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SUMMARY

This.thesia concerns the deslign, construction
and applications of two equipments, the Recurrent-
Surge Osclllogreph {R.8.0.), and the Recovery Voltage
Indicetor (R.V.I.) which rely on the recurrent injection
of a suiteble voltege Or current waveform to en electriceal
nefwork, and the oscillographlic display of potentials
across the whoie or part of the network on a timebase
synchronised to the injection waveform.

The R.S.0. 13 perticularly useful in determlniﬁg
the voltage distribution in windings, especielly trensformer
windings, when subjected to rspid rates-of-rise of voltage
such as océur on trensmission lines under fault conditions,
%hercas the natural phenomena are of considerable
magnitude and occurring at random, the instrument described
generates typlcal surge waveforms of low amplitude
{ < 1000 volts) repetitively at fifty times per sscond,
80 thet resulting stresses may be investigated aﬁ will
and without fear of damage to the winding. The equipment
may also ba used as a high-speed oscillograph for the
recording of repetitive translent phenomenas, a special
feature being the time resolution afforded, of the order
of ten millimicroseconds, during the period immediately
following timebase triggering. Tests may also be nade



to determine the characteristios {(end certelin faults to
garth) of cgbles using reflected pulse techniques,

The R.¥.I. $8 used to inject é current repetitively,
egain et £ifty timeé per second, into an electricsl system
which ideally may be a uﬁirorm transmission line, but in
practiée conslists more often.of en Inter-connectlion of
cables, reasctors and trensformers,. The lnjected current
is of half-einefWa?e form and represents the lgst half-
cycle of line ocurrent (often a heavy fault current) before
circult breaker contacts open ideally, and the current ceases.
Agein the injected quantity 1s small (milliemperes) compared
with the typlcal practical quantity (up to thousands of
smperes), and the resultant recovery voltege across the
circult bresker contacts, which in the case of miniature
simulation are represented by anode and cathode of a valve,
i1s correspondingly small compared with the abnormelly high
potentials which mey cause restrikinglof an arc between
contacts in practice. These fecovery volteges are due to
the stored energy in the system at the time of rupture of
current, and theoretical prediction of thelr severity 1is
considered in various appendices.

Part 1 of the theais refers particularly to the
R.S.0., and Part 2 to the R.¥.I. | \
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ADTHOR'S NOTES:

Espcelally in the chapters on Historical Surveys,
use.of the present tenaé has 1n some instances been
made purpoeely to impart an alr of freshness to the
work of the past few years, that is roughly during
the time when investigations were proceeding.

Due to the large number of oscillograms
associated with Part 41, it has been considered desirable
to enter them at appropriate places in the text (as
has been done with all figures) for esse of reference,
In Part 2, the limited number of osclllograms have been
éollected to form Appendix "DY,

Figures will normally be found facing the page of \

text where reference to the figure first ocecurs. \
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PART 1, THE RECURRENT SURGE OSCILLOGRAPH

Chapter 1

An Introduction to ths Problems end Applications

The Recurrent Surge Oacillograph.(R.S.O.) is an
instrument for seneratinglimpulao waveforms of soms
desired shape, and displeying the results of aspplying
éueh waveforms to networkp. ‘Tha waveforms éré normslly
the standard test waveforms ss defined by the International
Ele¢trotechnical Commission (see Fig.l.l)}, i.e. the 1/5
and 1/50 waves, though many oﬁher varisnts have been used.
The assogiated oscillograph should be oapabio of displaying
the whole or part of suoh waveforms, preferably on a linear
time base eand repetitivély (to give a steady trace for
direct observation) at a frequency corresponding to that of
the impulse repetition rate. |

impulse Testing of transformer windings has been
common practice for meny years, the object being to sudject
the-winding to stresses in exceas of those which would
normally occur in practice due to lightning striking a
trensmission 11ne,'sw1tch1ng} or some other fault condition,
Fundamentally the transformer winding may be represented as
in Fig. 1.2 by an inductance having distributed capacitence

to earth, and capacitance detwesn successive turms. Thase



capacitances aro smail and have negligible effects

at power frequencies, but become all importent when

the initial voltege distribution in a winding subjected
to & high rate-of-r{gg of voltege 1s oconsidered, For

& rectangulay wa;érorm {unit function) epplied to the
winding, the initiel voltaege distribution will be
determined solely by the wilnding capacitences, with the
result that a large proportion of the applied voltege
appears across the first few turns from the line end

of the winding. Subssequently, the inductances and
resistances of the winding must be considered Auring

the oscillatory transition period bsfore a uniform
voltage distribution 1is obtained, Aﬁ any point in the
winding therefore, decaying oscillations of a fundamental
Plus other (often harmonic) frequencies odseur which may
result in over-atressing‘the main insulstion of the
winding. 80 fer, the effects of a rectangular wave
applied to a simple uniform winding have been mentioned,
but in praotice the rate-of-rise 1s not infinite, the
winding may not be uniform, there may be coupled windings,
and the impulase may not appear directly across the winding
but in series with some other impedesnce, for example,

an industive neutral-to-earth conmnectlon.



Two pointz emerge: firstly, a rigorous mathematical
troatment becomes very laborious if not slmost impossible
with the result that experimental investigation gives
a quicker and possibly more sccurate solution; sscondly,
thet as long ns linear circuit elements ere oonsidéred,
the use of high voltsge tests ere unnecessary, for the
game phenomens msy be observed with a waveform whose
smplitude is but a small fraction of the typical prsectical
valua, This should not be taken to infer that an

approximste mathematicel solution is difficult or useless,

or that such complete setisfaction 18 ocbtained es whan g
winding successfully withstends = high voltege test,

With the extension of impulse testing to machlne
windings, cables and other networks, and the investigation
- of faults end irregularities in tranamission lines by
reflected pulse techniques, the usefulness of a mobile
epparatus generating minlsture test impulses and &1splaying
the results will be apprecleted. The l1ldea 1s not new,
having been used by various workers 103, 104, 105, 108,
109, 110, 111 in meny parts of the world for the last
twenty years. Thils present work concerns the design,
construction end application of = Recurfent surge
Oscillogreph, incorporeting the refinements of a modern

aquipment, for the Royal Technical College, Glasgow,



_Versatility has beer kept in mind, and in addition to
producing smooth waveshepes in the normally desired
range, a pulse generator having a low impedance output
and gn oscillograph cepeble of dlspleying very high
writing speeds have beon speoiried.

The problems invelved in the design of such
apparatus are not fery apparent. Firstly, for a steady
repetitive display, the time of triggering of the
impulse generetor with respect to the timebase must be
constant and accurats,,espeéially when 1t is desired to
display an lmpulse :1sa¥time of 0.1 microsecond on s
0.5 microsecond time sweep; and fﬁrther, very few
'thyratrqna have a rate-of-rise of current characteristic
to permit such s fast impulse front. Seccndly, stray
wiring inductences and capacitences, =and inter-circuit
coupling, mey produce unwanted oscillations or distortion
of the desired waveshape, espscially considering the
component frequenciqs of certain wave shapes. Thirdly,
the conventional high-voltage dathode ray tube necessary
for obtalning a sufficiently bright and rine'trace at
high writing speed# hasg intrisicélly Jow deflection |
sansitivities, so requiring a very high speed repetitive .
timébase producing en squivealent peak-to-pesk sawtooth
voltage of nearly 2000 volts. Fourthly, in order to

réﬂucé fogring of the cathode rey tube scresn asnd to



eliminate initial spot halation due to the relstively
long inter-impulse periods, beam modulation for

predetermined and precise time periods must be provided;

-glso s means must be found of accurately calibrating

vertical deflection (in volts) and horizontel deflection

(in millimicroseconds or miceroseconds). Fifthly and

- )astly, the construction must allow all necessary chenges

in e¢ircuits to be made quiokly; and provide facilities
fpr modifying the existing circuits easily for special
resaarch purposes.

The individual applications present further
problems, though relatively small compared with those
of the main equipment. These includs teats on various
types of winding, the tepping of waveforms from points
on the.winding, and the simuletion of static-end=ring
conditions end protectlve schemes. 1In the case of

cable pulse-testing, matching must be considered, and

for impulse testing of machine windings, the question

of removing the rotor or srmature for experiment,
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Chepter 2

An Historical Survey

Recurrent - Surge Oscillographs and Associated Circults:

In 1924, Turner (Trana. A.J.E.E. 43, p.805) described
a technique for superimposing images of transients, using

a vibrating-mirror osclllogreph end a rotasting contact

gystem, so that observation and recording of the images
wes fecllitated. Such an eqﬁipmsnt has distincet limitations
dn praotice,_aﬁd-the development of the cathode ray tubs
1n the '*thirties made available a vastly superior method
~of display,.

It weas not until 1936 however %that psapers on
Reourrent-Surge Oscillographs using high-vaocuum mealed-off
cathode ray tubes appeared, ons by Rohats{103) of the
Genersal Electric Goﬁpany of America end one by Wilkinson
of the British ?hamson-ﬁouston Company (B.T.H. Activities
12, p.64, 1936). Rohats(103) used a simple circult
{Fig. 2.1) in which negativq half-cyclea from the
tranasformer secondary charged the capacitor ¢y through
the rectifier diode. The thyratron T} was blesed #o
that striking occurred only at the crest of the positive-
going helf-eyocle from the trensformer segondary after

which the charging of cepacitor Oy provided s time-sweep |
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potential to the X derlection plates. Simultsneously
with the start of the time-sweep, a posltive-goin‘g
waveform coupled to the grid of thyratron Tp through
capacitor Cg "fired" thls thyretron and discharged
capacitor C3 through the remainder of the wave-sheping
circult L, Cas, Ryy Rp and Rz,  The full output across
oapecltor Cp could then be applied to the transformer
winding or other network under tést. To provide a
oplibrating oscillation, Rohats loosely cocupled e
“wayemeter“,lprqanMably a parsllel tunad_circuit

with suitably calibrated veriable elements, to the
inductance L of the waveshaping circuit snd observed the
resultant decaying oscillation from the wavemeter on the

osoillograph. This "Electric Transient Anslyzer™ was

-uged for the surge analysis of machine snd transformer

windings and for demonstrating the effect of tarmigating
impedance on reflections of impulse-waves in lines or
cables,

. Ihough'W1lkinson ﬁublished a paper on his instrument

in 1938, the more classical paper(l10) did not appeer till

ecrly in 1938, Whereas Rohats(l03) hed used a thyratron

- as a switeh to discharge a ocapaocitor through a waveshaping

eircult during a convenient half-cycle, Tilkinson({110)
suggested the use of the thyratron for the sudden
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epplication of & sinusoidal waveform from the mains

at voltage maxima, l.e. a cosine~form (equals 0 at

t < 0) followed by a sulteble waveshaping network

{Flg. 2.8). The edvantage of this latter method i:

in di&penéing with the charging rectifier, Both

Rohats and Wilkinson had used the mains frequency

(80 ¢/8 and 50 ¢/s respactively) as thelr repetition
frequency source, but dy 1938 Wilkinson hed developed

a circult operating from a D.C. source having a repetition
‘frequency of ebout 1000 ¢/s s0 giving a brighter trzce

at higher writing speeds (Fig. 2.3). ¥ilkinson uged
elactromegnetic deflection for the timesweep, biasirg coils
for X-shift, snd directly coupled oscillstory circuits to
provide a timlng oscilletion. Cathode ray tube beem
modulation wes introduced to suppress the spot durirg the
relotively long idle periods, a fraction of the potential
across the.timewsweep coils being spplied to the cathode
ray tube cathode for this purpose. As regards superimposition
of successive traces, a constancy of image position of :
only 0.5 microsecond was cleimed, while impulse wavefront
times of 0.} microsecond were not unusuaml. One further
feature of Wilkinson's later instrument was its
application”té circult 1nterruption problema, i,a, a3 &

Necovery voltagé Indicator (R.V.I.). (See Part 2).
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Also in 1938, Scoles({l05) of the Metropolitan-
Viekers Tlectrical Co.Ltd., desoribed an squipment using
‘an impulse gencrator circuit similsr to that of Rohats,
but with sn originel tripping {(triggering) circult
arrangement., Effectively, by edjusting the bglance
of a reon, capacitor and resistor bridge ciroult, two
- positive pesks per cycle could be obtalned to actuate
the.timebase.loo times ¢ seaond with the Y-plates
producing en impulse wave end zero line slternately, or
one positive pesk per cycle to give normal 50 oyele per
second'repatition of both timebase and impulse generator.
Zlectrostatic time-sweep deflection, beam modulstion,
and a shock excited resonant clrcult to provide time
celibration were incbrporated. A new reatgré was an
additional circuit for prqducing chopped impulse Wavés,
using a charging network a#d a‘thy;atron (Fiz. 2.4), to
simulate breskdown of insulation at the crest or on the
tall of the impulse waveform,'apd 80 producing a waveform
having a very high rate-of-chenge of potential.

In 1942 Rohats produced a paper(104) written,
partly it would seem for the laymen, in which he described
e more compact and finished instrument. Fundsmentally,
there was nothinz new except that he used a.thyretron

push-pull timebase and beam mbdulation._
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About the same time, White{l08) of the E.R.A.! wASs
developling a new high-speed R,5,0., which wes t0 be the
bssis of several constructed in this country during the
subseguent decade., White used & poorly smoéthed full-wave
rectifier the output from which geve 100 unidirectional
pulses per second, which in turn "fired" = simple triszgering
circuit (¥ig. 2.5)., The timebase was of a push-pull
variety in which capecitors were charged relatively slowly
(£lyback) from positive and negative D.C., supplies, rnd
discharged more rapidly through two thyratron switch circuits
tripped 100 times & second, The impulse generator and
timing oscillator c¢ircults were tripped a;ternately, esch
50 times a sccond, the common 100 ¢/s tripping pulse being
effective only when the respective thyretron anode wes
positive with respect to its cathode. A slightly different
chopping clrcult wss used so that ths impulse generator
- valve did not have ¢o carry an additlonal current due to
the chonping thyratron. 7hite's R.5.0. was alsb designed
to display externally generasted transients, znd to give
singla~-stroke operetlon of the timebése g8 a result of a
positive trip signal slso from the externalxsourpe; in such

ceses, a 0.8 mlerosecond cable was t0 be inserted to deley

* British flectrical and Allied Industries Resgssarech

Assoclation.
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the arrival of the transient phenomenon at the deflection
rlates, . |

The circult of D'Heckenbrugre{ll?) added little to
the teohniques already described, except perheps the
(r=ther crude} use of s high-voltsge A.C. céthode ray
tube supply so that the beam was effectlively "on® only
during negantive half-cycles at the cethode.

In 1949, ¥“hite and Nethercot(108) of the Z.R.A.
published a comprehensive paper on the most recent
developments of the A.R.A. Recurrent-Surge Oscillogrsph.
This peper sné the subgequent discusslion may be
acknowledged as the most recent survey published on the
technigue, and give severel indiogtlons gf design trends
and applicaﬁions. “hite and Nethercot emphasize the
need for ma balanced time-sweep'circuit in order to avoid
undue distortion =nd astiismaetism especlallj when highly
unsymmétrical potentiaels are applied to the vertlcal
deflection plates. The performance of thelr cathode
ray tube was ilmproved by using rectangulsr modulating
pulsecs instead of the exponentiael forms which sppear %o
have been accepteble %o previous designers, end by using
a hard velve timebass 80 eliminpting = pOSéible‘cause of
trece jitter due to mercury-vapour thyratrons.f‘ Judging

by comments of meny authors and contributors toc discussion
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through the years, trace jitter was one of the nost
virulent preblems of the technlque.

The current Z.R.A. instrumsnt (109} used much the
spme arrangements for the timing oseilletor and inpulse
generator as mention2d previously(108), ths outputs
being applied to zach of the deflsction plates, 1t belng
s2o0cpted that the other plate was el earth potential
during a particular fumetlion snd vice-versa., The
tircebase (rig. 2.8) employed the discharge of one
capzcitor to clizrgs nnother in a2 cireuilt contalning
a hard valve (elesctronic switch) of hish A.0, resistance
and gave = rsasonably linesr sweep waveform having
durations of 0.5 to 250 micrsseconds, . The use of the
hjdragan-rilleé thyratron in generating impulse
wavefronts shorter thzn 10“7_seoond was forecest and
indzed hed bsen expsrimentelly inecluded, and for even
high wavefront speeds (c¢. Q-0 3ysec.) triggered spark-
gops hod been successfully utilized, Aén sdditional
externnl foature was the development of & generater for
invostigating the reaction of & tremsformer to the type
of reloxation oscillastion voltage which gome%imes arisea
hetween contacts of a cirsuit bresker on break}ng an
inductive circuit: this comprised eight thyiatrons having
inter-valve &G timing circults so as to produce a form

of saw-tooth voltage which under certaln conditions could



i

ceuse the builéd up of forced oscillastions in a winding
followed by free osoilletions decaying exponentislly
after the saw~tooth hed cegsed; =0 far ss 18 known,

the incidence of suitable critical conditions in prectice
. is still unaésessed.

In the discussion on White end Wathercot's paper,
Wilkinson, who pioneered the R.S.0. in Great Britaln said:
*If the recurrent-surge oscillograph is like a tutor
with whom problems cenr be discussed, the single-record
oscillograph is to be compared with a system of
correspondence by fisld postcard™, Bowdler commented on
the use of screened or unscresned leads from the R.S.0.
to the transformer, finding screening unnecessary when the
connecting lesds were kept short. Perry and Pags
mentioned the possibility of the impulse wave shock-
exciting the timing ocelllator, and resulting in the
superimposition of low smplitude oscillagtions on the
record trace, dbut the muthors discounted this, Hsmmarlund
(Sweden) considered that the importence of impu}sa wave-
front times ahorter than 0.5 microsecoﬁd'shuuldhnat be
over-estinated, but this 4id not necesaarily'appiy to
transition times of chopping on the wave-tall. Hsmmerlund
also stressed the nead of care with leads, but suggested

that errors using unscreened leads were quite smsall at
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lecat for routine tests with 1/50 waves; slso for

routline work, tests of tranasformer windings in air

instead of oll geve sufficient accuracy. Page described
an equipment having'a maximum timebase speed of 0.5
microsscond end minimum impulse wavefront times of 0,05
microsecond, observing that hydrogen thyratrons scemed

the ideal sﬁitch for lmpulse generatora, and satisfactory
in timebazes 1f spurlous oscillations et the higher

speeds were not encountered.  In measuring inter-turn
voltages, Clarke sugzested that the impulse generator

end transformer be allowed to take up any potentisl, and
that an earth be applied st one of the tepplungs considered,
80 as to avold defocussing effects due to highly asymmetric
- voltages (Wilkinson had earlier suggested insulmting the
.core and tank of a trsnsformer from earth, applying the
impulsea to the (nofmally earthed) tank, and eerthing the
line terminel sc that inter~turn voltages at the line end
would be less asyumetrical). Buttrey and Wilkinson both
raised the question of the trensformer winding behaving
linearly during the first several hundred microseconds, and
White end Nethercot sgreed thet while the 1rog core of a
transformer will carry magnetic flux during tﬁis period,
the leakage path is in eir very largely, whet@q: or not

the transformer windinrs sre effectively open~circuited,
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thet varistions in the reluctance of the iron circuit
would be negligible, and that low flux-density aﬁd
eddy-currents substantiate the presumption of linearity.
At that time the suthors of the psper did not know of
eny method of tapping en existing transformer without
piercing the insulation; however, in 1953 Robinson snd
Gray(l02) described a sultsble method using a cepacitive
coupling to some matel foll wrepped round a conductor -
and a cathode follower circuit between the "pick-up" and
the oscillograph plates (Fig. 2.7).

| The subject of wavoshaping to obtaln impulses

of the varlous stendard forms was treated by vsrious
suthors, one of the earllest belng Thomasen{102) who

in 1934 nublished a falrly complete net of formulae for
the solution of the more common circults {Tig. 2.8).

The analysis of some of the circults suggested would be
rether tedious, and 1t 1s not surprisinzg thet Thomason
confined his compsrisons to the simplest circults.
Nevertheless he d1d show effectively the results of
varying the paraﬁeters of circults on the weveshapas,
Later, in 1937, Thomason produced a serles d% charts(107),
for two perticular circults recommended es bggic by the
Internatlonal Tlectrotechnical Commission, 36 that circult

~constants could be eeslly selected. A further peper(l0l)
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by Eaton and Gebelein In 1940 presented a series

of graphs from which circult parsmeters to glve

a particular waveform might bs dstermined; in this
peper three of the most common circuilt arrangements
were considered including the one(2b) used by the

present suthor.
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0saelllography:

Progress in oscillogrephy send in highéspeed
recording in particulsr, from the early instruments
of Dufour, ‘ood, =nd Togowskl was traced 1n a peper
presented in 1935 by Liller and Robinson{204), For
high speed recording, continuously pumped tubes with
very hlgh accelerating potentials were'the rule and
(in Germany) recording speeds of the order of oné fifth
of the velocity of light were reported. Hot and celd
cathode structures were in use, =and gss focussing common,
with msgnatic focussing and {even more so) electrostatic
focussing considered as interesting novelties. Sealed-
off tubes were not mentioned in thislpaper except in
régard to their considersble inferiority. Post-
deflection scceleration systems were used ss egrly as
1928.

From 1935 onwards, the dsvelopment of the high-
vacuum segled-off tube proceeded repidly. Rohats{103)},
Wilkinson(110), ¥oGillewie(210) and others described
equipments for recording recurrent or single-stroke
transients using sealed-off tubes with flnal accelerating
potentisls of up to BkV, Forrest(203) in a.1945 paper
quoted a classiflicestion of osoillographs\in<£hree

categories: (a) the continuously evaucsted type having
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a finsl enode volteage of esbout B0kV snd writing speeds
up to 53,000 Km/gee; (b) high-vecuum seeled-off tude
type heving final anode voltages of sbout SkVy snd {e)
the lowar voltage types, elsd gsealed-off, with finel
enode volteges not excceding 2kV., By thils time therefore,
the high-volteze high~vrouum secled-off tube was estnblished
r8 p prroetiesl tool pnd resesreh into screen phosphors
and constructlion tochniques led to such developments
{1648=-50) == the 958 RCC end 1608 RCCA tubes (O.1.0. 134.)
having effective vriting speeds of 3000 ond 20,000 km/sco
respectively with eprropriate ortical errencements. |
‘any of the ﬁartime developments sre described in
the book *Jsthode Tay Tube Displays”(l) and in = peper
by Bartlett and Davies{20l) on the design of high-asp=ed
oscillozraphs, This letter paper discussés'succinctly
the problems of hirh-speed osclllogrerhy such as trace
brizhtness with timeswseps of the lusec order end low
repetiﬁien frequencies, The cathode ray tube gercen may
recelve energy only for gbout 0.05. of the totel time end
this mey ba counternd by Iner=ssing ths besm current with
degredrtion of focus, or by incrensing the finsl aznode
accelerating voliage with conssguent loss of ‘deflcetion
gsengltivity. Fost~derl@ction-aacelaratign cethode ray

tubes 8 considered by “hite(2C9) have been désigneﬁ to
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overcome this last problem but slthough gvailable

in the nited States for s number of years now, thesa
have been slow to gein popularity in this country, es
the accelerator rings can act zs a lens distorting the
imrge end reducing the effective screen areé. Furthef,
beant modulation is essential in high-speed oécillography
gince otherwige the normally long periods when the spot
is statlonary would cause intense light to be profduced
at one point with consequent general 1lltmination, 1ack
of contrast, snd damsge to the acfaén. If the timebase
and nodulation pulse are initisted simultensously then
there is an inherent delay, typically sbout 0.0053%sec,'
bafore the trece comes up to the desired brightneés.

