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'LECTURE No, 5.

VOLTAGE MONITORING S

The sectlon 1n NPT notes should be consulted - A flex1ble -

_copper sulphate solution high voltage divider is described in

reference 1. This monitor can be curved in the way described
in NP? notes so as to reduce the lntegratlng effect of its

_stray capa01ty to a mlnlmum

The alternatlve approach of capa01tor d1v1ders or E field
probes as they are sometimes known, has not been used in the

- SSWA division much but has been: employed in a number of situa-

tions by other groups. In the event that references to these
are required, a request to us should be made. The major disad- .
vantage as far as we are concerned with this approach is the
output 51gnal tends to be at a low level and a rather plck-up
free recordlng system is an. essentlal

'CURRENT MONITORING

Clreult.shunts have been the:method'most used by us. For -

'-large current :low voltage banks, thin brass sheet low inductance
.. resistors have been used to date, but the tendency is now to move

over to Rogowski loops, integrating or otherwise. - For more mod-

‘est currents 100 k amps and below, we have used rings or strlps

of many 10 ohm resistors ‘in parallel. Where the current is pos-
sibly asymmetric a number of outputs (usually 4 suffice) are '
taken off and mixed. This averages the current across the-

shunt and can produce answers to a couple of . per cent: even. when
the current distribution across the shunt varies by up to a fac-
tor of two. The advantage of using .current shunts is that again
the signal is produced at a level of a few kv. Integratlng _
Rogowski coils tend to.produce output waveforms a couple of -
orders of magnitude. lower. Both approaches have various ef-
fects which reduce the accuracy. of the current measurement and
purity of waveform. 1In the current shunt these are prlmarlly

“the inductance of. the resistor array and to a lesser extent in-

térnal capacity effects. With the Rogowski coil approach the
internal resistance of the coil and its self capacity enters
and the effects of these and other- limitations are rather
subtler and less readlly apprec1ated perhaps :

SAFETY

NPT notes should be consulted and 1t should be re=- empha-*
sised that it is to be taken serlously. The major real risks
are the DC charge on the capacitors and high current power
packs. The nominal lower lethal limit.is 50 joules for a worst
case but discharges of lower than this can be guite unpleasant

“when they flow through the experimenter. There are a number of

cases in the literature of people being involved in accidents




with many impulse generators of up to 25 kilojoules stored en;V

ergy at several million volts and in all cases that I know of
“the unfortunate rec1p1ent survived., This is possrbly because
the current flows on the outside of the body but ‘more- impor- -
tantly because of its short duration. Thus empirically the -

pulse aspects of high voltage systems are probably less danger—_

ous than those connected with the DC- charged condensers which
drive them. - However, accidents involving the pulsed voltage
joutput can- be. palnful and potentlally dangerous.

Many - of the systems we how bulld are so heav1ly 1nsulated
that it is not. p0551b1e to find p01nts on which: to hang an.
earthlng probe, as is suggested in the NPT hote. A slightly
-modified approach is employed in such systems, which are obvi--

ously safer against acc1dentally touching a capacrtor termlnal
-wrth a few kv resrdual charge on - it.

As befdre, the first line of defence.ls the charging volt¥

age meter or meters. These record: the volts on the capac1tors

and power pack and have to operate each time the system is
charged.' If they.become inoperable the system, must not be used
(it is of course not very sensible to try and use it in this

state, safety con81derat10n apart) "~ On flrlng the system it is =

checked that. they have dropped to near zero. The entry to the
- ¢daged area is via a door or other barrier and when this is
opened-a gravity operated ball shorts out both the power pack
and the conderisers in the bank or marx. At thls stage it is

checked that the meters do in fact go to zero. In addition the.

mains volts to the power pack is routed via the door or barrler
" gso that in order to. open it, the mains supply. to the power ‘pack
is broken and this cannot 'then be- operated by accident. ' As
there is now only one dump in the system, 'the integrity.of the
lead from the power pack to the condensers has to be insured,
and in’ partlcular it has. to be arranged so. that it cannot be
pulled out at either end by accident. Even if this were to:
happen, the power pack meters would show a rapid charging rate
or discontinuous charging behaviour with sparking at the par-.

