - - - 29
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Symmetrical Sub-Harmonic Waves, ref. Fig. 8d.

Conditions V = 100 v.  C = 160 B 01T T

. _ Order of

( Per Unit Magnitude. ) ( Harmonics. )

"Hz I Ig I, B 50 Hz 165 Hz.
165 AT W35 33 1.0 ¥ 1
50 1.0 75 - .94 .07 1 3
g3y - .07 .17 .14 02 - 5
116% .05 .19 .19 005 | - 7
150, .09 S | .01 9
250 005  .002 L002 - 5 15

Symmetrical Very Long Persistence 1/5 sub - harmonic ref., Appendix III.

Conditions V. = 50 V. C =160 uF. S C' =20 ME.
Per Unit Order of
Magnitude. Harmonics.

Hz Is B - 50Hz 10 Hz.

10 1.0 1.0 /s 1
30 .81 .14 - 3
50 . W4 .265 1 5
70 .79 .1 - 7

.90 .66 004 - 9

110 53 - -~ 11

130 IO C- - 13

150 e - - 15

170 12 - - 17

190 . .06 - — 19
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Double Resonance Link.

Symmetrical Sub-harmonic Waves ref. Fig.24b.

Conditions V = 100 v. C = 160 // F.

( - -~ Per Unit Magnitude - - ~ )
Hz I Ig Ig Ve B
16% .2 515 495 .79 1.0
50 . 1.0 © ..375 .85 1.0 - .24
g5y .1 .3 .3 1 .05
116% .02 .08 .08 .02 -
150 17 a2 14 W03 -
1834 - 005 005 - -
216% - - - - -

250 _ .02 .004 .014 - -

A

50

17 /14 P,

Order of
Harmonics
Hz 16% Hz.
% 1
1 3
5
- 1
3 9
- 11
- f13
5 15
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Ferro-resonance.
Single'resonance link ref. fig. 15a,

Conditions V = 100 v. Lirk-short circuited.

Order of
( Per Unit Magnitude. ) Harmonics.,
Hz I Ig Ie B 50 Hz.
50 84 1.0 945 1.0 1
150 .12 .81 .85 .2 3
250 07 .89 89 .15
350 .02 .65 .65 .07 7
450 - .49 .48 - 9
550 - .35 .37 - 11
650 -3 .31 - 13
750 - .28 . .29 - 15
850 - .24 4 - 17
950 - .2 .22 - 19
Double Resonance Link ref. Fig.23
Conditions V = 100 v, Link short circuited.
Order of
. ( . Per Unit Magnitude. ) Harmonics.
Hz. I Ig I, B . 50 Hz,
50 425 .965 1.0 1.0 1
150 .17 .28 .32 .24 3
250 .1 A7 W17 .1 5
350 - 1 ! .01 7