The effec# of such modulaﬁion on focus should be small.
Bartlett »nd Davies{201l) alsc disaussed ﬁhe'deflection
arrsngements with partieular_reference to design for

minimum input capacitances and lead imductances by bringing
connections to the deflection plates direetly out through

~ side erms instead of by long leadas snd base contacts, small
plzte seperation and long plate length to obtaln high
sansitivity without "shadowing” effects, avoldasnce of
trensit time effocts, and minimizing “crosstalk®™ by
sereening the peirs of X and Y plates from esch other snd
by equalizing the plate-to-earth 1mpédancas. ‘Screen

phosphors having a high resistance to electroa burn, end
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giving a highly ectinic blue colour with negligible
afterglow {(less than 1 lssc) were recommended for
high-voltege tubes =nd photogrephic recording of the
trace. |

A dsglroble fegture of high-speed (end other)
oscillographis 1e simple calibration facilities.
Calibretion of the vertiecal or V-deflection 1s easily
aceomplished by mecsuring, on & sulteble voltmeter, the
difference in shift potentlels corresponding to the
movement of the desired ordirzte through e chosen point.
Time oalibratién 18 more difficult, end for e repetitive
timebase, it 18 necessary at least to shock excite a
tuned circult of known frequency and smsll decremsnt
repetitively nlso, 4 continuously rungjng oscillator
18 nevar used due Eo the difficulty of locking together
the calibretion frequendy end the timebase repetition
rrequenéy. Bartlett and Lavies(20l) considered it
difficult to shock excite & tuned clrecuit of produce
time markers (reflsctions from a pulsed interminsted line)
for frequencliss mueh sbove 10 Mo/s.

Durlng the lpst decade s number of pepers have
been pudblished(202, 205, 208, 211) concerning. the recording

of single-stroke transients. = Compered with repetitive
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trenslent dlsplay, the technique is very similer except
that writing speed end photography sre more exacting
requirements, while.timebase design {due to the long
recovery tines permisaible) and calibrestion oscillators
{which nay be of the cbntinuously-running type) ere
simpler. In the three British papars(202, 205, 211)
the cathode ray tube employed wes the G.E.C. type 908 BCC
having s finsl anode accelerating poténtial of 10kV.
Maximuz timebase speeds vary from 1 microsecond (white'aoe)
to 10 nmillimicroseconds(Hardy 211}, thls latter figure
being ebout the linit for the cathode ray tube even with
special attention to photogrephic detalls., Rohate(207),
end Prime and Ravenhill (206} have desoribed squipments
~which could be used for single-stroke or repetitive
operation, the latter equipment(206) using s hydrogen
thyrstron timebase heving a minimum sweep time of 100
millimicroseconds. In all these papers, the general
principles es mentioned by Bartlett end Davies have been
sccepted viz. a push-pull timebese, beam modulation, short
leads znd low input cgpascitances, and negligibie trace
Jitter in repetitive cases, ~

Timebese Circults for high-zpeed oscillog;aphy require
particular consideration. The use of high-;bltage

oscillograph tubes, with consequent low deflegtion
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sensitivities, reguires timebase waveforms of large
emplitude, often as much as 1800 volts (800 volte

smplitude for each phase of the balanced input).

Further, obtaining a push-pull signal often necessitates

an inverting emplifier, and either this velve or the timehsgse
generator valve itself will carry a high qulescent current.
The pushnpull waveforms should be carefully baslenced, and
although § 60 10 per ¢ent unbelence 1s permissible with

low voltage timebases, a bethter matohing is desirable when
the horizontrl snd vertical deflaction voltages are large(2).
Lineasrity is a most desirable featura; for although non-
linearity is theoretically tolerable when a calibration
oscllliation or marker is avallable, the assumption of g
linear time-sweep slds the understending of oscillograms
very consideradbly.

The requirements‘noted in the last paragraph have been
satisfied by several authors in whole or in part. Bartlett
and Davies(20l) describe & simple exponential timebase
generator with linearlzing feedback followed by twe valves
in parallel with split anode and cathode losds, the outputs
being teken from the gnode of one valve and the cathode of
the other (thls does not give the outputs equal impedances
to eerth, but may be accepteble if the outp?t fﬁpedances BT

both low). Prime and Saxe(214) used two Milier Integrstor
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circults, one of which passed = heavy current in the
qulescent condition, to provide simultaneous "run-down”
end "run-up” volisges; in this way a minimum sweep-time
of 2 microgseoonds was obtained, Miller Integrator and
similar feedback timebascs have been fully considered by
Briggs(212), Puckle{2}, and in the books "Cethode Ray
Tube Displays™(l) and "Waveforms"(3) by the IM.I.T. staff,
Timebases for shorterfsweep—times, but less (though
adequately) linear tgaces, are mainly of the capacitor-
discharge-to-ohargefgnother-capacitor-through-rasistance
type such as those by “hite(208) {using a bard-valve switch),
gnd by Prime and Ravenhill(206) {using a hydrogen thyraﬁron
gwiteh), Hardy(2ll) uses the same basic circuit as Prime
snd Ravenhill, but suggests different beem modulastion
arrsngements for the highest speeds, The eircults of
Prime and Saxe, White, Prime and Ravenhill, and Hardy
all give a high-voltege push-pull output”éuitabls for
5 to 10 kV oscilllograph tubes. For use with g poste
deflection-acceleration tube such as the G.E.C. 1608 ABCA,
Moody end MeLusky(213) have amployed inductive linearization
end a paraphese circuit to give 250-volt waveforns as
short as (.1 microsecond.

The hydrogen thyratron hes been mentioned as

a sultable switch, both in impulse generator end timebase

LY
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circults, due to the extremely high rate-of-rise of

current possible (750 A/ psec for BT79) end for the high

peak current rating (SSA for BT79). Such thyratrons are
however rather more oriticsl in their operation than

mercury vepour types, espacially in regard to the triggering

pulse, which should bs of at least 250 volts smplitude from

an impedance less than 2000 ohms., Enight and Hooker{215)

- - have describéﬂ the mein operating characteristics, while
 germeshsusen in a Section(8,11) of the book "Pulse Generators™(4)

gives p more comprehensive survey of thelr propertles,

Surge Phenomena gnd Impulse Testing, etc.

A large number of papers have been writfen on surges
in transformer windings, and the sectipn of chepter 10
{Bidliography) concerned with this subject lists oﬁly the
more classical or notable papers. of thega, a representative
selection will be considered in this present survey, since
few of the pspers refer directly to recurreni-surge testingg
nevertheléss, the principles behind high-voltage impulse
testing of windings are equally eppliceble in most cases
to low-voltage repetlitive testing,

Ths initis)l distribution of potential due to
papacitances between turns, coils and core, tha_pubssquent

oscillations, znd the f£insl or dylng-sway distribution in e
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winding subjected to impulse weveforms, wes described
in full detall by ¥Weed(327) as sarly as 1915, The
extensive practicel agpplication of such principles did
not develop until the late ninsteen-thirtles largely
due to the lack of suitable impulse generatofs and high-
speed osci;;ographid equipment, Cver the years, qualitative
understanding developed, and a falr amount of work on
surge prevention, or winding protection, was undqrtaken
a8 instanced by pspers from Weed(317) in 1921 and Norris(3ll)
in 1935, |
The nore modern advsnces snd quentitstive approach
were heraslded by Foust, Xuehul and Rohets(308) (U.S.A.)
in 1932, end by Allibone, Hawley and Per?ylsol) (Gt. Britain)
in 1834. By quantitative spprosch is meant simply the
know}edge of the emplitude and characteristics of the
weveform used for testing, and not a comparison between
practical and theoreticel in;estigaticnag hitherto, testing
with impulse plant had been unaccompanied by oscilliographic
obaservation and the effect of varlous test loadlngs on
wave shape had not been fully appreclated{30l1),
In 1935 end 1938, Allibone and Perry(302, 303) virtually
cempalgned for some etandardization in impglae tpst methods
es applied to transformars; generators and 1nsuiétors, end

for some standard forms of test wavefomrm, This latter
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point did achieve Internationsal approvasl, at least

in the method of smspecifying the wave shape, and the

1/50 and 1/5 impulse waveforms have besn used
extensively since. Other features requiring standard
praétiea included the polarity of the test Wafe, ¢ircult
apsrlodicity, fatigue tests, caszcading (insulators),

end transformer winding connecticns.

A nost comprehanéive psper was presented in 1937
by Alllbone, licKenzie snd Ferry(318), eand provoked an
quuallyvcomprehensive discussion, The suthors surveyed
the theoretical treatment of the effects of impulse
waves on windings, assuming the spplled wave firstly
88 of unlt impulse form and then as of thé standard
double~exponential form, Thé effect of winding
resistance in Introdueing a damping factor Was algo
briefly considered. Initinl and subsequsnt voltage
distributions, and the effects of wave~Lfrony and wéve- ‘
tatl durations M&e elso deslt with; ard in addition
remarks concerning the following feantures of ilmpulse
testing: removal of transformer from its tank,
addition of a series of capacitsnces, earthing through
impedance, aﬁblying imPilses to both ends of the winding
simultaneously, discontinuities at tap~changing points,

re-inforced eoils snd static end rincs. Testing practice

-
LS
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-for three-phase tra;sformers 1s also given.

Thomas{318) discussed insulation stresses in treansformers,
the use of a ¢celeulating hoard (setting up an equivalent
simplifiled network to represent coll-to-coil =nd coil~to-
earth capacitances} and in perticular ™non-rsgonating™
transformers with electrostaetic shlelding, Comparison of
high-voltage and R.3.0. tests on shlelded windings showsd
good agreement.

A Daper Ey Foust and Rohats{B307) in 1940 surveyed
 American developments in Tmpulss Voltage Testing, glving
the latzst fom of thelir Flectrlc-Translient Anelyzer (R.S.O.),
end also detallling some of the techniqueé enployed in
high-voltsge work, especislly in regard to earthing and
obtaining smooth impulse waves with front durations as low
&8 0.02 microsecond. Reference has bzen made previously
to the dlfficulty of recording volteges between tappings
on a winding due to the considerable asyumnetry of the
potential applied to thé oscillogrerh plates, end to0 overcome
this, Foust and Rohsats devised a Subtractive Voltege-divider
which esserntislly divided tha tapping potentials (with
respect to esrth), inverted one of them in en amplifier stage,
end addsd them so thet the resultant {(with respeet to earth)
could be applled %o the csclillogreph plstes in m?ch the same

way a8 for single tap-to-earth recording,. .
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Hegenguth(31¢) end Stewert and Holcomb({315) in
1944 and 1945 respectively described an interesting
method of feult detection., This 1s known as the Neutral
Current Metﬁad, and in practice the potentliesl across
a resistence connected bétwaen the "neutral end"™ of the
winding and earth is recorded, Differences in wave
shape between the unféulted winding oscillograsm and an
oscillogrem teken with only one shorted turn sre stated
to ba discernible. For lerger falilures or for shorted
coupled turnhs the differences may be even more pronounced.
Rippon and Hlokling(313) (Gt. Britein) presented
the first paper on the Neutral Surrent Method in this
country in 1949. The baﬁis of the method is th§
'demagnetiZation, by short-circulted turns, of the main
¢core flux set up by lmpulsse voltage. fhe short-circuited
turn or coil produces an sffect equivalent to a substantial
reduction in indqctance, and the inductive current through
the winding is ther:fore incressed. Theoreticelly, the
method does not epply to chopped waves since E.4t (wkich
is proportionel to the inductive current in the winding if
E 1s the pesk impulse voltage) is zero from the ;nétant
of chop onwards, when faults are most likely to occur.
Rippon snd Hickling give a variety of'teab ci;ouits and
methods of application, ineluding the use of all. R.S.0. when
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earthing resistences on the two phases (or'a three-phase
transformer) not being immedlately investigated mey bde
dlspensed with, so giving increased sensitivity of fault
Indicztion in many cases.

Papers relating to impulse testing of machine
windings are few, the two main ones by Friedli¥nder(322),
end by Robinson{314) referring to high-voltage alternator
windings. . The other rotating machines most prone te the
effacts of lightning surges sre probably series;wound notors
for railway trectlion where overhesd conductors are used for
power supply to the locomotives. Otherwlise, sesveral more
theoretical papers such as those by Bewley, Hagenguth and
Jackson(320), snd Rudenberg(325, 328) desl with surges end
oscillstions in windinga genereally.

A comprehensive treatise on transformer high-frequency
trenslients, recogniéed as g refersence work for a number of
years (first edition), 1a ?art Two 0f a book by Bewley(5),
who hes besen responsible for numeraﬁs'papars on ﬁranéient
phenorena, A detailed survey of research on phenomensa
associated with lightning particulsrly, end maeny high-voltage
measurement technicues, i1s contalned in the book on "Surgze

Phenomena"{7) published in 1641 by the Z.R.A,

-
.
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Chapter 3

The Present Approaches

The original specificagtions for a R.3.0. wers drawn
up as e result of the previous work of Wilkinson(ll0),
Robats(l03, 104) Scolez(105) end White(l08). Ons of
the first decislons was the c¢holce of cathode ray tube,
for this would affect the required time swaeﬁ emplitude.
Of four types, the S.T.C. 4083YB tube was selected, this
requiring e 5kV acceler=ting potentiel and having two
side erms so providing a very low Ilnput capacitence to
the Y-plates; furthermore, White(l08) of the E.R.A. hed
used this tube. Otherwise the specifications called for
a push-pull timebsse having time-sweeps in the range 1 to
200 microseéonds; a calib:ntion oseillator. end en impulse
generstor producing negé%ivengoing (and pgsitive*going it
possible) wave shapes veriable at least within the limits of
the most stendard 1/ end 1/50 forms. Beam modulation was
a highly desirsble fezgture. Chopping of the negative-going
{and positive-going) impulse waves over a wide runge of .
tall smplitudes wes als0 required.

As & result, the operstions as shown in the block
- dlsgrem (Figz. 3.1) were necessary as an absolute minimum,
end or this basis, prototype clrcuits were developed and bullg

into a DEIXION fremework. This particular deslign in the
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DEXIOHW framework (known hereafter as Lodel "A") served as

an experimental sssembly of the complete apparatus and much
useful information was galned, sapccially in respect of

stray rm-enetic fields in the“viqinity of the csthode ray
tube. P:actically,vhowever, it was never very satisfactory,
dug to the lack of fine Tocus of the spot, esnd severe .
astigmatiam despite the inclusion of correcting clrcuits,
Consequently, it was decided to build an instrument in
finished form, using chassis fitting e standard reck. This
new design employed a G.Z.C. 908 BCC tube regulring 10kY
accelerating potentialy the deflection sensitlivities were
thercfore lower and a new timebase design was required. The
" maeln features of the equlpment (known hereafter as Model "E")
ware the same as before, but many minor 1mprovaments‘to
facilitate operation end glve a first-oclass osciliographic
display were 1noorp6rated.

Since the block diagrem of Fig. 3.1 applies equally well
to Models “A"™ and "B", the sequence of operations will now
be deseribed. It was decided to use an impulse generator
eircuit in which a cspacitor chsrged up during the long
inter-impulse perlod snd then was discherged through a
shaping network, rather then by waveshapinz a cosine form
impulse as was done by Wilkinson(ll0). For a 50 c¢/s

repetition frequency, which was sccepted és most convenlent,
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this rmeent using a rectifier dicde to allow the charging
of a cepacitor during the positive half-cycles of the
supply, #nd to cubt off the esprcitor from the supnly
curing the negstive helf-cysles durlng which trigzering
of the impulse genarstor thyrstron to produce an impulse
waveform would take plrce (Fis. 3.2). In view of the
relative rnowers inveolvad, 1t is much better to phase-shift
tha trigeering waveforms for imnulse generntor and timaebess
rel-tive t9 the inmpulse generetor charging supply then
vice-vorsa., The firgt bloeck of Fig. 3,1 therafore
represents a phase~sghift circult glving sn ocutput of
gbout €0 volts R.K.3. shifted through angles of 90° to 18¢°
from the input. The positive~golng helf-cycles of this
phnse~-shifted signel fire a thyratron itrigger generstor
whieh produces very sharp pozitive~ or negetive-gzolng #*pips”
to time the impulse genergtor or timebasa oparstion. The
Imvulse generstor has elregdy besn descfibed briefly:; choprping
errrngements for positive and nerstive waves reculire separate
circuits, which waere similsr in operestion to that of Scoles(loS)
1,0, tie to chop wnas controlled by en integrrting clrcuit
with a veriable elemsnt.

“eny triggered timebese circulits require extsrnal
"gatiﬁg", and s nacesscry rre-requisite to the timebess

eircuit proper is thorefore n monostsble multlvibrater (flip-

L)
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flop) to generate s "gating™ pulse of duration et least

ag long as the longest time-sweep. The "pips®™ from the
thyratron trigger genmerstor inltiaste this multividrator
which ies followed by a cathode follower circuit to give
stability, and reduce intsrsction between the driven
circuits. - In lodel A", the push pull time-sweep wsas
provided by a "iller Integretor{2l2) and an invertor

stage working as a csthode-coupled see~-saw circult; 1in
1’6del "B"™ the time-sweep was obtalned from the split anode
snd csthode loade of o bootstrsp cirecuit{2, 3). The
callbration oscilliator is also Mgated® by this same pulse,
end the coscililetion, which in gll circuits used could be
adjusted to give constant smplitude, lests at least ss
long =8 the longest time-sweep.

Various authors heove derived a beam brightening pulse
from the timebsase circult, snd this may de simple snd
convenient for some cases; however, it lacks flexibility in
that the pulse =amplitude, =nd especially the pulse duration
which may be reguired %5 be less than the time-sweep, are
not generslly indebendently controllable. A satisfactory
arrangemnent is to trigzer = monostaﬁle-mul?ivfgrator {({having

stepped or continuously vsrieble control oprul;e durstion)
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which exists purposely for generating = beam brightening
pulse {(3ee Fig. 3.1).
A further feature which is not indlcated in the

block &ipgram is Impulse Delay. This facility ls most
desircble s the front of the impulse wave would otherwlss
start roughly coincident with the tima—sweeﬁ {or enrlier
in czses of inherent deley of the timebase triggering
"pip" as Sécur in certzin commereially made oseillographs);
sl30 it may ba desired to shift the interasting phenomena
clecr of the initial spot hslztlon, I1f any. In llodsgl "A",
such delay was accomplisghed using an integrating network
with a varisble element {this may slso affect the amplitude
of the triggering "pip" however), and in Xodel "B" by a
multiple-tspped delay line followed by deleyed-trigger
generator to glve stablility and a lower-;utput 1mpedénce
thaﬁ was nvallable from the delasy 1llne itsslf.

| It will be eppreciated thst in the slimple bloek
dlegrem shown, Jjitter 1n the thyrstron trigger gsnerator
stage 1s unimportent, znd th§t~the lmpulse generator switch
valve 1ts2lf 1s the inherent scurce of Jitter troudble, since
thyratrons sre normally used in thils purpose. Jitter from

hard velve clircults 1s negligidle, = <
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Chanpter 4

Circuit Design =nd Arrangement - liodel ™AW

Ixperimental ecircults were constructed on small chassis,
tenporarily wired together, =nd supplied from stondard
laboratory power packs {?15. 4,1). TUndsr such circumstances,
e laboratory oscillograph wes uaad for dlsploy of waveforms,
t‘;but it nust be pointed out that many such asclllcgraphs have
g limit~d writing speed, and minimum sweep~tineg of thse
order of tens of microseconds; for the examinstion of a
repetitive 1/50 wave they sare quite suitable, but deo not give
& very fins trace nor ars they necesserily smensble to
external beem modulation.

Flz. 4.2 shows }Model "A" completed, ~There are three
lovels, the lower one scoommodating the instrument's own power
supplies; the middle one the phase-shift, triggéring,
jmpulse end choppinzg cilrcults on one side, the cathode ray
tubs in a galvanizeﬂ-iron box in the centre, and the timabase,
moduletion and calibration oseillator circults on the fer
slde; and the top level cerryingz en additlonal power peck.
Two accumulators on é-hakelita board provide ths ?athods
roy tube heeter supply temporarily, in the abqené% of a
hepter transformer with suitebls winding Insuletion.

The main circuits for lodegl "A" arae shown in Flg. 4.8,
They wil)l bs described very briefly as consideradle
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izmprovements were effected in }Model ¥B®, but nevertheless
ae en introduotion to the technigue they are interesting.