tially opened plug and warn the: experlmenter, as he charges the"

capac1tors. Only copper. sulphate resistors.are included  (usu-
ally in the marx charging columns) in -the charging leads, as.
these can be easily seen to be intact. Solid resistors are not
used in these links because they can go open circuit without
any obvious external signs. . In a heavily insulated marx, as
has been mentioned, there may be no access to the high voltage
conductors on which to hand a shorting stick. However, when
the system is being repaired or taken. apart, a shorting stick
can be used to shorts placed across the condenser terminals as
these become available. In addition’ a high impedance bleed is
always present to discharge the low value leakage currents
which recharge the condensers after they have been used (the
voltage monltor chaln can frequently fulfil. thlS requlrement)




When a pulse charged capac1tor is belng dlsassembled the

Emylar sheets out of. which it.is made can have 51gn1flcant local
‘deposited charges on them, maklng the dlsassembly process

mildly painful ‘-but not: dlrectly dangerous. A pProcedure for:

combating this is outlined in reference 2.. The same’ dlfflculty,"
‘applies. to any system where localised. charges are deposited on

high resistivity surfaces to ‘prevent tracklng, a last resort to
avoiding small but unpleasant shocks is some. sort of- earthed -

metal gloves or their. equivalent. The real danger from such =
_dlscharges is that they may cause someone to drop a heavy
welght on himself or 0 jump or fall over and damage hlmself

mechanically.
.MODELLING

_ Most srngle dlelectrlc breakdown flelds scale {area/volume
effects apart) consequently scaled models can give quickly and

- cheaply any required data on breakdown voltage. In general

however- the breakdown fields can be calculated to an. accuracy-
adequate for system design purposes. However, sometimes por- .
tions of the systems with complex geometry may not be easily
treatable and a scale model may be useful in designing these-
sections so that they are. adequately safe. -In-addition it is

~of course much guicker .to work out ad hoec solutions on a small:

arrangement, than on .a large fully engineered system.  Surface:
tracking may not scale but to a first order linear scaling ap-
plies; however it would be possible dangerous to scale by fac-
tors of more than 2 or 3. . However, there is one sense in which
tracklng problems are worth looking at on a scaled model  and
that is the case when the model does track, this almost invar-
iably means that on the full scale tracklng will occur and that

~remedial action is essential. In general it is not necessary _
to make. slavishly exadct scale models and indeed the models can -
" bhe intentionally distorted to emphasies the effect feared or to

be studied. Frequently scale models 'will show that cruder so- .
lutions than those initially envisioned may be perfectly ade-

“gquate and ‘then the time and. effort spent in modelllng can be

recouped manyfold.

In electromagnetlc wave propagatlon problems, scallng is
exact and. the only limit to the scale used is the response time
of the pulse monitoring equlpment, the bandwidth of which has
to improve .as the scale factor. However, frequently it is de-
tails of the top and tail of the waveform which are of impor--

"tance and the rise time of the pulse in the model need not then

be exactly scaled

- In order to bulld small models of hlgh voltage. pulse sys-

-tems water with its low velocity of light can be used to re-

duce the length, compared with that of, say, transformer oll or
air systems. Of course in this case the model would not neces-—
sarily be a linear scale but could be physically distorted to
scale various features of the full - low dlelectrlc filled gener-
ator.




The effect of transitions, mixed dielectric media, bends®

in finite width. strip. transmission lines etc . can all be studled-
in small scale systems operatlng in water, whose length can bé -

quite modest without . requlrlng the use of wide band: w1dth sam
. pling scopes. : SR : _

Whlle the 1nductance of a marx can be estlmated to 20% or’ _

so quickly, to get a more accurate evaluation or to.compare- two o

arrangements, scaled models of the. conductor layout can be made
in half an hour or so using plastics and cardboard, -covered by.

aluminium foil then stuck down. The inductance of these scaled

models is most easily measured by ringing a 10 kV low inductance
capacitor into them, when any poor joints will spark over. .The
capacity should be chosen so the ringing frequency is scaled
from the real systems fundamental frequency, in which case the
.“current paths should be ‘the ‘same in the model as. in the full
'system. : :

Modelllng, when 1ntelllgent1y carrled out, can be a very
powerful method of solving problems in a few hours which would
otherwise require weeks of calculations, . calculatlons moreover
which are frequently only approximations to what is really go-.
ing on, sometimes fatally inadequate ones.. Intelligent model-
ling enables nature:to do .the hard work.