The Fhare-shift Circuit is a well-known srrangement
(see Neference 3, section 4.12), which in theory affords
a consgtent voltasme oulput with no londin~ and provides
a phase~shift between 09 and 180°, A changé—aver switeh
feellltates phass inversion should transformer connectionsa
cause the vgriability to be between 180° end 360°, once
get to the desirod phass~shift by the pre-set 20~k varighle
reglistor, n3 farther alterstion is required,

The Trigger Genarstor uses an arzon-rilled 0TIC
thyratron, which is firead by the positive-golng sinusold
on the grid so dlscherging the 2000 pT cepacitor praviocusly
chargzaed from the D.C, supply. The capac;tm'discharge
rete is limited by two serieslresistora, from across which
are obtsined positive- end negntive-going triggering "pips”.
During the latter part of this capaocitor discharge the
current throwh ihe thigretron 1s 80 smell that deionisation
of the gas £1lling takes place if the grid voltege goes
negatlve. The capacitor recharges and the cycle repeats
approximntely 20 milliseconds leter in the 50-¢/e repetition
case. - : | o $

The positive-going trigzer "pip" from the cethode of

the thyratron trigger generstor 1s integrotead, f.,e. has the
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sharp initisl rise rounded off, so thet by varying this
degree of rounding off by the 100 - ko varlsble resistor,
the instent at which the critical grid potentisl of the
impulse generetor thyretron iz attained msy be varied.
The Impulse Generator stage is shown in diegrammatic
form only: as drewn in Fig. 4.3 only negastive impulses
could be produced; bdut 1f the right-hand slde of ¢; is
earthed, snd the x-network consisting of Ry, Rp and Cp
included in the cathode circult of the thyretron, by
meens of suitable switehing, then reasonable positive
impulses mey also bhe produced. In elther case Cy charges
via R and Ry during positive half-cycles of the supply, end
diegcherges through the = -network when the thyratron is
fired. @3, €z, Ry, Ry, the parameters of the wave-shaping
eircuit, may eech be varied in steps; continuous
varlability of Rj end/or R; is not possible because of
the induotence gmssoclated with suitadle high wattage
components, and series of composition resistors are used
instsesd. |

The negative trigger "pip" from the thyratron trigser
generator actuates the asnodk-to-grid coupled monostsble
nultivibrator to give e timebese “gating™ pulse. Negative
pulses from the cathode fbllower stage turn on the
calibration osclllator as well as ths tim;4swgep. The
flrst velve of the timebase proper conduots o;iy slightly
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during quiescent périods, since the grid is at a low
potential due t¢ heavy conduction by the previous double~
friode. A negative "gating" pulse turns off this double~
triode, =nd 2 large positive pulse is applied to the grid
of the liller Integrator velve. 4 typioal "run~-down" then .
oceurs and is applled to Xj, the only difference from other
¥iller Integrator circults being perheps the effoct of the
common cathode resistor which intrmdueeé degeneration so
that & slightly less linear forward stroke may be expected
thaﬁ_otherwise. The inve:tpr stege 1s ooupled by the
cathode resistor, end by a ses-saw circuit batween the
valve enodea thus ensurlins symmetry of the pugh~pull outputs,
Such a scheme 1s descrided in Reference 3, section 7.11,

Although a calibration osclllator end a boam
modulation cironit were svaillable for use with Model ®AW,
final ideps on these details were not at the time established,
end the davaloPmenthf celibration osc;llatara espeelally
willl be ¢onsldered in the next chapter. |

The chepping cirecults are shown geparately in Fig, 4.3,
The positive impulse version uses a typleasl integrating
circult by which the applied wave is further rounded off to
delay firingz of the chopping thyratron. In the negative
chopping circuih,.fhe grid is initially bissed negatively
with respect to both snode end cethods, znd px- inoldent

negative wave takes the cathode and grid equally negative
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80 that the thyratron does not fire lmmedletely;
howaver the capacltor starts charging and when the
oepacitor potentisl 1s sufficient to overcome the

initiel blss, the thyratron fires and chopping tskes

Plsce,
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Chepter B

Arranpement, and Additionesl Technigue -« I'odel *B"

Fig, 5.1 shoms rodel ®p* in completad form. There
are in all six large chassis, agd a swall panel at the
bottom which carries the main switch and the main fuzes.
The chassis are housed in sn enclosed reck provided with
openlng side doors snd s back door. The inter-chassis
_ wiring connections gre made at the back of each chassis
s0 facilitating disconneotion before withdréwing any
particular chassis for exasmingtion; with the exception of
very high potentlal leads and leads cerrying trigger and
pulse signals between co-axial sockets, multi-core cables
end connectors are used, . The whole equipment is mounted
on & heavy besse with casters so that it ney be moved
quickly on sny one level, bdut for transpctfo?er 80M8
distence in e vehlcls, sey, it 13 usual %0 remove all
chassis from the rack. ’

The chassls are numbered from the top:

No.l = Y-shift callidbration

Ko.2 ~ Cethode rsy tube, timebase, celibration

t oscilletor, besm modulation

Y¥o.3 - Iﬁpulse‘(and pulse) generator,’and trigger

.

generators

-

No.4 =~ Calibratlon oscillator gating mmltivibrator;
additional smoothling for timebase H.T.
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No.S ~ High voltage power supplles
No.6 = Low voltage power supplies
{r'o.,7 - Switsh ponel).

Chassls ¥o,1 contains only the Y-ghift calibration
voltmeter, snd its assoclated range switch with serles
resistors. This instrument measures the D.C. shift
potentisl between the Y-plates of the C.R. tubs, so thet a
serics of horizontel lines, rccorded on f£ilm, end corresponding
to successive Y-gshift control positions, may bdbe simply relnted
to a vertical voltaga_scale.

The second, third =nd fourth chessis conteln the
circults relating to the oscillograph snd generstion of the
test pulses or impulses. Figz. 5.2 shows the block dlsgrsm
for Model "B".  The importent feecture not included in
Model *A" is the timing sequence for the initiation of
¢alibration oscillstor, timebase end besm 'modulation, end
impulse {(or pulsa) pgenerator. Trigger Generator "A"
gotuntes the celibration osclillgtor "gate® multividbrator and
hence the osciligter lteelf so that the oscillation can bulld
up $0 constant auplitude (time< 3 psec.)} bafore other circulta
function, The necessary delay $1l) the next initiastion is
effected'by an artificinl dslay line using lumped constants,
From a tapping on this delay line is teken a deleyed trigger
which is fed via a cathode follower stage bohTfigger Generator

"B". A cathode follower buffer stege 13 necessgry here as
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when the trigger generstor thyratron fires, a low impedance
would otherwlse be presented at the delay line tepplng so
upsetting metehlng conditions; incldentelly, bles control
on such a cathode follower gives a very fine control on the
trigosrling time of the following Trigzasr Generator, The
output of Trigser CGenerator "B" actuatés the "gate" multi-
vibrator for the timsbase and the bzsam brighﬁening mnulti-
vibrator; §lternatively, beam dbrightening mey be initiated
agrliar from the output of Trigzer Gsnerator *AY gziving

a small Initisl spot but & guarantee of brightening for

the whole of the tire-swesp (1n practide this ndt

normally necessary even on the fastest sweeps). From a
variable tappring on the delay line, a timing sigual ig fed
via =2 cathode follower stage, similar to that Just descridved,
to Trigger Generator "C" which in turn fires the impulse
generator thyratron, this last cotion nonﬁally belng the
third 4istinct tired initistion of the sequence,

In Modsl "B" the positive impulse output {with
associated chopping circult) was dispensed with since the
negative impulse case was more convenlent from the circuitry
polnt of view (the impulse generstor thyratrﬁn ¢zthode could
be semi-permsnently earthed), and 1In any cese there was no
difference in the useful inrarmapicn obteined hy using the
opposite polarity of wave with linesr systaés. _A pulse
generator facility was added, partly for the poggihle study
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of reflections from cable terminations, Ingtezd of

the four main components of the impulss wave~shaping

circult, a pulse-forming-notwork {(or ertificisl line) with -
natchins resistance was substituted, A negat;ve 1§ nicrosscond
pulge could be obtalined from the matching resistence, or

by inserting a reslstance in the thyretron céthode ciroult

a posltive pulse for further squaring and amplification in

g hard-valve emplifisr could be produssd,

The fifth ohasslis houses the high voltege power
supplies. These sre two identical shift power packs {one
for Y-shift, one for X~-shift), the timebase I.T. supply of |
epproximastely lOUmA at BkV, and the I,H.T. power supply for
the C.R., tube of 2mA at 10kV. The héater transformer
supplylng the C.H. tube heater requires p winding insuleted
for 10KV snd is also included in this chassis. Thers are
no interlocks assoclated with these supplies and the switehing
sequence is left to s competent operstor.

The sixth chessla contelnsg seversl hester transformersi
a blas powsr pack with neon stebilizer (- 150 volts)y a
genergl H.7T. power pack with electronie stabilizing having
a meximum output of 3807, 75ma and giving voltage regulastion
better then 1 and a hum level better than 0.027; en
suxiliery L.T, power packfsupply 60 to BemAgat 400V; =a
transformer end phess-shift circuit for triggeriﬁg purposes;

and the high voltage A.C. Bupply {1000 %o 1500 V) for the
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charging of the impulse generator. The general H.T.
supply has a valve delsy switch giving 45 seconda deleay,
end the impulse (or pulse) generator supply a =imilar
device affording a delay of 2 minutes, this latter

- arrangexent to protect the hydrogen thyretron of the
impulse generstor from premature application of H.T.
These delay ciroults area not meant ¢0 be foolﬁrcor'and

the normal switching sequence is determined by ths operator.
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Chapter 6

Circuit Design -~ [lodm) "p®

A more detalled treatment of Chassis Nos. 2 to 6
will now be given, Chassis No.l contalns only a lsrge
penel-mounting 1500-0-15007 voltmeter with mirror scale
and a knife-sdge pointer, so that Y-shift pdtential
differences may be accurately measured; switching of
voerious serles resistor banks permits full-scale deflections
of one-hsalf, one-quartef, or one-tenth of the normal value
so that shift potentlials about the centre of the ¢.R. tube
fece may be even nore carefully determined. Panel No.7
has chenneling behind 1t which cerries the 240V 50 ¢/
supply terminal block and the main fuzeﬁ;u all mains
supplies for power p#oks and transformars throughout the
equipzment ars proteétad by thass fuzes znd controlled dy
fha Main Switoh, but with each individusl switched supply
on Chassis Nos, 5 gnd 6 there ate lizhter fuzes for normal
" protectlion,

. Chessis No,.8:

Chassis No.8 carrles the Ceneral Power Supply packs
for the equipment, controlled.by six 1ndiv;§uai switches
each with é pair of fuzes gnd an 1nd16ator lamp.. |

Fig. 6.1 shows the arraageusnt for valve h;ater

supply. Flve transformers sre nounted on 0h3531a No.6
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and most of the secondary vindings suﬁply the requirements
on o;her chassis through Internntionsl Octel plugs =nd |
rockets snd multi-core cebles. The supplies ea snd gg are
used on Chascis No.6 itself. In addition one tranaformer
1s sltuated on Chasals No.3 end one on Chassis No.4 to
supply specilsl (mcre recent) nceds on these chassis and
a switch=4d mains supply for thess two "external™ transtoﬁmers
is fed via the pluvg ond socket connections denoté& by 57,
In the original design 1t wes consldered desiraeble to keep
bulkiland walghty articles such sz trensformsrs as low as
possible, and elso as far as possible from the C.R. tubs,
s0 that 50 ¢/s magnetic field effeots on the tube would be
minimised. The seccondaries £f, 83, hh, and 33, kk have
special insulaticn for potentiels %o earth of L5kV, Heavwy
gauge wiring 13 used for hoater supply purposss in order to
reduce line volt-drop.

Two separately switched supplies ere shown in Fig. 6.2,
The upper circuit uses a conventionnl phase-shifting
arrangement ‘80 that tne triggering sequence may oceur
correctly'within the negative half-cycle from the transformer
of the lower circult, i.6. when the impu;se/pulge gensrator
circuit has been cherged and the VUS08 charging rectifler
is cut off. The supply to the tranasformer for éhe inpulse/

pﬁise generetor is closed by oontects In s valve delay
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switch DLS15, that 1s 1f the maonual control switch is
1tself slready closed. By adjusting the value of the
resistance in series with the DLS1% hsater, the switohing
delay may be veried from sbout half-s-minute to several
minutes -~ the desired delsy in this case should bs grester
than two minutes. | |

Flg. 6.3 shows the Bles and Auxiliary H.T. Power
Tacks, both of whlch are guite conventlonsl. The Blas
Power Pack hes a VR 150/30 neon stabllizer to essist in
maintaining stable agérating points both in hsrd valves
and thyratrongg not all the H.T. power packs are
stabillzed, and such supplies are used for the less cfitical
circult operations, or where rfont panel manual controls
nay be quickly re-set. | |

The Genersl H.T. Fowsr rack is shomn in Fig. 6.4,
The circult is typical of series-valve stebilized power
peoks, with A parailel_feed via a 0.1 yuF capacitor to the
grid of the Z77 to give inoreased control on hum {100 c/s)
rejection. A velve delay switch DLS18 1s Iincorpornsted,
end a relsy clrcuit, which provides artificial loading to
restrict the H.T. voltsge before the normal leoad 1s epplied
and which closes the indicastor lamp circuit when the delay
gwiteh closes, is included as a2 desireble extra.

L]

Chegsis No,.5:

Two Shift Power Packs arse desireble so that X and
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Y-plgte gntlenstigmatism clrecults may be independently
adJusted, snd due to the appreéiably gifferent deflection
sensitivities for eech pair of defleotion plates, one
powser pack is for JkV and the other for 2kV. The ectual
shift z2nd enti-esticmatism controls are mounted on
Chassis Mo.2, and since ths anti-astigmatiﬁm elrouit
depends on varying the mean potentisl of the palr of
deflection plcetes ﬁiﬁh regpcct to earth, the supplies
from the Shirt Power Packs themselves must be "floating®
or unesrthed, ¥ig. 6.5 shows the two power packs, half-wave
rectiflcation and resistsnce~capecitance smoothiing being
adequate in vlew of the s2zall steady currents tesken.
Thres switched supplies are shown in Fig. 6.86.
Mirstly, 2 henter transformer having highly insulated
sccondery windinca (one for 10kV) supplics the 4V. C.R.
tube heater and also the filamenﬁ of one of the E.H.T.
rectifier/doubler valves; if the C.k. tube hoater supply
is not "on", then only a fraétion of the fﬁll E.HeTe
potential will bé applied to the C.R., tube., Secondly,
a step-up transformer feeds ths Cockroft-i/alton voltage-
doublsr cireuit which provides the 1l0kV accelerating
voltage for the C.H. tube, & 50 M2 resistor acting simply
as a bleeder seross the Q.1 p¥F capacitor.t‘ Th}r&ly, a
conventional full-wsve Yectifier circult giveé'a 100 ma,
2kY output primerily for Tirebase H.T., but small currents
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are also tsken by the trigger generators end the pulse
eriplifier on Chassis No,3, The sﬁoathihg of this high
povwer supply is rather more elaborate than usuel consisting
of z double-saction filter, with the chokes mounted on
bokelite legs 80 as to be electrically lsolsted from the
chiassis, and the finnl eapacitor bank effectively of 9 ur
nounted segerately on Chessie No.4.

Chassis No.3:

In Flg. 6.7, the firat trigger generstor, the delay
line from tappings on which are teken appropriately timed
"pips™ to cathode follower stages, and a further two
trigger generstors are shown. .The three trigger generators
are almost identicel, and use a well-known arrangement
elready described for lodel "A",  Althovgh large in size,
the BT19 mercury vspour thyratrons havs ﬁEoVed eminently
sultable espedially in regard to the trigger "pip™ amplitudes
of seversl hundred volts which may be generated from both
of the series resistors in the discharge circulty also the
BT19 may be slightly more relisble than the smaller GT1GC.
The gnode resistors nust be of high value {4 to 8 L2 ) so
that after the dlscharge of tha B00C pl espacltors, the
thyratron grid may regain control due to the very limited
standing current still flowing to earth. The @iacharga

eircuit resistors zre not critical in value exdépt that they -
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must limlt tha initlal discherge current to within
the oszpacity of the thyratron and yet provide as low
en output impedance es may be desired. The grid
¢circuit resistance of 10 k2 to 15 k2 is typical of
the value suggested by tha‘manufactu&ers.

The tepped delay line hes fourtsen tap points, eleven
of whieh may be selacted by 2 wafer switch which elso heas
gn "off" position. The line is terminoted by a zultsble
resistence (5.8 k& ), From one fixed tepping end
fron the selected verisble tappins, triggers are fed to
the two Z77 cathode follower steges, which sre quite
conventionsal, The 50-kR bies potentiometers act to
considereblo extent a8 fine delay controls, 80 much soO
thet the one assoclated with the second Z77 {(Impulse/
Pulse Csnerator timing) is mounted on the front panel.
This veriable delay prbperty is due to varying the instant
at which the rising front of the trigger fron the delay
llne ¢rosses ths cut-off threshold for the valve and
initiates conduction. The 100-2 sgereen-grid "stopper®
resistences are inciuded as & preoéutionary mnaasure,

In the filament éupply leads to the second snd third
B719 trigger genserators there are términa}a ﬁ%ich |
normelly allowlror sn A.C. supply, but links cen be
renoved =so thst a D.C. supply from accumulatéfs may

be substituted for jJitver comperison tests; 3ince the
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first trigger generator jJitter is common to both timeb=ase
and impulse tirings, no such provision was made as regards
its filawment supply..

Fig. 8,8 shows the Impulse/Pulse Generator end Chopping
elrcults, with the associsted system switches. The positive
trigger to ths BT78 grid is fed vins a A7g resistor with
c¢apecitor loadings deedinss to the cethode go that
oscillations of high frequency attributsd te the grid
potentisl ilmmediately after firing may bde reduoeq. It ie
also true that the trigrer rs genercted snd without the
losding network hrs o very raplé rate-of-rise where%s the
manufacturers of the hydrozen thyratron suppest a nore
noderate rate-of-riss. The loading network produces this
more moderste rate~-of-riss snd may elso act as & store of
energy to he relasdaseld sutoumatically whéh the grid-cathode
Tare® initiates before the maln "gre® is£ruck, One of
the cepecitors of this losding network 1s in faot a switched
bank, but various capzclitor selectlons should hgve negligible
effect on Izpulse shape except to vary inltiation delay.

The 1mpulse ¢iroult proper consists of a gwitched benk
of charcing resistors which vary the potentisl to which
tﬁe tall capaclitor (lp?, 0,25uF or 0.1uF) or’ths pulse
forzming network chesrges from the half-wove supply at B.

The 10 pH inductor, which is shert-circuited on ﬁulse
generator operation, 1s included in the imnulse dischrrge
eircult to smooth the rise and crest of i=mpulse vwnve-

formg for otherwise extrensly rrpld rates-of-rise
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which appear distorted (partly due to inter-modulstion
on the tims-sweep), and c¢rest oscillations occcurs
onnéequently, the ﬁaximnm rate-of-rise 1s limited to

gbout C,2 psec, but faster transitions are possible
with deterioration in shape. Heavy terminsls with a
copper link are provided for connecting the cathode

of the BT79 20lidly to chessis {(a common ezrth point 1is
| in frct chosen) except for "Amplified Pulse™ operetion
when & 150 ¢ resistor in parallel with a variable 250-2
resistor are inserted by appropriazte switching to msteh
the pulse forming network, The reost of the.impulse
wavesheping eircuit consists of a switched bank of
10-0 resistors to eerth, these acting as tail sheping
resistora; another switched bank of 1l0=Q resiétcrs'
(ffonbshaping resistors, and alternative higher valuss
may be substituted 1f ¢esired); gud 2 sﬁitched bank of
front sheping capacitors to'earth with a small waveshapa
*smoothing® tresistor in serles., The mateching resistors
already'mentioned take the plece of the « shaping network on
- pulse operation, heing éonnecﬁed between the pulse forming
network end esrth for "Direct Pulse™ operation and in the
thyratron cathode cirgult for "Amplified Pulss™ operatlion.

| There are two system switches: the first, having

rour.poles, primarily selects the tail capaéitor, or

alternatively the pulse forming networksy the sédond
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heving six poles (two baing unused) selects in turn
0ff, lesative Impulse, Negzative Impulse with chopping,
"Direot Pulze® oporztion, "Amplified Pulee®™ operection,
and Cff, The sceoond system switch functionsz are a3
followe {going from top to bottom sz in Fig, 6.8): to
conncet ths choppinz circuit on the eppropriaste swiitch
positien; to connsct the positive pﬁlsa output from
the thyrntrbn garerator circult to the pulse zmplifiers
to select the sppropriate siznal for connectlion to the
output terminal socket of the instrument; ¢o epply an
earth to ths thyratron cethoade (in the sbszsnce of the
copper link alraady menticned) except on "4mplified Pulse™
cperatlion. The chopping circuit is very simple, consisting
of a mercury-vapour thyratron BTS c¢cnnected across the
inpulse geﬁarator output znd with a bies-snd cepcelitor
charging circuit similer to thet of Scoles(losl. The
chopping circult is most effective with a high front
sheping resistance (> 200%) end the lornger wave-tails
(e.z. 1/50 type), when wilde varistion in the time-to-chop
is obtainable and a chop trensition of less then 0.5usec.
The pulss amplifier cireul$ 1ls showr In Flg. 6.9.
This 19 in effect four steges in parallel with‘"stopper“
resistances on sereen and control grids tohpr§¥ent spurious
oscilletion. A positive pulse\nr gbout 1} mlcroseconds

duretion is epplied to the control grids which are
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normelly blased well beyond cut-off. A ﬁegative pulse
of low output impedance (ebout 1752), sad of amplitude
controlled by the switched reslstor bsnk in the H.T. line,
1s obtainad from the anodes,

Chngals No.4:

This c@assis is considered out of numerloel sequence
intentionally so that it may be understood how the trigger
"pips® at terminel ¢ are obtelned (from trigger gemerator
No,l, Fig. 6.7). 7TFig. 6.10 shows haﬁ these trigsers,
vhieh ere the rirat in the timing sequance of triggerings,
pre used to actuste & 63N7 cathods~-courled monostable
nultivibrator. The action of this multivibretor is quite
well-known, end is described in alightly‘mOra dotall in
Part 2, Chepter 4, but it will suffice hé;e”to say that s
positive pulse, of duration confrolled by the grid potentisl
of the first secctlion of the 6317, 1ls avallsable at the esnode
of the second ssction for pulsing ths EFE5 cathode follower
stage which is normelly blased well beyomnd cut-off, The
duration of the pulse, which is used to "gnte®™ the ocelibration
oscillator circult, must ba‘adjusted 20 that an oscillgtion
continues ot lesst for the sweep tlme of the slowest timebdase.
A very lox output ‘medance 1s desired from ‘this circuit s=o
that the cslibretion osecillgtor 1s turned quicki? from the
cut-off qulescent condition to that produclng a constent

anplitude oscillstion of useble magnltude.
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Chassis HNo.2:

Fig. 6.11 shows the timebase "gate” multivibrator
end the bootsirep timebase!; jegatlive triggera are
evellable abt D to actuate the monostable Ygate® multi-~
vibrator which 1s rsther unusual in heving the cathode
coupling and timing circuits comblned. The perticuler
giventsge of this circuilt 1s in the generstion of very
ghort pulses {often <1 psee), and although this festure
is relotively unimrmertant hare, the circuit.is unifom
with that uszd for besm drightening (Fig. 6.128) whers
short pulses may be required, Ths stcble state is with
the first 20 the I¥55s conducting ond the other cut-off.
Negative triggering causes the first aﬁode and
congequentlj the sscond cathode to rise in potentiel,
the ecathode coupling to the first valve providing the
regonerative path. The capacltor coupling the cathodes
noy echcrges, currsnt flowing through the second valve
and the cethode yesistor of the first, causlng the csthode
potential to £all exponentlially towards earth potential
uhtil the first velve is nc longer cut off and the

sscond regenerctive transitlion takes plece, The

) _ % ,
See Reference 2, pp. 131 bt 130 3 Reference 1, pege 135

et ceq.; Reference 3, pp.35,26] ; ond Reference 216,



59

exponentisl timing asction is largely a function of the
values of the capacitor coupling the cathodes and the
cathode resicstor of the first velvs, TF55 walves are
used due to thelr exceptionaily high mutusl conductance
and their leavy pulse current rating (aebout 1.5 cups.).
Jrom the anode of the second I¥55, 2 negative
pulse, of low impedence, is obtalned which cuts off
the 1LF53 switch valve (othoarwise held caﬁduating by
the 3.3 M reslstor to the 2kV supply) of the timebhsge
pProper. Before the negatlve gatloz pulse is epplied
the LF55 switch valve ia conducting haavily so that
there 13 a very small potentlal across the capezcltor
in prrallel with the switceh valve; the VU1lll diode 1is
conducting ond the 0.1 pF c¢apaclitor between thes VULL]
catheds gnd the CY73 cathode charges ¢o the diode-enrth
potential, When the "gate" pulse cute the switeh
valve 0ff, tha selected cavacltor of %he benk In
parallel with the switch valve begins to charge, but
n3 thils hetpens the ¢nthode potential of the GV?S_rises
Ialso (cathode follower effect} taking the cethode of the
v7J1ll diodse more positive tian previously snd cutting off
current through 1%. The 0.1 pF cepaciter, which 1s
fally charged, now acts as a battery, providing the
potential for the charglng of the smaller gapacltor of
the bank through the 15 ki resistance,
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In the conventional bootstrap circuit, the anode
of the CV73 would be connected directly to the H.T.
supply line, that is effectively to A.C. earth potential,
and the output may be takpn from the CV73 cathode say.
The effect of adding sn anode load resistor from
which an inverted time-sweep waveform may be derived
to give a push-pull timebase, is to reduce somewhat the
effect of negative feedback in linearizing the waveform.
Considering the block representation of the mmplifier as

follows:

o

Initially Vg = Vgg = Vg =0
and E 1is ineffectlive
When circuilt is gated, E is effectively applied
and C begins to charge et a rate of E/RC volts/second.
The potential of ¢ with respect U0 earth tends to differ
from that of K with respect to earth so produeing an input



a8l

to the emplifier as followa:

¥z = Vog - Yz

£
E-V¢K say, ir the anode

g
[w?]
-
B
1

end cathode load resistors are of simller value. Ay

the stage gain, is taken positive here,

;o ~ Vg = Yoz = Vgx

y i

= Vgg - 2¥p
2 A
or VKE (l I} = VGE '

l.e. ¥

e = V@E if A 1s large.

E
RC volts/second.

|k

a
and gy ("gg)

For the conventional bootsitrap circult, an snalysis nmay
_ ’
proceed on similer llnes lesding to the expression:

Yo { 1+ é.) \

KB A = 'GE

\
80 that YkE more nearly follows Vgg.

One assumption which has been made ls thet 3 ie constaht,
and %o ensﬁre 85 far =s possible that this is so, the
cgpaclitor between the dicde and CVY73 cathodes should be
large compered with C, i.e. the capac;tor ol t?ﬁ switched

LY
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bank, 1f linear time-sweeps are t0 be obtained. In
“ the actual circuit (Fig. 6.11) some departure from
linearity and reduction in timebase waveform amplitude
is to be expected on the slower timebass rsnges.

In Fig. 6.12, tha.beam modulation multivinrator
and calibration oscillator circuits are shown. IThe
monostable multivibrator which provides naegative puisea
of selected duratlons %o the C.R. tube cathode is similar
to the timsbezs "zate" mhltivibrator rlrendy described,
exocpt thet s switched bank of capecitora is used in
the cathode coupling and timing network. Modulation
pulse smplitude is controlled by a S5-~k& potentiometer
snd fed {5 the C.R. tube ¢cathode vla.two high-voltage
capacltors whose value is limlited somewhat by the space
avallable for mounting, |

The circult assocleted with the EN7 double-triode
in Tig. 6.12 is the Calibrastion Oscillator providing five
frequencles of constant smplitude pulsed oseillétiona.
In the quiescent (non-gated) condition, the second half
of the 6N7 is conducting heavily anrd the first half is
cut off. The tuned circult selected by the frequency
gselection switch is effectively dampsd by the low grid-to-
earth impedance of the sécond seetidn of tﬁg-valve.

A positive "gate" pulse turns the first sectian “on",
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and %ends to turn the second section “off"™ but this
latter zction is ﬁat ooﬁpletely successful, Due to the
pulse on the grid of the second sacticn, the selscted
tuned circult "rings™, end surficlent :egeneration nay
be obtsined by zdjustment of the common cathods resistance
of the €N7 to ceusing this "ringing® oscllletion to
reintaelin its enplitude, It will de noted-tﬁat there ere
seperate regeneraﬁion edjustment controls for each
frequency range,. In practice, this circult requires
careful getting up a3 the amplitude of the gated pulse
(controlled by the cathode rasistance of the EFS5S cathode-
follower driver staga), the bias on the first section of
the 637, snd the regsneration adfustment are inter-relsted.
However, of many pulsed osclllator ceircults investizated,
this particular variety has given the mosg satisfactory
service at frequencles up to 12Mo/s. Exemples of pulsed
oscillators and the theory assoclated with the ozelllation
are considered in Reference 1; Rererencelz, page 16
Reference 3, page 140} end Reference 6 page 19 . |

Also irn Pig. 6.12, the I“odulation Selection switching
is shown in thse lower right hand corner. The line P goes
to the C.H. tube grid and the line Q to the cethode. The
sz2lector pesitions ere: Cff; Callibration Oseillator oﬁly;
Modulation (brizghtening) Pulse only; Calibfhtioq Cscillator

end I'oduletlicon Pulse simultanesusly; IExternal Ebhulation
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to C.R. tube grid; and External Modulation to C.R.
tube cathode. The last two positions are included
for convenlience for some future use if desired.

Flg. 6,13 shows the circuits associamted with the
CeR. tube itself. The supply chain 1s designed for
the full 1OKV ecross it, and to give the potentials at
various electrodes ms rscommended by the manufscturers of
the tube., Extre serles resistance can be inserted to
reduce the overall potential slightly. Smoothing of
the 10XV esupply is sccomplished by a x -network, the
capacitor arms each counsisting of two 0.25uF, SkY working
copacitors in series, and the resistive arm of at least
500 k. The shift arrangements for X end Y plates ére
fundsmentally similer, though different resistor values
are used due to the difference in supplyvpotentials. The
shift and astigmatism correction circults are similer
to thase suggested by Puckle (Reference 2, page B6} for
push-pull working, the shift ganged-potentiometeré varying
the potentials on &ny pair of plates symmetrically, and
the sstigmatiasm corrsction satting the megn level of the
plates with reépact to earth. ™3Stopper®™ resistors are
mounted immediatsly at each deflection Plaﬁ; termingl
to famp eny rescnances due to wiring inductggces end inter-

plate or wiring capscitances.
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The Y-seslector switching is shown in the lower
right-hend corner of Fig.6.13. The consecutive posiﬁions
are: Off; Impulse/Pulse Generator output (H and E)j
any two essocinted Test Folnts external to the apperatus
(these ere connected to the Y-plates without epplication
of an "eerth"); Calibrastion Oscillator; Impulse/Pulse
Genarator triggering waveform; Off,. It will be noted
thet the time calibration of a waveform mey be made
=¢itherﬁby =modulebing the wavelorn by the positive
pecks of the calibrstion osclilation to give a dotted
trace, or in the case of photographic records by
exposing first to the waveform, snd secondly t¢o the
oscillation applied to the Y-plates instead of the
- waveform. The latter method is ﬁormally used when
making oscillograms,"fﬁrther exposures enabling
emplitude calibration bars to be recorded as well,
ror visual adiustments, e.g. to the waveshspe, and
direct observation generally, the dotted display is
desirable.
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Chapter 7

Operstion of }odel "B

This chapter is concerned with the normal operstion
of the eguipment, and slso with the setting-up procedure
for various circuits. With the Maln Switch ™on", the
first five individual switches on Chessis No.6 are closed
{(working from left to right), followed by the first two
individuel switches on Chessis Fo.5. VWhen the "Genereal
H.T."™ indicator lamp lights up after approximately 485
seconds, thé third end fourth switches on Chassis No.5
may be closed gnd the timebese and calibration oscilllntor
circuits edjusted, -

with the timébasa renge (TH) control on position 6
pay {(sss Fig.7.l), the Callbrator Frequency {CF) contrel
on position to (i.e. "off?"), and the 'Modulstion Selector
(MS) control on MP, the Maln Trigger (MT) control 1s
rotated clockwiﬁe until = steedy 50 ¢/s repstitive time-
sweep 1s observed on the C.R. tube flace, To position
this time-sweep, adjustment may be required to the shift
controls (X and Y)§ and to obtaln correct sstting of the
brightness the general brightness level (B) control should
be set so that only the initial "dot™ of the time-swesp
is visivle, further adjustment delng by the Modulation

-
“n
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Amplitude (MA), odulation Duration (MD) and Focus (F)
controls. The antl-agstigmatism pre-~set controls are
to be found on the chassls brackets supporting the
penel of Chessls No.2 and access 1s obtained by opening
the slde dcors of the enclosed rack (the Y astigmatisnm
correction control is most effective),

There are five callbretion osclilletor renges,
position & being.“orr*. The frequencies chosen =t
pregsent ars 250 ke/s, 1 Mo/s, Sie/s end 12 Ec/s; selected
by the Cglibration Frequéncy Control (CF}, and of
axplitude determined dy the Celibration smplitude (CA)
‘knob. At the resr of Chassis No.4 there are three
pre-set controls, one without a knob affecting thé fgate®
multivibrator duration, and ons also withduc a knod next
to the firat the bles potential on the ZFES cathode-follower.
A third spindle, with n knodb, controls the value of the
EF0S cathode resistor and hence the "gate™ pulse amplitude.
With the highest frequency range selecfed, this latter
control is adfusted in assoclation with the 6N7 bles
potentiométer {next to the valve) and the appropriate
regeneration control to 6btain an oseillation of meximum
constent emplitude. Adjustment for the other four
frequency renges is made using the regeneration (e¢athcde
ccupling resistsnce) control only. The calibration

osclllator circuitry with plug-in colls, pr?-set

LY
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capeeitors and cathode coupling resistors i1s at the
right-hand side of Chassis No.2 (looking st front of
equipment),

The frequency of any selected range may be checked
by iink coupling the chosen Inductsnce with the plug-in
coll of a Yarconi Instruments Absorbtion Wavemeter type
TFB?B, and tuning the wavemeter urtil a smell deflection
is cbserved." This method ls effoctive despite the
relatively small duty ratio of the osoillétcr, but the
link counling must be very loose otherwise loading may
affeet the frequsncy of oscillation. An elternstive methed
is to tune » nearby radio raceiver over the rancge of
frequencies expacted, so that the ensrgy rasdiasted "closes®
a tuning indlicator displaj’or gives maximum volume of the
50 ¢/a component,

ihen the timebhase, ﬁodulation and calibration clrcults
are operating sstisfactorlily, attentlon may be given to
the Impulse/Pulss Generstor. The sixth awitch on Chassis
Fo.8 is not normelly closed until the valve heaters have
been "on® for three to Tive minuteé-(the deley switching
here 18 reelly a protective arréngemsnt, and 1s not
normally required to close the clrcult, especlally on
full load)},, The Generator Trlgger (GT) contrel is normally

ab wid - position
set-fu;}y—eieekwisej the trigger sheplng network control (C)

to position 7, the System Switeh (SS) to ~I,the Generstor

L8
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Amplitude (GA) control to position 4, and the waveshaping
controls on the front end tail cepecltors and reslistors
(Cpy Cps Ry end Ryp) to any desired positions. There
ara two knobs merked CD (Gensrstor Delay), the twelvs
position switeh selecting delay line tappings, end the
ecatinuously varisble control affecting the bias of one
of the Z77 qathode-followar—stages. The latter control
should initislly be fully enti-clockwise, and the step-by-
step selector eltered until the espproximate positioning
of the trace is obtained, whereafter fine control of
positioning 1s made using the bhias potentiometer,

Desired waveshapes are set up quite quickly by
modulating the C.R. tube grid with a suitable calibration
frequency to give & dotted trace., In this way the time
to half amplitude of the tall masy be quicﬁiy asaesaéd,
and also ln most cases zn approximate estimate of the
front rise time. TFor general work, the tail capacitor
{Cp) is sct to positlon 1 for 5 j sec teils and position 3
for 50 usec trlls, the fine sdjustment belng mande by
the tall reslstance (RT] control. Front times less thsn
1 microsecond are ususlly desirable and the front cepacitor
{Cp} control is commonly st position 7, 1.e. with no
intentional capacitance included. Agaln, fine control
is obtained using the front resitor (RF) selectiﬁh.
Chopped wrves raquire setting the System Switeh (S3S) to
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-IC, and time-to-chop 1s then varied using the Chop
Delay (CD) knobd.

There are 7arious nre-set potentiometers mounted
on Chasslis Ko.3. The seccnd and third trigger generators
have bisspotentiometers similar to that of the first
trigger generator (the Maln Trigger control, ¥?), end
these ars edjusted to give 50 ¢/s firing under all conditions
of delay circult settings, The 277 cathode-follower stage
associmted with the timebese triggering slso has a bias
potenticometer which admits positioning of the displayed
waveform in s similsr menner to the front-panel control,
but once set to give stable triggering of the second trigger
generctor, no further varistion is normally made. On the
right-hend chas&{g bracket is mounted & small variable
resistance which permits matching of thaverréotiva'IOad on’
the pulse generator (™Direct Pulse" operstion) to the pulsze
forming network to avoid reflectlons beyond the injected
pulse.

Operation of the pulse generator facilitles is as
follows: "Direct® or "smplifled Pulse® operation must
first be selected by moving the tell capacltor (GT) and
System Switch (S8) controls in unlson to the correct position:
The Generator Amplitude {@A) knodb affects th rulse smpllitude
when utilizing the "Direct Pulse" facility, and the pulse



71

shepe elightly when on "Amplitude Pulse®™ working (GA positions
2 to 4 are considered best in this latter case). The

Pulse Amplitude (PA) swlteh verlies the grplitude only on
®anplified Pulse®™ operation.

Other pre-gst potentiometers ere found on Chassls No.2
controlling the blas for the tesm brightening multivibretor
- (under the C.R. tube bnse ecan), aud for the timebése "gate™
multivibrator {(on the left-hand side of the chassis); 2also
on Chassis No,8 assoclsted with the General H.T. valve
staebllizer circuit where the settlngs are determined for
mirvimum hum, and stable operstion under conditions of
verying load end/or mains voltage.

Should 1t be desired to check the symmetry of the
push=-pull timebasgse wavelforms the following procedure may be
edopted using a Cossor ¥odel 1035 Double Beem Oscillograph.

- Two ldenticel resistive dlviders sre made up which do not
effectively losd tﬁe timebase outputs, tut whieh hsve

fairly low vslue lower arms (e.g. 47 k2/10 ko) and the divided
timebese outputs are fed dirsctly toc the Y-plates of the

- pscillogranph. - A shift clrcult will bhe operative in the case
of tke Y, boam, but an externazl shift circult willl be

required for the Yi been. Sincs the déflection sensitivitics
for both beams are equal, and since there 1s a natursal
inverslon effect on one of ths inpubtes due to{%he sarthed beam

k

splitter plate being betwsen the signal plates, the traces
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eopacr to be of the saome senss, ard should be colncident

for symmetrical operation,
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Ghanter 8B

Proving Tests and Msthodas

In mony ceses, the applicstions of ths R.S.0. are
such that it is difficult to "prove®? the working of the
equipment in the truest ssnse, since mathematlcsl or
elternative experimental anelyses of windings, etc., are
difficult to carry out. The series of tests descrited
in thias chepter sre therefore rather more demonstrations
of the applicetions snd the versatility of the equipment.
In feet, it is difficult to im-glne where sirors might ooccur,
except perhaps due to tha wiring and defleétor plate
cepacitances and at vary high fregusncles, -

Typlcel display:

Firstly, the performancs of the instrunent itself will
be c¢orsiderad. Flg. B8.la shows a medium speed timebsase
(TB6) with & 2.5 lic/s calibration wave and it will be observed
that except et the start of the time-sweep, rezsonsble
linesrity is obteined. The vertlcal calibration bar is
displeced 75 volis from the axis of the sinusold. Fig. 8.1b
- 11lustretes the festest normal rise of front obtainasble
displayed on the fastest time-sweep (TBl), sbout 0.3 nsec,
with the highast fréquency calibration wave - 12 Mc/s. Tﬁe
erest smplitude of the inpulse, 510 voltis, Was ﬁéasured'
from a separate verticel calibration oscillogram.. An

exposure of ecbout % second {RE superimposed trsces) vwes used,



74

end it will be noted the jitter is completely unobservebls,
Fig, 8.1l¢ and B.14 show typlcel wavelorms obtained when
testing a disc winding (see Appendix A) having 22 tappings,
the oscillograms roferring to tep 22 (full wsve) and tep
19 resreotively, and the latter one showing n second erest
of emplitude in excess of the applied wave. _

The dotted (celibration modulated) display ia featured
in Fig. 8,le, the oscillogram indicating the waveform at
tap 12 of the disc winding with a 1/50 wave spplied, snd
with & celibretion frequency of 250 ke¢/s. Flgs., 8.1f and
8.1g 1llustrete 1/50 waves chopped after 8 and 24 micrcssconds
respectively, the chopping fransition time belng very much
less than 1 microsecond. Under short time-to-chop ﬁonditions,
the front transition is lengthensd slightly due to the loading
of the c¢hopping thyrstron. ”

Hydrogen Thyrstron Tests:

One of the most interesting studles made possible
ugsing the R.S.0., was that on the firing characteristics of
e. BT79 hydrogen thyratron. For this, the normal impulse
gensrator circult wes temporerily modifled to glve positive
impulse waves by including a 800~; resistor between the
thyratron cathode and earth, and so firing s further
experimental hydrogen thyretron hoving its own cherging
circuit, The discharge circult of this second hydrogen
thyratron comprised simply a 0.1 o cepnciyor:‘twe §00-2

-
A
R
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reglstors in series end the valve 1tself, Dseillozreams
of the mzin discharge current could be cobtsined by tepping
aoross the two 600-% rTesistors. |
Information on hydrogen thyrstrons 1ls rather limlted,
being confined to the pepers of Helns(218), Grolleau(219),
and Xnight and Hooker(215). Zxperiments on thyratron firing
charscteristics have not received wide publiclty elther,
the most =pplicable papers being by Webster(21l7), and
Germsshatusen (Section 8,11 ete, of Rsference 4) of which
the results of the lntter éuthor afe comparable'with
those of the present investigetion. |
¥Fig. 8.28 shows the rise'of the triggerinz pulse
with the hydrogen thyratron grid disconnected, and with
the grld connectzd but the charging circult inoperative =~
ths breakdown of the grid-cathods space is clearly indlcated.
Fig., 8.2b shows the grid waveforms with and wilthout the
charging clrcult operative, and also the rise of anode |
current {rather faint) with the chaerging circult operative,
the typical grid oscillstion at breakdown being most evident.
Hydrogen thyretrons are generally designed with a positive
grid-control characterigtic, and to trigger the valve,the
grid must be driven sufficlently positive to draw grid
current betwsen érid and cathode 80 that the grld-cathode
space lonizes zfter which the mein énodefcaﬁéoda conducting

path is established within gbout 50 millimic;gseconds.
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Grid-cathode lonlzatlon occurs at a certaln grid voltage
(which is lowerad slightly by the presence of anode voltage),
end the delay to firlngz therefore depends on the rate-of-
rise of zrid voltage. Flz. B.2¢ 1llustretes this effect
which 1s not necessarily a linear one {Cermeshausen). Tha
effect of anode voltsge on delay time to firing 1s
demonstrsted in Fiz. 24 in which ths successive charging
circult veriac settings were 230(maximum), 190, 150, 110, 70.
Two further %tests concern the effects of the
grid clreuit resistance and hamgter current, Unlortunately
1t was most Aifficult to measura the actusl value of grid
circult resistance under operating conditions, and Flg. 2e
therefore shows the delay to start of anode current
proportional to grid circult variable resiatance set at
100, %00, 500, 1000, 1500, 2000, and 2500 ohm steps. 8o
Tar rogulds haﬁ,marely confirmed Genmesiausan's earlier
work, but Filg. 2f which shows the deley to start of anode
current for hoater currents of 2.80, 2.76, 2.70, 2.85, 2.80
znd 2,55 amperes seems to contradict his ataetement that
neither hydrogen vressure nor cathede temperature have much
effsct on the time delay or Jitter so long es they are kept
within the normal operating range, Knight snd Hooker(2l5)
prescribe a tolerance of *5% in heater voltage, and the

varisble delsy to firing due to changes in heater current

, v
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well wilthin *+ 54 is quite noticesgble. Indeed, slow
drift of r~n impulse waverarm'(not e quick jltter) was
considered to be dus to slow changes in mains voltage,
gnd on some QQCasions 1t was neceszary to resort to a
saparately gensrated stabliized supply when recording
hirh-speed traces. |

Trangformer Winding Tests:

These tests were performed on =2 small two-limbed
trensformer hnving a low voltage winding, and three
interchenzeable high voltege windincss whieh individuelly
could ba slipped co-axlially over the low voltege winding
bafors the iron cirenit wes 6losed by rsplscing the |
top section of the iron path (see Appendix TAW), The
three high voltege windings were of the layer (spiral),
crosg-over, end disc types, all proviéed with teppings
the majority of which were nearei the line ends, Transformer
winding tests fall generally into three classes: to find
the initial voltage dlstribution; to find the maximum
voltage envelope; and to find eny ebnormally high
potentisls between roughly sdjacent turnsz or colls (this
lstter operation is, of course, glving direct informstion
whiech might otherwise be obteined indirectly from the
first two classses of test, and is rather more amenable to
low voltsge recurrent-surge testing than to’high voltage

testing). (See slso Reference 308),
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Examples of oscillograms taken to find the initiasl
-voltage distribution in the croas-ovar type winding 2rva
ghown 1in Figé. 8.3a and 8,3b. The former 1llustrates
falrly clepsrly the kinks (on thes waveforms relsting to
the various teppings) where the initial voltege distribution
gives plece to the oscillatory condition, while the leatter
oscillosrem uses an expsnded timebase to facillitate
neasurement,

Fis, 8.14 has already Indlcated thet the initial
ersst valus may not be the lsrgest, this being quite g
typical conditlon in the disc winding availsble. Other
tests to obtein maximum voltage envelopss were made with
1/50 waves on a cross-over winding (Fig. 8.3¢) and m layer
{spirel) winding (Fiz. 8,3d). While the osclllogram for
the cross-over winding shows very markad oscillations, sone
of conslidersble smplitude and thereforé requiring adequete
turn-to~earth insulation, the layer windlng results in
practically no oscillation, Flg. 8.3c shows & comparable
ogselllogrem for the disc winding. The mode of connection
can effect the oscillograms for maximum voltage envelope
derivation very considerably, for sxample In the csse of an
isolated neutrzl, but all the demonstrzation trgeces illustrated
in Fig. 8.3 gre for impulses spplied directly across the
winding with secondsry open-circulted and isolated.

For examples of inter-turn or inter-tepping voltsges

RN

LY
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Pig. 8.3f is typical end shows a chopped 1/50 wave and

the resulting voltege between tappings 22 and 18, i.e.
across the first two dlses of the dise winding, Fig. 8.3g
shows a waveform having‘a very fast front spplied across
the whole of the disc winding with an experimeﬁtal gstreas

- ecntrol ring very cloge to the line end dilsc, snd Fig, 8.3h
indicates the voltege across the first half-dise¢ only, i.e.
between tappings 22 (line end) end 21. The applied impulse
hss g crest smplitude of 300 volts, and the maximum value
of the potentlel ascross teppingse 22 snd 21 1s 111 volts so
that it is evident that this particular stress control ring
1s ineffective,

Neutral-Current Tests:

Neutral-current tests heve already been described
in Chspter 2, and are 1in effact spocelal impulse testas with
the objeot of fault detectlon. The éfficiency of the
method has been considered dy seversl authors, especially
Hegenguth{319), and Rippon and Hicklinglzlﬁ), and the
purpose of the present investigation was merely to confirm
the main featurss of the previous work as applied to the
smell experimentgl transforﬁer avallable,

All the neutral-current teats were carried out with
g 10=-k2 resistor connectad between the winding end remote
from the line end, end earth. The impulss waves were
epplied betwesn the line end of the winding snd earth,

and the neutrel-current oscillograms werexredbrded from the
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potentisl ameross the 10~k reslistor. The disec winding
was used in ell cases.

Fig.8.4a shows the waveform lower of the two traces)
of neutrel-current with no fgult gpplied as a rosult of a
0.2/50 weve. The upper waveform is that of neutrel-current
when a direct short-circuilt 1s epplied between tapplngs 21
and 20, The arpreciable indiéation of fault 1s very evident.
The gblility to detect ths ﬁosition of tha fault by neutral-
current methods has been debsted by the maln investigators,
end in generel no rellance is put on results beyond fault
1ndication,'and not slways to that extent. However, Flgs. 8.4b
and 8,4c¢ show faults applied between tappings 12 and 13, end
between 4 and 5 respectively with obvious differences; to be
of use, such rececords ﬁould necess&rily recuire to be compared
with a standard set made st the time of manufacture of the
transformer., |

Flgs., 8.44 and 8.4e 1llustrate the 1neffectiveness of
epplyinz chopped waves for neutrasl-surrent detection work.
Fig. B8.44 shows the neutrsl-current for no fault and the
secondary unloaded {(lower waveform), whille for the secondary
loaded by & resistence of 6002 the middle waveforn is obtalned,
end it wlll be noted that sfter choppinz the relative
effectivenass of the imdlcetion 1s not nearly =0 maerked.,
Fig. B.4e indicates the chenge by inserting a 3-& resistance
between teppings 21 and 20, but here ths post-qhup differencsa

.



81

are slightly more illuminating. The effect of a coupled
ghort~-circuited turn at the bottom end of the winding is
dsmonstrated in Flg. 8.4f, and In this case, moving the
turn to the top of the winding gave no sppreclable change
Iof indication.

Machine Winding Tests:

Probebly the most representative ceses for investligation
would bs those of a D.C. series-field traction motor or a
high-voltgge alternator; Inpulse testing of tractlon motors
has received 1ittle publicity, 1f attention, and it nmay be
that In most cases part of the flsld winding, of which the
insulation might be re-infofcea rore easily than for the
armature, may ect as an effective modifier to raﬁiﬁ rates-
of-rise, Hizh voltage alternafors have been consldered
recently by Robinson(314, 328) in perticular, rather more
| from a thecretical stand-point than rs a testing technique.

The author hesd aveilable p small mogb:aalternator
convartor sot, and'it wes decided to withdraw the armature
completely for test {for convenience snd since the absence
of the yoke would meke 1little difference at least to initlel
distribution), The brush-gear was sdjusted for normal
operation on the commutator, end impulses sgpplied at the
normzl terminels.,. Tappings were mede on variouas eommutator
segments. Flg. 8.4g shows the result of app&ying a 1l/8
wave to adjacent brushes centred on commufator segments O anrd

19(earthed), with tappings on segments 6, 11l prd 14, The
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inference 1s that thls simple retrogressive wave winding
1s subject to similar effects as occur in transformer
peths despite the mlternative paths in the armature,
but that in prazetice, shunt or series elements would
nodify the severity of the condltions.

Delay Csble Tesbs:s

A further ppplication of the R.S.0, is to the testing
of cables, for considerable impedance irregulsrities or
fault locatlion, or in ths cese of good specimensg to
detanmin; characteristic impedance end trensit time, The
propertiss of varlous terminations at the far end of s
cable in glving significant reflections which may be
recorded at the nesr end are well-known, and it is this
technigue whish applies to the present study.

Threa-co-axlal cables of elightly different
characteristics were availsble: & loasd covered solid-
' dialecfrid type; e braided#sheath'aif;space dielectric
type; and a bralded-sheath solid dlelectric type. ‘The
firat oscillogram, Fig., 8.5z, i1llustrates the delay (abqgt
0.25 usec) and front digtortion effects of the lead-shé@thed
¢cable, the treces belng Laeken st the neaer and Lfar ends \.
with a terminating resistance of 72¢ (= Zo) et ths far en&@_
The calculated deley time for the BC yards of ceble, using z
manufacturer's dsta, 1ls 0,37 usec. Tig. 8 5b shows
how the "Amplified Pulse”™ feclilliy may bhe used to determine

L
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the charecteristic inmpedance of the air-spnced cable
even though the pulse durntion 1s consldersdbly in excess
of twice ths cezble trensit time, The thres treces, taken
at the near ¢nd, are talen with *mptching® resiétancea
of 87¢ , 1¢2z, and 1021 a% the fer end, esnd from whlch the
1028 condition 1s accenpted gs bosl. This 18 2lso closest
to the manufecturerts snocificatlion of grproximately 1002 .
For the solid-dieleotric ceble with breided sheath, Fig.B.3c
shows the effect of eprlying en inpulse weavefora to the
nasr end with the far end short-circuited (lower squarish
waveforn), natched (middle impulse waveform), snd open~
circuited (lergze stopped waveform), the oscillozraas belng
taken at the near end and with a sending-end impedance
gomevhat prester than the charscteristie impedencae,
¥ig. 8.54 {llustrates the result of termineting the line with
en 1nduotande of Inmi (stepﬁad wave), snd a cepecitance of
0.0l uF (waveform'gith lonear front).. Fig. B.5e¢ showa the
short-circuited terminntion cgse of I"la, 8.,5¢ on a larger
scnle, |

An ertifidel line was avallable which hed been constructed
garlier for experimental purposes, snd which consisted of
sixteen inductance and capecitencs sections (L=1.82 pX, C=XpF},

there bains n2 intertlonal ceupling between Inductors. Tor

b“‘

this line tha approximate propsrtles arss 2o 2 LT/T =150g

Cut=off frejuenmey = __ 1 = p8,1 lic/e; =2nd‘delay per

w N



84

section =vIT = 12.2 musec. The overall delay should
therefore be 0.195 usec., Fig. 8.8f shows the 1nput and
output (delayed) waveforms, the pulse belng generated using
the "Amplified Pulse™ faecllity., The most sultable
terminating reslstance for matching was found by experiment
to be spproximately 130Z, while the delay as measured from
the oscillogram 0.18 sec., agrees closely with the
theoretical figurs, |

Refleotlion testa were also performed on one phese of =
three-phasé 132-XY pipe-line compression ¢asble as degcridbed
in Part 2, Chapter 8., Impulse waveforms wers found to be
most satisfactory in this case, the first in which the
transit time was considerably in excess of the impulse/pulse
duration. Typlical results asre discussed in Part 2 and are
compared with results obtalned by other methods. Some
oscillograms are included in Part 2, Appendix D (Kos. D7, D8
and D9), A |
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Chapter 9

Conclusion

.A sslf-contnined equipment has been desigzned for
the impulse testing of transformer and machine windings
in particular, but as has been indicated, many other high
speed repetitive transient phenomens casn alsgo be investigatéd.
Compared with previous equipments{l03, 104, 105, 106, 109, |
110}, it 1is considered that this rew instrument, though
perhaps larger in physical size, ies more comprehensive and
versatile then its predecessors: =& pulse generator facility
is provided for the investigation of networks; c¢alibration
facilities for both X and Y axes are directly available;
almost continuons varigtion of impulse wave shape within
the normelly accepted limits is possible, and other specifiec
requirements can be met by thé insertion of sultgble circuit
elementsy the timing sequence assooiated with trace
infitiation permits photographic recordiné'cr high quality;
the lO-kY C.R. tube gives o high-definitlion trace of adeguate
brightness for direct visual observation of the fastest time-
sweseps In daylight; eond unsymmetrical voltasges with respect
to earth may be displayed with good oversall focussing,

The design of such an equipment has introduced aeverﬁl
problems, viz. the'high-gpeed high voltage push-pull timebase
for repetitive working, the pulsed ca}ibratioq:oscillator

A
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for high frecuencles, end the impulse genarator which
will glve amooth weveforms esnd at the game time ean
exceptionally hilgh rate-of-rise of front. These problems
heve been successfully solved. Jitter, which was the mein
' obstacle to progress by earlier investigators, has been
almost climiﬁeted as a difficulty by the ﬁsé of the hydrogen
thyratron switch, which epart from being a préciéion timing'
device, has the added advantage of handling large peak
currents though of small physicsl slze, Not only has the
hydrogen thyratroh been used in the production of wavérorma,
bub using ths R.8.0., 1ts firing characteristics have been
superficially Anvestigated, sufficliently it is felt to
indicate that a more detalled study of batches of thyratrons
(having a veriety of gas fillingzs) working under different
circuit conditions might be of value. |

Other specialized spplications in which the R.S.0.
mizht be utilized, as a complate instrument using the impulse
generator or es s repetitive high-speed 6seillogrzph, are
photogelectric studies, micro-gep studles in vacuum or in
gasés under verious pressures {some work concerning automoblle
sparking plugs has been underteken by the E.R.A.(lcﬂv, and
indeed any subject where repetitive operstion 1s possible
and where, for exemple, de-lonlzation and similer after-effeccts
are complete before the next cyocle commences. Originally,
. 1t had been intended to &ncorporate a single-gtroke facility,

.

.\
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and such working is stlll possible in some cases by
injecting positive triggering signals to the first trigeer
generator; the timebase circult however, being designed
for repatitive operation, may glve distorted displays under
such circumstances,

The equlipment wes designed at the time when the
ﬁormal sized valve was beginning to be replsced for many
purposes by ths minlature valve, ard in any future deslgns
i1t is 1likely thet much spsce could bs smved in this Way.-
Typical changes in valves which might be made. would be.
the Mullard 2D2L for the B.T.H. BT1l® thyratron, the lullsrd
ECCBE for the 68SN7, end the Brimar 6CHS for the Mullard
EFG5, For the 10-k¥ supply to the C.R., tube, a high-
fraquency osclilator/rectifier arrsngement, now accepted
as fully relieble and commerclally ¢btalnable, would probadbly
reallze a ssving in space, but_it_islaoubtful ir the other
power pecks could be appreciebly reduced in size or wéight.
The bootstrep timebase circult herein described has proved
very reliasble but 1t requires a considerable power supply;
glge, it was designed before confidence had been established
in hydrogen thyratren operation, and the author now conslders
that s timebase such as that deseridbed by Eardy(2ll). would
probably be less bulky and require less power. The 908BGCC
C.E. tube has been most satisfectory end sﬁ far the only

sdvence which might be suggested is the use of one of the

»
.
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high-gpeed multi~beam tubes which ars becoming availabls.
For fine focus, end low repetition frequencies, the
seenin-ly high sccelerating voltage of 10kV is fully
Justified, and the author sees little rdvanteze in the
use of post-deflectlion acceleration tubes in an R.S.0.,
except perhaps for the exeminstion of smell inter-turn
voltases, a requirement vhiech could be equally well catered
for usinz a good pulse gmplifier. |

with regerd to repetition frequency, experiments
were undertaken to produce an impulse generator circuit
workinz at 250 ¢/s. The arrangement coxprised an astable
multivibrator operating at the desired recurrence freguency,
gating two Mazda 1231 tetrodes in parallel to allow impulse
generstor cherging during one half of the cycle from a
D.C. supply, and permitting timedasse asnd impulse generstor
triggering during the other half-cycle, The limit of this.
arrangeﬁent seeme to be the convenlent power which meay be
switched by the 12881 valves, B0 that impulse amplitude
is restricted. The maximum recurrendé frequency desireble
ia gbout 500 ¢/s in the author's opinion, and an equipment
designed to operate from e 500 ¢/s supply would differ
1ittle from the 50 ¢/s design herein described, except thsat
a smzll slternator éet would be required additional to the
equipment. Taking these fzctors into account, and in view

of the satisfactory pertdrmance of the 50 ¢/s design, 1t is

-
-
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considered that the-lower acceleration potential allowable
ir obtalning sdequate trace brilllence with a 500 ¢/s design
is not suffiecient to Justify a recommendation for a higher
repetition frequency. The method of displaying impulsge
waveforns snd calibration oscillatiaﬁs elternstely, each

50 times rp second, on a l00-¢/s repetitive timedbase is
however considered commendabls,

An experimental Subtractive Yoltage Divider similar to
that described by Foust and Rohats(307), and with a pulse
emplifier, has been dbullt, but for nost purposes, direct
recording of voltages between tappings removed £rom earﬁh
‘ hae been satisfactory, provided astigmatism corrsction is
availeble. The conclusion is that the edditional complication
of the Subtractlve Voltsge Divideor ls not generslly warranted,
No capacltence tapping circuits similar to those described by
Rohinson ¢nd Cray{l02) have been investigeted.

For sll normal purposes, tha range of time-swesps from
about 0.3 £o 150 microseconds has provéd adequate, Sut for
certalin windings having low naturasl rrequeﬁcies end fér long
cables, say of three or four mlles in length, the extension cof
tiuwe-sweep ranges beyond 150 microssconds would be desirable.
This could be attained by modifylng the timing circult of the
bootstrap timebass, or by extending thé rangeslor, 8ay, Hardy's

¢lrouit 1f a new design were contemplated. A corresponding
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inorease in modulation pulse durstion would elso be
necessary, but then such operation is equally within
.the fleld of many commercially msde oscillogrsphs whose

attributes the present R.S.0. was never intended to have.
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APPENDIX "A®

Small Demonstrsestion Transformer

Fig. 11.1 opposits shows the transformer core, of
the two limb type, heving interlesved bottom yoke and
top butt joint, complete with frame snd $wo cross-channel
mount s, The transformer is approximately two feet high,

A low-voltage coll, wound on insulsting tube; slips over

one of the limbs, and has short copper bers with bolting
holes for connections. There are three high-voltage
windings, any one of which may be slipped over the low-voltage
coil alreaﬁy in position.

One high-voltage winding is of the cross-over type,
consisting of eight colls of approximately 250 turns each
assembled on insulating tube. Tappings are provided on
the coils, twe in esch of the first two qoils, and one in
each of the remalnder, and also at ths sé}iea Joints between
half-coils glving eleven teppings in ell. Three extra
teppings have been inserted near the line snd for specisl
experimentel purnoses. The total D.C, resistasnce of the
winding is 15 ohms. |

The second high-voltage winding is of the disc type,
conaisting of fourteen double~meetlon disc colls, assembled
on insulsting tube with spacers between coils gnd sections.

A1l the outslde joints are tepped and also the inside joints
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over the first half of the stack giving 22 tsppings in
all. Five extra tapplngs -have been inserted near the
lins end, The total D.C. reslstance ié 0.6 ohmas.

The third high-voltags winding is of the layer or
spirsl type, consisting of sbouvt £040 turnes wound in eleven
layers on insulating tube. Two teppings are provided on
the outer layer and one on the naxt-to-outer layer, also
twelve ether tapplngs at layer ends meking fiftesn teppings
in 211, The total D.C, resistance is 15 ohms,
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PART 2

THT REGOVERY VOLTAGE INDICATOR
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PART 2 - THR RECOVERY VOLTAGT INDICATOR

Chapter 1

An Introduction to the Problem, and General Requirements

Recovery volteges occur between the Opéning contacts

of a circuit bresker which has been caused to operate due

to overlosd or in the course of normal awitcﬁing procedure,
Egpeclially due to the previous fault conditions, or to
inoppbrtune interruption of light currents; these recovery
voltagés may be very considerable snd often capable of
cgusing the restriking of an arc after an initial clesrance.
Such voltages aré oseillatory in neture, decayihg and having
fundemental and othser component frequencles dependent on

the parameters {inductance, capacitance end resistance) of
the system to which the circult bresker is connected.

Due to0 the current flowing dbefore m gircuit brasker
opening operation takes plece, energy is stored in the system
inductance and capacitance (whlch are represented for
simplicity by the single elements in Fig. 1l.l)and it is this
energy which, after circuit breaking hae taken place,
dissipateé itself as sn cscillatory current in the system and

x
produses recovery voltages st the circult breasker(Dl, D2, D3,D6

-

% These numbers refer to oscillograms in éppéﬁdix D.
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Ideally, circuit breaker contects would open quickly
and precisely as the alternating current flowing through
the circuit bresker was passing through a zero value
(Ref.108, Ghapter 3), dbut in presctice this is seldom the
case. Current inserruption at instants successively earlier
than that corresponding to the current zero, gives rise
to increasingly severe recovery voltages, and a consequent
increased probability of a restrike (for a constent value
of system current)(D3). Under certain conditions, for a
circuit breasker operated to clear a normal light system
current, interruption may sometimes take place near the
peak value of system current resulting in a large angle-of-
chop (i.e. degrees before current zero) and dangerous
recovery voltages. Fig. 1.2 illustrates the above
conditions and notes some simple mathematical relationships;
see also Appendices A and B.

While the possible danger from large angles-of-chop
hes been stressed, certain designers confidently expect
chopping of appreciable currents followed by restriking,
.clearing, restriking etc., in the form of a relaxation
oscillation of current until a final clearance is attained,
The rather random iatnro of such relaxetion oscillations,
and the present difficulty of defining the exact conditions
for the are to be sustained or extinguished, make the
experimental representation (especially in miniature) of a
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certaln perticular set of circumstences in a given
clrcult breaker connected to a system of known charscteristics
will nigh impossible. Tortunately, it 1s not s particular
set of circumstances which matters, but the most extremas
conditions for the production of dangerous recovery volteges.
Circult severity is the term given to the conception
by which various systems including circult breskers can be
conpared. It is of rather doubtful value, slnce not only
are the system parameters involved, but also the circuit
breaker characteristics and the protective devices, such as
ohmic or non-chmlc resistive shunts, assoclated with the
ccircult bresker. From the analytical and experimental
points of view, only the system parameters and, say, an
ohmic shunt at the circuit dbresker which may be considered as
r system parameter, afford reasoneble comperisons, It is
to the investigstion of these parameters that the experimental
and anslyticel techniques hereln developed are confined, little
cognlzance belng taken of relexsation oscillations, are
conditions, or the design of individuel circult dreskers,
This limition is not only prudent but satisfactory, since
the informstion obtalned assists designers in thet the
most severe service conditlons may be predicted and suitable
factors of safety alloved.
The mathematieal anslysis for chopping st any instant

in the appropriaste quarter-cycle of current, to produce a

-
L.
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single frequency recovery voltage from a simple system
of lumped parameters, is glven in Appendix B. an
experimental apparatus, using a minlature technique,
which injects into the system under investigation what
is supposedly the last half-cycle of current {or pert
thereof due to current chopping) repetitively fifty
times per second, and osclllograpbically displays the
voltages produced by the system after cessation of the
current (i.e. recovery voltages) 1s described in Chgpter 3
et s2q. This spparatus uses what may be described eas
"The Extended Half-Wave Injection Method®, following on
the work of -S.Y. King who suggested the simple Half-iiave
Injection Method which was restricted to zero-pause

recovery voltagses.
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Chapter 2

An Historical Survey

When revliewing psst work on Recovery Yoltﬁge
Indicators, 1t is desirable to consider also the background
which led to thelr development - a background, which by
virtue of the maeny types and operating conditions of
¢ircult breaskers In use, 1s necessarlly of wide extent,

The Bibliography (Chapter 10) therefore contains a
selection of the more important papers on are gap
conditions, methods of predicting recovery voltages for
practical systems, cifcuit breaker testing, some protecctive
devices, and theory, as well as the compsritively few
papers concerned with a practlical miniature technlgue.

Serious research on varlous aspects of swltehgesr,
espgcially ar¢ rupture, began in Great Brlteln in 1922
under the ausplices of the E.R.A.!. The paper by Widmore,
Whitney and Bruce(l) is concerned mainiy with arcing and
the necessity for avolding restriking, while little or no
mention is made of recovery voltage. In the United States,
Sleplan(2) was carrying out Investigations into the A.C.
arc and suggested that events nesr a current zZero were

due to & race between rise of voliage and a property of the

% The British Electrical and Allled Industries Research

Association. -

N
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arc-peth changing with time, The advent of improved
cathode ray oscillograsphs ascceleratsd the study of
restriking snd recovery voltages. No simple theory,
however, wes fortheoming and slthough & large amount of
research hes been carried out on the physical mechanism

of sre¢ extinetion in circuilt breskers, no complete theory
has yet been produced, Cassle{4,7,19,20} of the E.R.A.
propounded an energy balence theory (CIGRE peper No.l1l02 of
1939) which srplies 1In pert to certaln arc conditions
espacially hear current zero, while for other conditions,
results terd to bear out Slepian’s reste-of-rise theory,

or a combingtion of both theories., What seems falrly
certain is thet s complete theory will have to take into
account the many circuit breaker characterlstics. an up-to-
date sccount of the work on thls subject is glven in the
book on Cireuit Breskers edited by Trencham(loi).

The evelustion of recovery VOltagesi%as congldered in
pepers by Park and Skeats{3) in 1931, Boshne(6), Dannatt anéd
Goodall{8), end Gosland{10) in 1935 with the object of using
rate~-of-rise of recovery voltege (r.r.r.v,) in some measure
as a criterimof circult severity. The knowledge of such
rates-of-rise wes at lsast a method of specifying testing
station conditions.for cireuit breskers, Boehne(8)
introduced a2 further idea, that.of ci?cuit recovery impedance

a3 a "true measure of circult severlty®"; for 2 single
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L

frequency case thls recovery impedance Was\[;_. Boehne also
suzgested verious L, C end R combinations as the equivalent
circuits for lires, mechines and transformers. Goslend(l0)
of the E.R.A. conducted tests comparing experimental recovery
voltages from relatively simple lumped-constsnt L, ¢ snd R
combinations with mathematical predlotions; alternator
windinzs short-circulted through an external reactor provided
the test circuit, the natural fraquencies orxthe reactor being
measured by. injecting an osclllation of varisble frequency
end observing phase-relstionships by Lissajou's figures on

a segled-off cathode ray osclllograph, while actusl recovery
voltages were obtalned from normel switching tests.

The first paper on "The Restriking-Voltsge Indicatorm
{more correctly a Recovery-Voltege Indicetor) was published
in 1937 by Trencham andlﬁilkinsan(lé) of the British Thoméon-
Houston Company. The gpparastus used a scaled-off cathode
ray tube, the time-sﬁeep being obtained b} a defleotion colil
excited from a 50 ¢/s supply, end the recovery voltage,
gmplified, was epplled to a par of deflection plaetes. By
modern standards the timebase and some cther circuit arrange-
. ments sppear & little crude, but they seem to have been
effective enough, Dannatt and Goodsll(8) had earlier
suggested thai instead of simulating on ideal switehing

operation, 1.e, removing a current of sinusoidsl form from

*
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the systen, an injection method using s current of similar
form injected into the syster whose terminals were the open
breaker, might be feasible. Thils lgtter method reguired
accoss to the system gt one point only and was adopted by
Trencham and Wilkinson for their epparatus. The principle
of the current surge generstor is illustrated opposite
(Fiz.2.1). Instesnd of injecting a sinuscidel current, a
lincerly rising current, which ppproximstes to the sinusoid
over the first{ several hundred microseconds, wsa used end
gencsrated in a high impedarnce clrculd 30 thet the effects

of 10osd4 impedance would be unimoortent. This injection was
repetitive, Lifty times £ second, and the time-sweep was
synchronised with the current injJection so that the recovery
voltage could be observed on the cathode ray tube screen,

An alteransbing voltege et crest velue {(i.eé. a step-function
of potential) suddenly applied to a perfect inductor causes

e. 1inearly rislng current to flow and also cen have the
"constant current® or high impsdsnce generator cherasteristie,
Unfortunately, the self-capscltmnce of = suitable inductor
disterts the current waveform, asnd s mutusl inductance was
used instead, the surge current belng obigined from a secondery
winding cerefully screened electrostatlecally from the primery.
The authors state that the instrument ia'sulxabie for

applicetion to systen Impedances (at 50 c¢/s) of F,05 to 20 ohms,
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varlious windings being provided for the mutusl inductance
of the generator clreuit to eo#ar this rangej departure
from a lineer current rise due to eddy currents in the
mnutual courling wrs slso encountersd but a neasure of
correetion wesd provided, Cosland, in the discussion
conseguent on the above paper, glves detells of z2 number
of comparifive tests with recovery voltasges obtalned from
fault tests, using a breeker with very little erc voltage
gnd negli~ibhle transient post-gre conductivity, wnrd displayed
on & cathole ray oscillozraph, The comparison 1s felrly
good, thouzh the K.V.I. recorda exiiibit the effects of some
inherent demping. Other contridbutions to the discussion
mede mention of the desirebility of applyling the apparstus
to live networks, since large parts of a system, wlth
Interconnections, could rarely be made dead for test purposes,
A different spproech was consgldered by Zvans end
Tonteith(1l3) in & paper elso published in 1937. Thelir
method has sincs bzen described as the Gurrent Removal Methed
in which faults snd circuit bresking are sizuleted by a
synchronously drlven cormutator consisting of three elements
ezoh of which hse two brushes. Systems wera set up using
lumped constants and the desired fault conditlons applled.
The records were taken by rotating ths facq:digg film
synchronously snd rscording the moving cethode ray tube

spot {deflected in one axis only) through & lens system,
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80 giving an oscillogram, of uniform time scale, in the
polar form. This may bde unique, but would r=quire
practice for the rapld interpretstion of results. |

In 1938, Wilkinson(16) in =z paper devoted primarily
to Rceurrent-3Zurge Oselllographs, describes an extension
to the R.¥.I. technloue which sllows current chopping -
this is asoccomplished by adding resistors dbetween the ends
ef the primary and secondery windings of ths mutual
inductance, thereby sdding a negative sten function to the
linear injection current (Fiz.2.l).

Dunlap(25) of the General Tlectric Company in the
United States, developed gn instrument known as s Recovery-
Yoltege Anslyzer using the same principles as Trencham and
'wilkinson. The timebase and amplifier circuits were
somevwhat mors elaborate than those of T?bncham and yilkinson,
but 1ittle wes contributed to the technique.

Dannett and Polson(24) described a method (called the
Parallel Injection Method) in 1941l whereby a recovery voltage
could be obtained from live systems Opsrating st up to
33kV. A single-stroke recording was teken, the comparetively
low system frequency being rejected by means of g high-pass
filter inserted between the system end the C.R.0. deflection
platea; no amplifier waes required. ‘ The 4nj;otion eircult
consisted of a thyratron or three-~ball spark-gép to give

the switch actlon producing a potential step-function, a
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series circult of capacitance and the current-linesrizing
induc tance having & natursl resonant freguency about 500 ¢/a,
and various other capacitors according to the fsult conditions
which it was desired to simulate. In splte of the pressnce
of the serles cspacitor in the injection circult =nd the
natural frequency of about 500 o/s, the rfirst few hundred
microseconds of injection current were substantially linear,
A series of tests were carrled out on practicﬁl systems;
measured and calculated results compared quite favourably -
at least to within #10% which is an accepteble figure in this
type of work. |

Gosland end Dunne(28) hsd slso carried out tests about
thilis time to dstermine recovery voltage on 132-kV overhead-
line systems. Thesé testS‘&ere cerried mainly at full
voltage at a 138-kV Crid substation. This peper{26) was
one of a series by Gosland in an Z.R.A. survey of trensients
of recovery voltage felating to switchgear on cable networks,
trznsformer-substation dbusbars, and generating-station busbars
{E.R.A. Reports G/T 86, G/T 89, G/T 100, G/T 102, and G/T 104),

In a paver by Wwilkinson snd Mortlock(Z8), the synthetic
testing of circuit breakers 1s discussed, in which a recovery
voltage is obtained from one source and the are current from
another source. Compared with full scale test, the paper
concludes that synthetlc testing on a.blg scaleg cannot
genarally be justifised economlically. Thodgh oqiy of indirect

E A
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importance here, this peper is of interest in 1lllustrating
possible test methods on the circull dregkers themselves z=s

distinet from systems. The paepers by Cox and WYileox({30),
7/

and Harle and #114(3l) presented in 1944, with the ensuing;,
discussion, indicate that the problém of defining circuitfﬁ
saverity was still elusive. | |

The evaluation of system recovery voltages was the subject
of two papers; one by Adams, Skeats, Van Sickle and Sillars(27)
in the U.S.A. and one by‘ﬁbrtlocklﬁz) some three years later
in Creat Bri%ain.' Both pepers present equivalent clrcults
for clternators, transformers, resctors, transmission lines,
ete, and consider various fault-ﬁonditions. Mortlock
tsbulates the baéio circulte snd the corresponding exrressions
for the zero psuse recovery voltage, naturel frequencies, end
constants, and the mcthematics is reduced to routine evaluations,

Hoover{35) in 1948 discusses the recording of transients
by high emeed £ilm ﬁéthods, or by using a high voltage (15 k¥)
saaled-off cathode ray tube. The best results are mainly
from the systems of Americsn power compsnles for voltages
above 110 kV. |

Also in 1946, Hemmarlund(34) published his work on
Trenslent Recovery Yoltagé with specisl reference to Swedish
Power Systems. The treatise covers interruption tests,
measﬁremant without breaker actlion {with 1nfon§ation on a

L

Swedish built "current surge injector similar to Wilkinson's
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R.V.1.), investigetions purely by calculation, snd the
use ¢f miniagture gystems. The influence of the bresker
on the recovery voltage, the interruption abllity of circuit
breskers, ond circult severity, are also discussed fully,
and the results of many megsurements and calouletlons are
given. There 1s an extensive bibliography.

Consequent upon work in Imperial College, London, King(38)

deseribed g furthsr minilaturs technique of obtalining recovery

-+ woltages from systems. King called this a Half-Wave Injection

Method since alternate half-cyclés of current from a 50 c¢/s
supply were lnjected into the system. A simple diode
rectifier with a large series resistor {(to meske the diode
dynsmic characteristlc as linear s2 possible) served to

remove the unwanted half-eyclsa from the sinusoidel supply,

80 leaving the other half-cycles to represent repetitively,
the last half-cycle of fault current before breaker

operation (Fig. 2.3). The recovery voltage obtained was that
due to zero pause interruption and 1t was shown that the diode
charecteristic had negligible effect on the slope of the
"fault™ current just before current zero. A synchronised

t imebase was included in the equipment 80 thaﬁ the repetitively
obtalned recovery voltage apﬁeared a8 a steady trace on the
catbode ray tube scoreen, King also degcribes a-method {similar
to that of Demmatt and Polson(24)) whersby récovery voltages
may dbe obbained from a live system, though repeti%ively instead




118

of for single injections as before. The same limitstions
apply, for example distortion of low frequency recovar&
voltages by the hish-pass filter, but the method hes the
adventsge of simplicity. King 414 not suggest in his psper
the extension of the method to include chopping, i.e. current
interruption before a zero.

Of recent years, Satche and @rosse(40) in 1850 gave
an interesting psper on the c¢aleulation of recovery and other
voltaeges using a graphical method (wlth voltage and curfent as
exes, instead of the more ususl voltage/time or current/time
.Plots) developed in Frence by Bergeron(1l07) more particularly
- for hydraulic problems. The method is beinz developed in the
Royﬁl Technicel College by Mr. J. McGregor. Mortlock(4l) and
Mortlock and Jones(42), of the B.T.H. Company have presented
pzpers, the first commenting on the interruption of capacitive
and magnetizing currents with mention of tﬁe relaxation voltage
due to repeamted current suppression, and the second on the

effect of linear resistors in reducing the r.r.r.v. or the

distribution of voltege scross interrupting structures.

Young (43) in a paper primarily devoted to current-chopping
in high-voltage circult-brezkers reviews the chopping mechanism |
for alr-blast and oil-break circuit breakers, snd the use of
switching resistors, The bresking of small magnetizing cdrrents,
as considered in sections of thls paper, suggests one field of

application where a ministure technique may be invalid due to

.
A
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the non=-linear effects of an iron circult, aspeciallylwith
low values of current flowlng in the windings,

Mention should also be made of the relevant chapters
in some text-books. Bewley(loa)‘ichapter 13, Sections 9, 10)
~conslders a general mathematicgl approach for =z simple | |
lumpedécdﬁstant circult, with shunt resistsnce 1f desired,
He also 1indicates how probiems involving a non-linear shunt
rosistance (less commbn) mey be approached, ~ The second
section mentioned (Section 10) deals with restriking phenomenas
arcing condfﬁions, the effect of the dlelectric recovery rate,
relaxation osoillastions, and the effect of shunt cepacitance.
Gerszonowlecz(104) in a book desoribing meny varleties of
circult bresker, sums up the attitude Iin verious countries
towards the definition of recovery voltages experienced under
certain conditions, bresking cepacity, éﬁd rated breaking
capaclty (p. 53, p.328). The book edlted by Trencham({1l0l) and
based on & serles of loctures given by the staff of the E.R.A.
on circuit breakers, ls full of interesting materiel, apd
gives a very fair acéount of the rival theorieé énd practices

which have developd& over the last twenty-five years.
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Chepter 3

The Present Approaches

‘The early proposels{1950) for the design of a Recovery
Yolt age Indlcetor were 1argely influenced by the technigue
developed by Trenchem and Wilkinson{l4), with the con-
siderable development in ¢irocuit techniques since 1937, it
was felt that the generation of a linearly rising.current
using vacuum valves would be posslble e=nd that the addition
of a step~-function to simulste current chopping would follow
a8 s matter of courss. Sonme early experiments were therefore
devoted to the linear current injection method, the simple
speciflicstion being that (a) the rise of current should
hzve a variaeble slope to represent various valves of fault
or 1nterru§tion current; (b} the.injection be repetitive,
fifty times a second, this belng en easily obtalned
repetition frequency; end {0) the test system should affect
the performsance of the current generator as little as possible.

wWhile the generation of = linesar voltege rise 18 &
reasonably simple matter, the genarstion of a linear current
rlse in a system one side of which might bs s0lidly esrthed
- proved quite a problem at the time. Thought developed
from the magnetic deflectioh arrangements for a cathode ray
tube where, to provide & linear time sweep, a linear rise

of current in the deflection colils 1is required.i At about

-

»
a
»
H



O~
= OL\FF\L\‘
ey ’I C!l’Cutt l'h
Series wih,
Calode load
o——-__.__

- =0 HT.

Inpock -5 S\’c%a-— ‘;uv\(l?o’b\, c$ Cul’l’(\,\t'(SQn’{ %'om bc\od'( SF(U)C}
DUtPu’\' 4 mear Vise © C.uvve.,.\' Vs Cc\H\od(
Cireut DF Valve ‘
Oke\'ahoha“ L x R ( |+ — ) * ~ ("_’ | ) I
- PRC/ ™ p Va2 )
pL
- I x

)ik o L
BT R b o

Tx -1— ’RFYCSeutS a ‘lv\.er\\' rSe 0{ (’.ll\'((hl’
o PrC

ab  He valx og 3 rC O«w\ﬁ/s«o\\d ;

F-‘q 31 Sufﬁes{'ed .L{near Currcy:_f_:_.

Gene ral'or.

Tl o it Lsall, o Saliliain @MM[.&LrE‘,



i21

the same time, however, Iinterest in the ﬁalf-ﬁave Injection
Method was growlng, partly dus to its simplicity and partly
due to ths projected extension to sirulate current chopping,
with the result thst the linear current injection method
wés eventunlly dropped.

Kore recently, information on linear current generatoré
has been bebtter appreclated, and the author feels certain
that a waveform sheping technique to provide a trepezoidal
waveform on the grid of a vasuum velve 1n whose ancde or
cathode circult is included the *linearlzing® inductance or
mutuel inductence, could provide the besis of o recbvery
voltege indicator, One adventege of such sn arrsagement is
that the unavoidable resistance of the inductance can be
counteracted by chooging a suitsble stop-to-triangle
proportion in the trapezold. So far aQ is known, this
1dea has not been epplied to the determination of system
recovery voltages. (See Fig.3.l opposite; also M.I.T,

Radiation Laboratory Series Textbooks: No.l9, Waveforms -

Seetions 2.3, 8.13, 8.14; 1YNo0.22, Cathode Ray Tube Displays
Chapter 10}.

A circuit using King's Ealf-iWave Injection Kethod
was ezsily set up for preliminsry Investigations, espcolelly
as trigger circuitg used irn the experimentsl developnment of
the Recurrent-surze Oscillograph were available, snd as e

result 1t weas decided to incorporste certain a&&itional

3

* w
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features in the deszisn for a recovery voltags indicator.
These features were (e) delay of the initiation of the
recovery voltage from the time of triggering the oscillozresph
timebase so as to evold initiel spot halatlon (if any) end
‘any timebase irregulerities near the commencement of the
time-gwesp; using such delay one 1s cartain that the
timebase 1s initiated before the recovery voltage and

not vice-versa: (b) production of m modulszting pulse to
"black out; the timebase fly-bseck end initiel spot (which

¢an be very bright due to the relatively long perlods of

no deflection between succeszlve trensients in a fifty-
cycles-per-gacond repetition arrengement) and "brighten up®
the trace for the time immedlately prior to gnd during the
rocovery transients (c¢) provision of say thres cslibrating
oscillatlion frequencies, the oszclllations to be of reasonably
constant amplitude and of necessity pulséd "on"™ with
successive time-gweep triggerings so as to give superimposition
of successive traces:; (d) incorporation of a selection switch
to allow the 6bserVation of waveforms at various critical
parts of the circult, and of en artificlsl test network to
pernit checking of compléte operation of the instrument

without requiring asccecss to an externgl system.

A block dipgranm of the finalized circult arrangement
1s shown opposite (Filz.3.2). A normal 240V. 50 e/s supply

goes to two transformers, one to provide s half-sinusoidal
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injection current, end the other by suitadle waveform
manipulation to provide the repetitive triggers =tec.,
recuired for various circult functions. Considering zero
pause current interruption, the trigger to the oscillograph
timebase must be suitably phased to initlate the time-sweep
In gdvance of current zero, this phase depending on the
gmount of delay desired from tlue-sweep to recovery voltage
initistion; alsc if current chopping, caused by epplying

a negative pulse t¢ the grid of a triode valve which
replaces King's rectifier dlode, is to be simulated, then
the timing of the nsgative pulse must be controlled by

soma verisble nrhase-shift circult, that 1s with reference
tc the injected (part) half-wave. The first block fulfils
these functions, and a phase—sh;fted sinusold is then
aevallable for squaring, the process of converting the
sinugold inte gquasl-rectengular pulsses, which esre then
differentiated and usged for the acourate firing of =
thyratron triczer generstor,

The trigger generstor provides ocutputs. of both
polarities, the positive trigger amctuating the delay
mnonostable multividbrator, from which a pulse 1s teken,
differentlated, and the "pip" corresponding to the pulse
tralling edgze selected. Thls *pip" actuates =a further
monostable multivibrator, a negative pulse from which causes
chopping of the half-wgve current. A po§itr;e trigzer

¥
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also actuates s similar circuit sequence, this time to
provide a beam modulption pulse, but instead of the
monostable chopping multivibrator, a bistable multivibrator
is used - here the delsyed "pip" is used to turn the besam
*off", ond the negative triggsr from the trigger generator
turns the beam "on",

The pulse from the liodulstion Duration monostable
multivibrator 1s nlso used to "gate™ the caliﬁrating

oscillator, whickh is therefore pulssd ™on"™ only when the

"° beam 1s brightened.

Powsr supplies required are stabillized H.7. (280 V.)
with & higher voltage unstsbilized H.T. 1line to the trigger
generator thyratron, a blas supply also stabilized (- 150V.)
and heater supplies to the valves, The osclllogrsph was
to be a standaerd commercislly avellable type, the Cossor
Model 1035 with suitable ¢amera for photog;aphic recording

“oftraces,
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Chanter 4

Circult Desiegn and Arrangsment

Referring to Tip. 4.1

A 120-0-120 volt supply from a suiteble malns transformer
is gvailable at plug pins P7/5, P?/G' P7/?; P7/6 1=z the
centre-tep connection,. Phese shift is accomplished in a
. two-stage network, each section being of the resistance/
reasctance type fed from a centre-tapped source. {(Bibliograephy
108, Gection 4.12). The first sectlon glves a fixed phase-
‘shift of about 35°, assuming no loading, while by varying the
resistance element of the second section (a3 17 kv wire-wound
potentiometer) a phase-shift over a wide range may be obtained,
A phase-shifted sinusold of slightly varying-amplitude,
somewhat over 30V r.m.s., 1is therefore avalilable for "sq?aring“.

“Squaring" i3 zecomplished in the ¢zthode-coupled
liziter ciréuit {after Sowerby, Wireless World 54, p.283) which
has the advantage over the pentode-with-grld-resistor limiter
circuit of being independent of the signal source impedance.
The first sectlon of the 63L7 cperates as a cathode-féllower,
end the second section as a grounded-grid ampliria?. On
the nositive peaks of input veltage the sédondfhaff cuts off,
while on negatlive pseks the first section tends to:gut off
and the second half conducts heavily; thus g rectangular-

output waveform is evailable at the anode of the second section,
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The e¢lrcult valwes are simllar to those suggested by
Sowerby, the design requiring a suitébly large cathode
resistor to limit current flow on positive input pesaks,

The square waveform is next differentiated, the positive
impulses triggering the BT19 mercury thyrstron trigger
generator, The half-period of the square wavsform will be
spprroximately 10 milliseconds and for appreciable differentistion
the product CR must be less than 0,1T where T is the half-perioed,

i,e. CR < 0,1 x 10 msec

and if C = 0.0,F R < 0.%§101106
0¥x 0.0l
< 10° ohms.
The value chosen is betwsen 10 ki and 15 ki, 1t being
desirsble to keep the grid circuit resistance of the thyratron
fairly low. ‘

The thyretron trigger generator is of.; type found very
suitable by the author for developing sharp trigger impulses
from a very low impedance source. The 4.7 Mg charging residor
1s made as large as possible so that the 2000 p¥ capacitor
charges to elmost the full H.T. line voltage in the time
between successive triggerings (here CR =10 msec approx.). A
positive impulse on the thyratron grid permits discharge of
the caracitor, the maximum current being limited to less tﬁan
3 amp. by the two 4702 resistors in serles; a po§it1ve trigger

is made available at z and a negative trigger at‘f. The
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thyratron current rapldly falls to a negligible value and
the discharge is no longer self-maintaining, this process
being known as current limiting extinction, i.e. when the
negative grid bles voltage regains control at low values of
anode current(45). |

Referring to Flg., 4.2

A positive triggef from 2 actuastes the cathode-coupled
monostaeble multivibrator which delays the 1nitiatioh of the
recovery voltage. Initially the second sectlion of the 6SN7
"double triode ia oonducting due to the 1.5 M resistor
tending to take the grid positive, and a voltage at the

cathodes sufficient to cut-off the first sectlion 1s produced,

no ﬁabtar the adjustment of the grid voltage of the first
saction by the 500 k @potentiometer, Positive triggering
csuses tne first section to conduct, generating a negative-
going pulse at the anodg; thus the grid of the second section

is taken negetive cutting off the second section, the timing
cepacitor discharges et a rate mainly controlled by the 1,5 Mg

resistor, and the grid of the gecond seotlion becowmes more
poaltive sventually causihg thié seation to conduct and reise

" the cathode potential., The instant when the first section

cuts off can be controlled by the grid potential;and the

500 kO potentiometer therefore may be used as a fine delay

control, ccarser control being accomplished by cépaoitor

LY

)

» '
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switehing; 1n fast, the fine control 1s so effective
that 211 desired delsays msy be obtained using it in
conjunction with the lasrgest timing capacitor,

The negative pulse from the delay multivibrator 1is
Cifferentisted by the 85 pI' and 10 k: coupling circuit to
the next valve, which 1s normally bizsed beyond cut-off,
Only the "pips® resulting from the differentiation of the
trelling edge of the multivibretor pulse drive this valve
to the conddcting condition, Thegse delgyed "pips"™ are
enplified end inverted and fed to a csthode follower
stage {seconﬁ-sectidn 6f thiz 6SN7) which affords a‘low
impedance output, and which is normally conducting by the
2 M grid resistor connected to the H.T. lilne.

Negative delayed triggers from the ;athode follower
actuate a cathode-coupled monestable multivibrator similar
to that already deseribed except thet triggering is by
diode injection {(the dlode having an individual heater
supply) to the anode of the first sectlion of the 65N7.
This multivibrator 1s used for chopping the injected half
sins wave of current, and for chopping at a current meximum
a chopping pulse duration of at least 5 msec is required,
that is the tims fqor a quarter ecycle of a 50 ¢/s einusold,
after which the unidirectionel propertles of tge tricde
in the current injection cireult becaﬁeIOPeratiie. In

order to schieve stability in the time of the tralling edgs
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trenzition, = lrrgs cepacltor 1s connected from the

enode of ths szesand seeticn to the grld of the first
gectlcn 80 peocalerating the swltch zsction, The 500 k@
potentiowszter setting the first section grid voltaze is
pre=sct Lo glve a filxsd desirabls pulss durstion, Since,
when the first saction of the valve 1s conductlng the
anode to esrth impedance 1s cnly =2 few thousand chms, the
desirablility of the csthode followsr buffer cirecult will
be snpreciated,

The negptive chopping pulse, havins been £24 through
snothar £ 63N7 cathode follower stuge, rroduces the
neegaszery switching action in the 6X7 injection clreuit
velve. Both halves of the double-triode €X7 are used,
"strepped™ together, to permit injectlon currents up to
€0 A to be emnloyed, A moat serious objection to the
use of m vacuum valve for chopplng end rectlfyine purnoses
i1s the pon-linsrrity of the ancde charecterlstics at
low cnode volteges, Ior many trlodes, the pnode charsoteristie
for spproxiunatsly zero grid bias is nearly etraight howasver,
and this property i1s utilised in this particular spplieation;
in the ccnductiné condition the grid-cathode impedancs 1s
suall and hsnca the use of ths cathode~fo}lo§§r driver
stage for injecting the choppln; pulcoa is jusbified.
Additionslly, the snoda cireult of ths 817 cogéains e bank

of resistors, the hirhoy vzlues of whieh give the clircuit
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a vgryzlinear dypamle characteristic, but unfortunately

also ré&ucé the injected curfent anmplitude, The 60g cathode
reslstor with the 6N7 provides a means of checking the
injsected current waveform, and a simple tuned civeult may

be owitched in to act as g test network when no external

system 1s convenicnt,

Referring to Flo, #;5

| The circuita concerned with the first two 6SN7 valves

in this figurs are 1dentical to those deseribed in the last
section, with the sddition that a negative pulse 1s made
available at z to nctuate the calibrating oacillator,

Instead of the chopping multivibrator circuit, a bistable
multivibrato“'%ﬁ pro&uce a modulation pulse is included.

A delayed negativa tﬂibger from the cathode follower stage
‘(second section of the mecond 6SH7) is diode injected to the
blstable maltivibranor-ta cause ons transitian_and produce

a ﬁegative-going or “blacking out™ puise:at'the os¢illograph
modulation terminal, while a negative trigge: at ¥ {coincident
with the etart of the time-sweep) causes the other transition

and allows the beam to come up to the brightnese set by ths

“'.
“

manual control on the'osbillograph. (This part1cu1ar ayrange=
ment 18 neeessarny bgeause of the cifcﬁits'in the conmereially |
made osoillogragh). The modulstion palse is fed to the
oseillograph modulaticn terminal via:a‘G.EﬁhuF;LE.S XV working,
capacitor, $he mean lsvel of the pulas z%t %he cathode ray tube
grid being euech 2z %o givé the desired effcet on all commonly

ased time-sweep ranges, |
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Teferring to Tin. 4.4

4 nezstive pulse from x having the same durstion as
the brightenins pulse passes first through a cathode follower
stege whleh sots as a huffer stsge between the modulation
duration multivibrator end the c¢alidrating oscillator,
In the absence of thls negative pulse, the first valve of
the calibrating osclllator (Bibliograsphy 108, Section 4.14)
is condusting snd current flows throuzh the inductance of
the cathode tuned elrcuilt. The negestlve pulse causes sudden
cessation of this current znd z dezsrescent sinusoidal voltage
is obteined ecross the tuned circult., The sezond cection
of the ©3N7 acts as a czthode follower whose cathodé clrcuit
contnins a resistancs bestween 5kQ znd 10 kg and an Inductance
mutuaslly coupled to the tuned inductance so that positive
feedback is gpplied, By varying the oaﬁhode c¢ircuit
rasistence, feedhasck sufficient to overcome losses and
produce =z pulsed oscillation of constant smplituds may be
obteined(B4). This is a variastion {due to the ruthor)
of the pulsed Eartley oscillstor in which the feedback path
13 ta%en to o tapping on the tuned industance. Three
calibrating frequencles, 25 ke¢/s, 50 ke/s snd 150 ko/s,

-«

are avallgble. L N

Referrinz to Flz, 4.5

The povier supply rsquirements for the comﬁiete

instrument ere spproximately 240 volts, 1 amp. The power
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packs are controlled by three doudble-pole switches with
agsoclated fuzes, and switching should be carried out in
a natural secqusnce {(laft to right looking at the Tront
panel}.
The first clrcult controls the heater transformer,
saven windings surplylng all valve heaters éxoept those
of the blas power pack rectifler, end the blas power pack
which is of conventiongl design with fullewave rectification,
n-gactlon fillter, and & VR 15¢,/30 neon valve stabllizer.
The =zsconf swlteh contrels two transformers, one
providing the 120-0—180_volt supply t¢o0 the phese~shift
circuit and the other the injection current. It was
found undesireble to comblne these two trsnsformers as
certein mutuasl 1nductive end cﬂpecitive_effects between
.windings caused add1itionsl demoing of tﬁe recovery voltaga,
The 25-ki reslstor across the 450 volt injectlon current

windiny tekes s steady slterncting current ard reduces the

possible effects of winding osclillstions, ete. when the
injectlion current les chopped.

The &tird switch controls the H.T. power psck which
is conventional and has a STV 280/80 Stabllivolt added to
give a constant voltage suprly to al} the vacRUn valves.
The H.T. supply to the RT19 thyrastron is dnstebilized,
since variastions may be counterscted simply byiresetting

a front panel control, H.T. may not be applied before the
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heater and tias suppllies haove become operative, dus to a
thermal deloy velve DLS1S whose hester supply 1s switched
wlth the other harcter supplles; thse BU4% full-wave rectifler

sinilarly seffords some protection.

Scme General Design Principles:

In choosing the values of components for multividbrstors,
pulse azmplifiers, end csthode followers, considerstion must
. ke given firétly to valve ratings, particularly the averace
end pulse enode current ratlings. Por exsmple, resistlvs
anode loads are made ze emall es possible, consistent with
the degired pulse emplitude, so that valve end strey cepascitles
may have little‘effect on fast transltions. For valves
pulsed “oa™ for very short times the resistive loaeds may be
.quite smnll nnd the resistor wattage rating slso reduced.
In mahy cases, the nearest 20% tolerance r;ésisltor velve 1s
used, the only very critical ﬁalues in the equipment'being
the feedback-control resistors in tha calibrating oscllletor
which were mads up to suilt by peralleling seversl standard
value resistors. Pulse circuit impedances are kept as low
asg possible throughout to minimise the effeots of Inter-

modulstion snd interactlion due to stray capacities,
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Chapter 5

Constructionsl Detsils

Fig. 5.1 shows the instrument in finished form viewed
from the front. There are two panels corraaponding $o
the two chassls of the equipment, the upper containing the
trizger, deiny, injection, modulsting end oscillstor circults,
and the lower chassis the powsr supply units.

Ths top panei controls are: Phase-Shift (PS) which
controls the angle-of~chop « the delay controls aiso affact
this but to a lesser extsnt; Main Trigser (MT) which is
ths blags control on the thyratron trigger ganerator end is
set Just to cause tripping of the thyratron; Coarse Delay (CD)
which selects the timing capecitors of the delay multivibrator
and Pine Delay (FD) controlling the 500 kQ linear law
votentiometer and therefore the grlid voltage of the first_
sectibﬁ of the 63SN7 multividbretor; Waveform Salector (W3)
which.salacts the wavefornm at one of eleven points throughout
the cirecuit 23 indicated by the number=d arrows ¢n ths cirecuit
dioerema; Calibrating Frequeney (CF) salecting one of throe
frequencles slready mentioned; and Modulation Duration (MD)
switehlng the timing capacltors of the modulatidn duratlon
multivibrateor. Pye nzle sockete provids thé fol;owing
outlets: Wavelform Checky Calidbrating Oscillatgfftca);

Negative Trigger from y {-T); Positive Trigger from Z (+T);
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alf=-Wave Injection Current to system under test (Hi); and
tiodulation Pulse (1iP). .There is slso a toggle switch by
which the test network may be switched in when an externsl
systen is doubtful or uravallsable,

The bottom panel controls are Taveform Amplitude (WA)
ewitehing the various resistoré_in the 6N7 snode circult
and thereby altering the gmplitude of the injeoted current,
and three toggle switches for the pnwer.units with their
respective indlcstor lamps. There 18 nleo a socket for the
mainsg input.to the equipment.

Fig. 5.2 shows the chassils renoved from the case and
viewed from the reay. Except for major adjustments, the
chassls remain stirepped tosether e3 & single unit by means
0f the brass strips at the corners, so permitting all
normel adjustments to be made with the minimum of inconvenlence.
itost of the preset pdtentiometers ars locatéd on theback
flangs of the upper chassils, and with the ald of the Eaﬁefonm
Check switch znd outlet the desired clrcult functions may
be quiekly sot up. Flgs., 5.3 end 5.4 show the undersides

of the uprper end lower chassls respectivelj.
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Chapter &

Onerstion of the Instrument

Preliminary Adjustments:

Before switching on and setting up the.;nfrect operation
of the circults, the Phase Shift control should be set to
‘feurrent zero", ths iain Trizger control to meximum
negatlve birs {(fully anti-clockwisse}, the Coarss Deley %o
‘position 1 znd the Time Delay tb the centre of its travelj
pre-set potentiomaters fixing the biss voltages to thae
verious valves must be set to give meximum negative bias as
In some ceses g£rid blas volteges which are considersbly
poaitive may otherwlse be applied. The beam modulation
circuits may be ignored temporarlly after ﬁﬁe ahove
precautions have been tagken, and the oscillogreph operated
’without extarnal modulation.

The oselllograph may be triggered from the positive or
negative outputs, there being little to choose bastween them,
and the output from HY taken to the deflector plates through
an amplifier 47 desired. The Test Network should preferably
be uszsd in these initisgl stezes. The setting yp procedure
depends on use of the Havefarm Selector facllity gnd waveforns
from the eveform Check output should.be appliedffo the other
sét of osclllograph deflector plstes, The osclillogrsph is

~norzally used with the "triggered timebase" arrangement,
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but for check purposes the ®"repetitive timebase” isg
usefgl ag thiz 2lloug several injected half-cycles to be
observed aslthouszh the recovery voltagas are very small
and cranped.

Uslng the vaveform Selector fecility, the phase-
shifted (PS) and squared (S2) waveforas are‘checkad with g
"repetitive timebase™. The Maln Triggef front panel
control 1s then adjusted to glve large single equi-spaced
trigzers (selector positien ~T or + T) sud thersafter the
"triggered timebase™ should operste sstisfectorily. Corraect
operatlion of the thyratron trigger generator can slsc be
judged by observing the glow from ths BT1? valve, The
delay multividbrator pulse is next observed and the deley
duration (DD) varied by the Coarse or Timg Delay controls.
A pre-get potentiometer (20 ki, #w) controls the biss on
the delsyed trigser selection gmplifier and the resulting
chopping circuit trigger (CT) should be negative-going only.
Another preset potentiometer permits zdjustment of the
chopping pulge (CP) so that 1t 1s of sultable duration and
stability. Flhally in this sequence, the shape bf the
helf-wave (HY) of current mey be observed on another salector
position., By turning the Fhase Shift control,lcurrent
chopping ney now be produced anﬁ the desired‘recgvery voltages
| obtained; further, the amplitude of the recover§'voltages

will depend on the emplitude of the injected current which
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is controlled by a seven position switch on the lbwer
panel, A compromise may be necessary here, for when
en accurate current waveform is desired, the recovery
voltages will be smaller (dus to larger value of injection
clrcuit resistéﬂee) end more emplifiocstion will he required.
The modulation circults mey be similerly set up, the
waveforms being initielly observed using the Wavefornm
" Selector switch, and then by removing the link bebind the
side panel of the osclllograph, the modulating wavefomm
may be sppllied to the appropriate tsrminel end the result
observed. The modulgtion duration (D) is controlled by
the pulse from the monostable multivibrator for which a

500-kg preset potentiometer provides edjustment, The
rodulation trigger (MT) is the delayed and selectzd trigmer

which terminstes beam brightening, =nd whiéh causes one
transition of the modulation pulse {¥MD) bilstable multiéibrator,
whileh in turn hes a presst adjustiment of bias to the grids
of the velves, |

The celibrating oscillator clrcult requlres 1little
edjustment, The feedback cifcuit resistors are chosen
to give g puleed oscllletion of approximstely congtant
emplitude, o process of triel and error, which;:ﬂhoulé the
present values &rifi, is easlly rspeatéd; The %uned oirouit

values alss have been suitably chcosen: the indugtors are
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identicel burt apeross the trimmer capacitors hagve been
zdded fixed cargeltors to bring the desired frequeney
within the rsnze of the respective tfimmer. Thouzh
the oscillatione sre pulsed, 1t is quite nossible to
compere their frequency with that of a contiﬁuous {sub-
standerd) ozclllator using Lissajou's figures. The
adjustment of the continuous osclllato;'a frequency is
rather eriticsl but the method 1s ctherwlse simple and
efficlent. Other passible.méthods-have bean descoribed
elsewharq {Bibliogrsphy 105, Section 20.6).

Routina Memsurementas:

Distinet froa setting up procedure and checks on
operation of the instrqment, thers sare ce;tain measurements
on rescovery voltage waveforms which ere regularly desired,
such as fundamental frequency, decrement. and ecplltude
of the first voltage crest, the letter being a funetion of
the injected vaveforam as well gs of the systenm, It 1s
ususl to record the recovery vqltagas on 25 mm, photozrenhie
rilm which may be fed through a projector, thus enadling
neasurement of enlarged traces to be mada from a greph peper
sereen. Time nnlibration in the horizontal axis 1o reasdily
achieved usinz ons of the three calibratlng~freqpencies
avalleble. Yoltage calibration in the verticai'axis ia
best nmade by taking a speclal oscillogram of a continucus

oscillation obteinsd from a slignsl generator of a frequency



L A ol

1 3 Ly hd -

[
'
.!'

IO, |

%“ é (;oo“ CRO.
& y ; | > o
i e
N7
o % ptt |
" Test
CI;’Cu:\t
| 6on I
RIT G
Melhod 1 Methed 2

- ' \

N
/\/,‘. ‘\'Jr ? ~\/ ‘[‘/\l
L for injected corrent

: A
M”\Ods f dc&’m’l\ln H\e A = 4{.5n wt
r d'_ = A
M/>(t uf', .‘ fh}l!t‘{'(d_ I3 Wi, Col wé‘

N

A - -
=1 a. (JL =T
Cl,tH'lMI'.



140

-s8imilar to that of the recovery voltegs, and amplified

by the same auplifier ass the recovery voltage; knowledge
of the amplitude of the continuous oscillation from valve
voltmater measursment gives the vertical soanle for a seriss
of osclllogranms,

The emplitude of the injected helf-waves of current
may be found in two ways (D3), Eoth requlre the insertidﬁ
of a resistor, usually 800%, on the non-esrthy =mide of
. the system under test, l.,e, in sorles with the systen,
end the measurement by osclllogrzph of the volitege across
the resistor (the ocacillogramh chassis'"floating“ with
“regpect to earth), The emplitude of the injected current
may then be found (Fig. 8.1) directly by using ths
"repetitive tizebase® of the o;cillograph to dlsplay aevaeral
cycles, or by useing the "triggered timebsse™ gnd a long
delay from time-swaephinitiation to current zero theredy
displeying the siope of the current wave before the 2070 -

this slope in amperes per‘second 1s simply related to the
peak value of the current, his letter mathod ls somewhat
more mccurste and elso provides an excellent check on eny
depsrture from the slmost lineer law desired &bt thle polnt
for the injected current. Ths voliage across the €0-&
resistor in the cathcde circuit of the 6N7 ohopping valve of
the injection circuit is not so-desirahls for thils current

" meesurement since a small steady grid curren% zay elso be

2w

flowing through the 60-2 reslistor,
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Chapter 7

Proving Tests end Methods

With such a simple injection eircult, it night de
thought that there was no pessible czuse for error in
recordinzs msde using the instrument. The Proving Tests
ghowed otharwise, for natursl frequencles, decrement,
end amplitude of first recovery voltaze pesk all differed
considzsrably at first from the rmathemstlically predicted
rosgults,

Simples persllel tuned circults, the parsmeters of
which were accurately known, were used &3 test systems,
Natural frequencles were all lowsr then expected and
measurement of the capsclitance between the output terminals
of the injection circuit by 1000 ¢/s Impedanée Bridge
revanled an inherent output capacltance greater than
2000 pI',. BRenovel of the screensd wire frdm the injection
circult nsnd its replacement by ordlnary wire hes produced
no ill effects, end the output cepecltsnce is now
gpproximately 540 pF which, compared with typlcal zystem
cepacitences of over 0.lu7, giiea neglicsible change from
the trus natural-frequency. If low cepecitsnce systané |
are to be tested, then ths instrumeat ocutput éapé:itance

*

cen be gllowed for. >

+ -
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Dliscrepencles in decrement values gave rise to
congidersbly mors trouble, After exomining oscillocresms
obtained from single oseillatory discherges in the test
clrocul$ (Seze ¥ig.7.2) vhere no additional demping could
poscibly sxist, 1t was found that the resistance of the
test Industor varied considéradly with frequency even
at the low frequencies (C. 10 Xc/s) involved, and the
d.¢. resistznce value was useless., This was confirmed
later by other investigators in the Royzl Techkniesl
College, Taking this incresse of resistance with
frequeney into account gave closar agreement with the
maﬁhematioal predictions, but not close enough for normal
working. Finally it wes resalveé that a constasnt
resistance of ghout 19 ki was effectively across the
tuﬁed circuit and this was eventuslly treced to the nmutual
inductive and czoacitive effects In thoe injection circuilt
transformer slready referred to (Fig, 7.1)s By using
separate Injection circuit and trigger cireult transformers
instend of serarate windlngs on the ssame cors, this error
was reduced to small proportions.

The error in the amnlltude of ths first recovery
voltage peak was 1n1tia11y.due to ¢ non-lincar dynamie
chersecteristic of a 6J5 chopping valve wh}ch‘%aa dvercome
by inocreasing the series resistance in the in%sction circuit,

incressing the injection clrcuit transformer secondary
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voltage to 450 volts end substituting both hslves of g
6N7 working 1in perellel. By obzserving the linesrity of
the injection current nesr current zero as descrided in
the last chapter, and adjusting the &37 grid bigs voltage,
end the aforementioned series reslstance, satisfactory
results wers achleved,

In 21l, czreement to within ten per cent on these
three featurss of the recovery vcltage compared with resulis
obtained by caleulation, ths single oscillatory discharge
nethod, or resonance with an applied signal from signel
generator, has been proved (Figs. 7.3 and 7.4), end in
many cases agreement is much closer,

Addlitionelly, comparison was possible with the
results obtalned by othér invectigetors, lfessra. Pender
end Srivesteva, who have used a high current test clrcult
(Tig. 7.5). The 12,6007 cepacltor bank 1s charged to
1000 volts, and discharged through the test circult which
has a resonesnt frequency'or approximately 50 c¢/s. Such
a discherge may be initistsed elther by closing the switch
and firine the arc at the test contacts by an impulse
generator, or by connecting fuze wire across the nbﬁtacta
end then closing the gwiteh. The are 80 struék atathe
contacts has s durstlon of several half-cycles and;é
maximum current of 3000 amperes to simulate fault current

can flow. The interesting feature of this comparison
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is that this high current circult represents the nmore
typlcal praoﬁical case where sdditional demping of the
recovery voltags might be caused by post-arc conductivity
between the test contacts, {See Fig. 7.6} {(Also Dé).

The possibvility of using the R.¥.I. 0on an un-serthed
(1.2, floating) system hes slaso been investigated, since
the unavoldable capacitences from the output terminsls of
the R.V.I. to earth (supply neutrsl) mainly vie the mains
transformers might affeot the frequencies of recovery
volteges recorded. Using e 1000 ¢/s Impedance Bridge
these capncitances were found to be 2150 pF from R.V.I.
chossis to earth and 320 pF from injection circult
transformer to earth, whieh.again would nornally be smell
compered with systea ceﬁacitances, but which could be
allowed for if necessary. The core of the injection
oireult trensformer 1s igoleted from the chassis to reduce

such ozpacitences =nd their effects.
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Chaptef 8

Field Tests

To dete, fleld tests using the R.Y.I. keve been made
by Mr. J. deCGregor, of the Royal Technical-college on
various features of a power system at Haggs Road Sub-

Station, Glasgow.. In particuler, racovery voltage tests
have been carrisd out on over two miles of 132«kV gas-filled
cable betweean Hasgzs Road and Goven Sub-Stations of the

British Electricity'Authority, and on two large 132 k¥/33kY
transformers. The R.V.I. has elso been uged, in preference

to a Q-meter or other methods, to meassure the self-capacitaence
to earth of ¢ trensformer winding By adding a small additional
capacitor and noting the difference in naturel winding
frequencies recorded; the test being mada‘at more typical
frequencles for the tranaformers than would be otherwlse
convenienbt .,

Comparison of tha test results, Iin the case of thé 132-k¥
ges-filled ceble, with those obtalned by calculation or by
ReS.0. impulsas tests {(gq.v.) has shown reasonable sgreement
(Figs. 8.1 end 8,28). In the c¢ese of o cablalor transmission
system having branches or interconnactioné} the R.V.I. would
glve the mosgt direet prediction of 1ikaly reco%éry voltages,

since mathennticel analysis could be most, involved, and
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impulse/pulse testing might give evidence diffiaﬁlt

- to interprst, Having been proved relisble on such a
sinple system, there are no grounds for expecting other
than relisble regults from more compllcéted networks,
espacislly when the cholice from a gelection of wmutusl
inductonces, snd doubts regarding dsmping intraduced
by the ingtrument sre avolded (c¢f. the R.¥.I. of
wilkinson{1l4)} in this new epparatus,

Gable Tests:

The tests were made on a three phase 132-kV pips-
line comnression cable, 4452 yards long. The cable
iz a three core paper insulated type with ovel
conductors and individusl lead sheaths, the lgtter being
bound with non-ferrous tapss. The re are additioneally
at each end 17.5 yards of single core cables trifurcating
to the sesling bells, The effects of these has been
neglected 1a caleulations. The tast connectlons
represent the followlng faulta: phases to phase; phase
to phase, to earth; ophase to esrth; three phase fault;
three phase to earth; and three phase to earth through
10¢.
| Caleulation of the relevent inductances gnd cepacltances
in order to f£ind the surge impedance, or the t?ansit
time of & cabls can only be spproximate. Skih and

proximity effects were ignored in the calculaticn of
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inductance, and cores and shesths were considared circuler.
Gosland(48), and licGregor(47) have compered calculated end
experinent g1 results and have noted the factors which must

be tsken into mccount to obtaln agreement. fgs. 8.1

and 8,2 show such a cormpeaerison, caleculgtion (a) using
the value of star inductance at 50 ¢/s, and calculation (b)
the inductance from cors to sheath neglecting losses and
based on the Inside dilametsr of the sheath. In Filgs., 8.1
and 8.2 1% will be noticed that there is a consideradble
discrepancy 1n the results of caleculestions (e), 1l.e.
uging » value of inductance obtalned Lfrom the star
reactanée a3 used in steady state calsulations. Thils
value of inductance la not truly avplieasdle to transient
sonditions, énd the valuzs used in calculations (b) iz =&
better approxination. The true lrductance values
associated with the steen-fronted R.5.0. impulse wave
[having-a high-frequency component) and the R,V.I. half-
wave and ensuiné osclllation nre also llkely to be dlfferent.
Measureménts of 1ndudtance and canacitence using e 1000 ¢/s
Inpadance Bridge have alsc shqwn good agreement.wlth the
core to shesth values. Henmce Zo = ¥ L/C end the transit

time T _.1-. NL.G.
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The surge lmpedence may be found from R.V.I. records
by nobting that, up to the time of the first reflection
v = 1,20 vwhere 1=k.t and k ig the slopas of the Injected
current. If then k 1s méasured jﬁst before current zero,
and the recovery voltage hos a value v at time t bafore
the first reflection, 2o =V/k.t may be found, . The trensit
time is maasuqed with the far end of the cable short-circulted,
- from the intervasl between successive mexima (opposite
polarities) of the recovery volbtege; accurate measurement
of this time may bVe difficult due to the rounded rorm of
the pesks. _

‘Best regults with the ReS3.0. have boen cbtalned using

an lmpulse waveform rzsther than a pulss waveform, and by
arranging for control of the load impedance{pt ths fer end
of the cablé, suitable reflectlons may be displeyed at the
gending end, Twice the.transit tlme is directly measureble
(D7, D8) while, by arranging for the load resistance (a H.F.
decade resistance box) to be varied in one ohm steps near

the matching value, the minimum reflection value can be.
judged to within two per cent of the carrect matching

vzlue (D9). This process ¢en be quite rapld end gives &
virtual direct resdinz, as compared with the examination of

records and subsequent cslculstion necessary using tha R.V.I.

»

’ -
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Trensformer Tests:

30 far, tests have been made on two transformers, e
Yetropolitan-Vickers 60 MVA, 1322/33 kV desizn, esnd a Fersons
45 NVA 132/33 kV dssign, to compare particulsrly the
anplitudes of the transient oscillations obtained using the
R.V.I. with those computed from winding tests and data.

First, 1t was necessary to find the verlation in winding
inductsnce with frequency, and the self-capacitance of the
winding. In both ceses, approximnte results ware obtalned
using the R, V.l. 1tself to determine natural fréquencieS‘with
and without adcded capacltance (similar to & Qe-meter technlque).
The smplitude of the transient ossillletions may then be
caleulzted from iwh (zero pause condition) or ic'fi7%

{current choppring condition), es indicatea'in Appendix A,

Good agreement has been achleved in the preliminery
analyses for ths zero pause condition, bubt not for the
current choppinz csese due, 1t 1s sugrested, to the assumed
winding inductsnce value being Incorrsct for the chop waveform
heving a high-frequency component, FYor the Farsons trensformer,
a double frequency translent has compliceted the comparison

of amplitudes. .
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Chepter 8

Conclusion

A new instrument has been described which uses
gn extended technique to sllow current chopping of the
Injected half-wave of current. Though systern sanalysis
may be carrled out using the sinple zeroc psuse recovery
voltege, the mors sevsre voltege translents dus to chopping
msy be readily sinulated end enslysed.  Also, while the
circuitry is more extensive than that of the R.V7.I.
plonsered by Wilkinson, the principle is simpler and the
oscillogrsph teehnique should be equzlly good (it must
be remembersd that Wilkinson used his cwn timebese snd
cathode ray tube clrculta thereby nsking the overall deslan
simpler). Tests, both on srtiflclal snd practical systems,

have shown the lnstrument to be adequately sccurate and
sound in prectice. Compared with the tcehnique using lerge

end varlous mutuasl inductaences, the present instrument is
probably lighter and more_univarsaliy appliceble; Ain fact,
no practical case nag yet been gncountered whers the
gpparatus is unussble.

It is perheps pertinent to compare the information
| obtained by the R.¥,I. with that of other testing methods.
The R.Y.I. gives direct informaticn on natural frequency,

decrement, and first-peek-ampllitude, the latter ﬁéing the
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only fsotor affected by injected current amplitude in a
linear system. The R.3.0. impulse or pulse tests zive

information on transit time end surge 1mpedsnce from which

may be derived the values for system natural frequency and
cut-off frequency., A third method, which has only been

used by the suther in the single-stroke form, would be the
repstitive cherging of the system cepecitance by a constant
voltage pulse followed by free cacillations of the system

at open terminsls wilth the pulse removed, to glve information
onn system frequancy and decrement. This method 1s similar
to thet of the R.V.1. except that the chopping component

is recorded without the nomal recovery voltage component
(ses Appexdix A).

Previous aubhors have given promlnencs o the testing
of live networks, but there are few, 1f any, records of the
continued sstiafactory epplication of such equipments to
a veriety of systens. Gulte spart from the vitel question

of safety, the modera requirements of supply continuity, at

least on the more important parts of =« transmission neiwork,
have led %o circuit duplicatlion or alternstive routeing so
that during periocds of light loading the neccssity to work
on a live systenm maf often be obviated. An eguipment wiiich
would operate successfully on live systems %s séill de sirsble
however. R

4

One festure of the Uxténded Half-Wave Injection Method
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which gives some trouble, is the operation of the instrument
from melns subjeet to continucus rapid éhanges of load

€.8., due to weldling plent. In such ¢sses, the rate of
change of current with time at zero pause or the time of
chop fluctuates sufficiently to produce a considersgble
enplitude Jitter of ths recovery voltage. This is inherent

in an equipment using the msins ss the injection curreat

source, snd no such trouble would be expected where the
injected current was loeally gsnerated, There are two
solutions to the problem however: one is to use the R.V.Il.
during lizht load perlods when the inteference is negligible;

the other is to generate a 50 c/s supply locselly for the
R.V.I, azlone, In practice, the majority of mains supplies

seenm $0 be satisfactory for normsl purposes, snd only where
speclally steady traces were required say,. to obtaln higher
accurecy, would the corrsctive measures be necessary.

As with the R.5.0., the most recent practice would
Tavour the use of ministure valves slmost throughout the
equipment with a possible saving in space. A conaslderable
redgetion in overall size would not bes expscted, since for

ease of maintenance, recsonable access must be provided for

the large number of components sssoclated wilth the valves

(see Flg. 5.3), snd in any case the power papkskﬁould remzin

3

roughly ths sane size. L



153

Two improvementa in design are suggested.  The
first concerns the megnitude of the injected current,
which in o number of c¢rses has baen found to gilve =
very saell and almost wnmsesursble recovery voltage. A
larger injection current, ssy up to 250 rillliamperes, would
require s much larger rectifler/chopping valve, but this
would be worthwhile. Secondly, the Phage Shift (PS) and
Celay (D and CD) contrcls zre inter-releated in as much
a8 all three c¢an affeect the mngle-of-chop. Though this
i3 not wvery irconvenlisnt, provided the necessary measure-
ments to determine sngle-of-choy gre made for esch osclllogranm,
"4t precludes the celibration of any one control in "degrees
of chon”. é solution is to derive a triggering pulse for
tue oscillograsph, and for the modulstion and calibration
circuits from a duplicate ehaln of phase;éhifting, squaring
end trigger generation stoges (see Fig.. 3.2), so that.a
delay zultivibretor would be unnecsssary (delay would be
obtained by correct phasing of ¢ imebase initigtion) end
the normal Phese 3hift (P3) could be calibreted confidently,
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APPENDIX 'A'
A _SUMMARY 0}3’ A aIN'“L JATHEMATIGALAPPRO \CH

VOLET‘

Using the approxzimastion sugzested by Dannatt amd
Goodall(8):
For zero pause recovery voltage, assume current

injectad to be:
i = @.1.t.

For small angles-of-chop (6smmall) where wt = sin wt,

assune current injected to he:
i = N.i.t. ot IC.

vhere Io =-1.a3iné6.
For the simplest parallel tuned clrecuit, the

operational Iimpedence msy be written:
Z(p) = » +2b ,

¢ (p“+ 2bp+ o)
elso let x” = az-b‘?‘, and £

B.zz 1/1:0;
arctan x/b.

where 2b =R/L;

Obtaining partlal fractions, applying Inverse transformations,
a»>»b, xo5a, and arcten

¢nd noting that when R 1s small
x/b -+ 90°, the total recovery wvoltage with dexping 1s:
L —b ..»m(mt-\-qﬁ J

-bt
—'Z—--ﬁ'ln::ct + ‘2\:: Y‘\_.- =

. - 2,,5(;«9
() s

1 W, 4 Su-' = )[1 - %'é . St ('JCt+qS
a® C 1 4+ 2kt - g;t—'a Sth:ct
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or without dsmping, l.e. R 0O:
Y(t) = ’L/C 1.sin 3> sin‘ﬁ + w.L.1 (1 - cos L )
R:o_ . . L] @ odtn @

This latter expression is well-known, but the former

case (with damping) is not often quoted.

The first term on the eight-hand side of this lsttice
gquation 1s due to current chopping, while the scoond
term is the z:ro-pause recovery voltagze. It will be
noted that the s:onee of the initial rise of recovery voltage
c¢hang2s as choppins begins to cceur, ¥hen 9, the angleaof-
chop, is greater than a few degrees, the goeond torm

above baeomss negliglble compared with the firet.
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ATPRINDIX 'R!

The method shown, using Heaviside's Ixpansion
Theorem, is an slzboration on the working given by
Bawley (Ref. 102). The author has independsntly obtained
a8 simllar resuls, differing only in small detall, using
a p-maltiplied Laplace Transform method; the working 1s
hoavy, and many simplifications (though justifiable) are
vequired to riach an undersiandable result,

Coneider the application of a chopped slne-wave of
current applied to a mimple parallel tuned circuit but
with a further damping vesistance represcnted by the
conductance & gonnected acromss the tuned clrcult, Thie
conductance may représent the leakanee of the sysatem or
a protective reslstor conneceted across the breaker contacts,
or both, The cireult breaker is assumed to have opened,
and the arc across the contacts extinsulshed at an angls
© before a current zero, or 2¢ t = 0 for the currant % sin
(wt ~0).

The operationzl form of the current 1is:
1 (p) = 1 p«nco 80 - pzain@ .
P +&»2
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The relevant operationsl Impsdance of the clrcult is;

-l */Pc. me - brb
' &'ﬁf LR’+PL) + = (R+pL) C{p* + Zap+t Pr-’)

-k _1{R . &\ . g=_ (R&+1)

b‘r;a"z(t‘*z))ﬂ——- G

INow

b (wcest — loslhg)( P+b)
(‘_ (p*+ 2" )(p* + 2ap+ AZ) .

w(p) = () Zlp)

Teking the normal steps of Heaviside's method:

M
(1) Put ﬁ: =0 in the above expression for ~vip) = —-—[El

(2)

(3)

(4)

N (

T

M@) _
N(o)
solve N(p)=0 =nd obtaln the n FOOLS Py Py v P

=0,

i.e, no steady Btate terms.

it Ii(p) s of the 'nth' degree.
1.e. Solve [F + W )(]; + 2ap + A")

Hence 1:: 4 o }:: = - @
Ps:—a-&-Jx' 1:._..=—-0..J::c.

where x* = A _a® .
FTorm N' (p) by differentiating N[p) with respect to p.
N'(PJ c i Cp +w)(2p+2a) ]o + 2ab + F’l") 2]9;-
- zc; 2 + Bap" 4 (@AY 4 ac]

Write the expression for M{p) . £H

M“’)ipk P{_(b—l- b)( Wend ~ i:?SmQ) 2}9}:

b N'(p) P 2C ¢ 25 4 Dap® 4 (@ Ap+ o
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(5) Substitute the values of py to p, found in (2)
in the expression written in (4).
The working may be reduced by noting thet py
énd pg, and pg and Dy» 8T two sets of conjugsates,
gnd 1t 1s necessary only to consider one root of
gach set. |
Taking p; and substituting:
Expression i kiw-»b).(mwemjw-sine). aé“’t_
= QC'%‘ijg _ 5atf>"+ (Q1+QL)JQ 4 a’wz}.
od (Howi). 200
2o (i (IS -5 )
Taking ps-and substituiing:

. . - = )€
pxpression 4 (b-a =) [wcu$9+ (“"J"")S'“s]. ét *+5%)
2C % 2 (-— a.-!rj'—x,)s.}. 3a. L—clx-kj-:c)z:{- [wza-Pf)(«a.J-J:c)-{-ao;—g
ot (B2 +)|esorfant-jZsi0) Lot

2C = m (1% - 2

The expresslone taking Ps and p, are not evalunted
since a result can be obtained by edding twice the real
parts of the expressions due to p, and Pas OT BJ times the
imeginery parts of the expresslons.

The tertis may slso be written having sine-of-multiple-

«

angle factors where:

‘$| = archumuyL‘
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-9
e
i

arctan { ZMD

A" —w )
arctan {
¢4= erctan 5B . ‘

, Wees @ + aswB .
¢5 -~ arcten ‘Zawc

. a* + wr — x* -
(H%)

(14 /ac- )+L"'“/,,c

+/ [H- b"“ j LCa59+ Swe)z (_--s:,..e):[

~o—
'Y
i

e\,

|

2

__...d —-"—“’-a) + L{-GI/:..

x

% 5*4. siu (b + ¢ = o+ $s)

This complicated expression may be reduced considerably

by noting that normelly x > a, b and w , snd W = by

and therefore Cﬁ. = g9o° ’ C# (#3 = 90 ’ C,Es == 180°
and 7?-"-- Jl/l..C ({see Appendix =C%)
A
Aso WA ool A = & where e
C.’Jc: .

is thé peak value of the system voliage.
-at
Hence ar(t) = %bs[w{: B) — ‘/ (cosB + L 50.0) +~(——-5u...9) x £ . cps@cf-é)J

d -

Provided G is small, this expanded bsconmes

) = & ] coslb-8) - (o050 + 5 8) & cosact — (%‘jsx;e)e'lsth}
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(a)
(b)

(e)
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recovery voltage has therefore the following components:
A power-frequency term

A high-frequency term due to the capacitor voltage

&b the instent of c¢hop.

A high-frequency term due to the inductor current
at the instant of chop. This term results In the

hish voltages prdduced by current chopping.

that the higher the systenm natural frequency ( x ,

angular), the higher the recovery voltege; =also
the addition of capeacitsnce will reduce X gnd the

ampllitude of the recovery voltage.

At current zero, 0 = 0% ana exprossion hecomes

A

4}-(\{;)0 = e ( Cos wt — 2_4'[: Co% :ct)
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APPERDIX “C"®

EVALUATION OF 3O0ME TYPICAL CONSTANTS
Ugnn IN ATPENDIX "B"

- . . o 1 e = H = { ’
Taking R = 0.8 ? L = 22’:13‘1, G = '1/MF’ G = F v Y
Then b = —‘E— = €50

2

2oL (Rg + 1) L s 1o

C L.C.

x = A* — 2% = Sxiof o o = 22x0

Ww = f?w} = 3l

This Justifies the following assumptions made in
sppendlx =B*, viz.:~-

x = a, b, and W,

w = b,
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APPENDIX WD®

0SCILLOGR AMS BELEVANT TQ PART &




Dla Dib

D2a D2b

T D3k

D D5
Otﬁcxl(ogvo\?«s c; Q@civ‘e\\} \/o{t_ajC' - Dla and Dib
for rero pause (6=0") ' DZ2a and D2b .gor’ € sSwall :
D3a and D3b /gn\’ (& \m:je p Dy S\«oww\,cj hw\m%

OSCLL[Q on ) D5 SL‘OLQ‘V\CS pa\‘t oS: Cu\"(’euk— wave .



D.G. Recover \/o\‘k’aqe WSInhQ
4 s C -
V\\len Lul/(ev-\t t'esl' (_‘_l\’n,utt

DT Ks.0. — Coble DX%. &50 - Cable
\./i..“eghoh yo\’ ZL = On . rt-“tcboh ,So\' CL= o0,

D9. RS.0. — (able
rn.iy(e.c.bom . for cy sl .
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CINERAL CONCIIISIONS AND

DTATEMANT 08 CGRIGINAL "I0RX

The common theme in the two parts of thls thegls
hes been repetitive injection of voltages or currsnts to
Investicate propsrties o networks, Tha two equipnents
described iﬁ thair respective parts differ widély in the
injectlon generater eircults snd in sﬁeeda of time-gweep
raquired, and the applications are zlso peculiasr to the
exulpments 1f viewsd narrowly or superilsislly, but in
fact have fenatures 1n comuon {(as Dhaa heen shown by the
ability to mske cartain comparisons of results) if treasted
systemstically. Tha trizzering and ceslibration oscillation
circuits have mueh In common, but here aléo veriety hss been
introduced by using a dslay line in one caose and a variable
durstion pulse generator in the other to produce a time shift
from the initistion of thz timebase to the commencemsnt of
the displayed phenomsnay variocus els0 have bsen the methods
of providing consbent anplitude regsnoration in the calibration
os¢eillators. In {=ct, for repetitive transient application
the fields of circulit technigues and df lowe aq@ high-speed
oscillography hizve hesen falrly well expleitdd iIn nn effort
to provide &lirecet imnrovemsnt or incressad varsé%ility over
exlstins desizns, In tho light of the eznerience gsined by

the desizn and use ol the two equlpments, the author feels
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thet further develcpments are still possible especlially
with regard to making more portable =gquipments (if
slightly less versatlile), and to the extended use of the
testing techniques by deslgners and malntenance englneers,

In s wuch &8 the particular combinations of well-
known tochnlnusg are concerned, tha equipménts are unigue,
though followinz the trends of previous designers. The
combination of pulses and ecalibratlen oscillntions
simul%tanaously to mocdulate a dlspley, kas not bsen described
by previous desizners of Recurrent-surge Csecillographs, nor
hes the use of the beootstrap eéircuit to provids s push-pull
high-sweep-voliors timebsse of ressoneble linearity. The
¢alibrrtion oseillator ecirouit for the R.S.C, has been used
by s collezmue (lIr. I. Cochrane) butlotharwise'is little
eleris For the R.V.I., the technlqus Sf current chopplng
ig entirely new, belng an extension of the Half-iiave
Injeection Ilothod used previously only vy S8.Y. King (Part 2,
ﬁeference E8}.

In conbrast to Cerneshausen (Pert 1, Reference 4,

Seéticn 8.11 et seq.) the zuthor considers that, at lesset

sequently the gas rressure have san effzet on $he firing
dsley of » hydrogen thyretron which may be quite noticesble
within the spacifled heater supply tolergnces; and also

contrary to the general trend of cpinlon regarding the use
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| of nuutral-current tesis on $yansformer windings to give
a msasure of indication of the pocition of a fault, the
autho» has found, again in a particular case, that faunlt
location migh% b2 practised especially Wharé a standard
previously prepared sct of comparison oaciilograms as

available,
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