'COPPER SULPHATE - RESISTORS

©  When these are used as dump or charging resistors they -
should be made leak proof and also be readily visible so that -
it can be checked that they are properly full. If they are
constructed of flexible tube they will take rapid temperature-
rises of 25 to 30°C and not come to any harm. If they are in :
rigid walled tubes (typically perspex tubes) the rapid deposi- -
tion of energy leads to a pressure pulse when the time of depo-
sition is less than the velocity of sound-transits across the:
~radius of the tube, since the liquid cannot expand. This can
-lead to cracking and, in extreme cases, shattering of the con-
taining tube. Typlcally ‘with'5 mm wall tube up to 75 mm OD we .
restrict thé temperature rise to less than 2°C, For larger '
tubes or thinner walls 1°C rise may be all that can be toler-:
ated. . When copper sulphate solution resistors are employed as .
charging columns for high energy systems, ionic transfer occurs.
This leads to a layer of sulphuric acid being produced at one
end of a 51mple tube with copper end electrodes while distilled
water accumulates at the other electrode. If the resistor is:
vertical this state of affairs is unstable when the positive
‘electrode is uppermost and the layers remix. -However when the
charglng polarity is the other way round a stable situation. may
‘result. Sparking can then occur at the top, water isolated,
electrode and the copper is deposited in a black tree like
growth. The situation can be eased by mounting the resistor
horizontally, or by making the electrodes out of cylinders. In
the case of a chain of resistors, these can .be conveniently .

./‘m-‘\.




made out of a single tube of perspex or flex1ble PVC, and the
lntermedlate electrodes are arranged so as not to block the

.tube completely. ‘The individual separated layers then easlly

mix, except for the electrode at the top of the column and a-
reservoir of 11qu1d is prov1ded above this -electrode,  This-

above difficulty is usually only encountered in very large en-

ergy systems, or those with a fairly rapid rate of firing, but
can be met where very_small diameter llquld_reslstors are used.

With regard to measuring.the'resistence of a copper,sﬁl-'

phate solution resistor the high voltage pulse value is well

defined and constant apart from a temperature coefficient of
resistivity. However, a low voltage calibration measurement
can be well out because of polarisation effects and electro-
lytically dep051ted insulating films on the metal’ electrodes,
reference 3 covers these effects in part.

CHEAP GRADING STRUCTURES

An outllne of these is given in reference 4 “No. very . -
great accuracy is required in producing the contours, in gen-
eral a pleasingly smooth surface based upon'an intuitive solu-
tion of Laplaces equation is quite satisfactory. Playing-
around with an electrolytic tank for an hour or so can rapldly
give one the necessary intuition as to the sort of surfaces
needed and how sensitive the folds on. them.are to departures
from the optlmum.

" QUICK CONSTRUCTIONAL TECHNIQUES

In general we stlck glue or use cold setting simplex for .
nearly all of our constructlonal work in the high voltage field.
Simplex can mechanically join perspex tube and sheet as strongly

.as the parent material can stand. Thickish pellets of set sim-

plex have a . good hold off voltage and while electrically weaker
than perspex of the ‘same thlckness, are not grossly s50.

Whlle evostlck or othek 1mpact adhesives can be used to -

‘stick mylar sheets together, etc (see reference 5), Twin: Stik

(a2 double sided tape) .is much gquicker, although more expen81ve
by a con51derab1e factor (See reference 6. ) o .

We also use quite a lot of a: cloth based troplcallsed black
-tape to hold things together, and it is worth learning how to

attach such tape so that it does not slide off under tension
over a period of time, a little thought can repay itself many-
fold. Properly applied such tape can take a lot of tension
over an indefinite time and has the advantage of distributing
the force over a large area rather than ~concentrating it in a
few places as would screws or bolts, - '

Occasionally PVC tape 1s‘used, this has a significant de-
gree of stretch and many turns of it can apply a large :




compre551onal force whlch is not released -as the compressed
member contracts a per cent or SO.

The great advantage of these qulck and dlrty assembly .‘
techniques is that modest systems can be built in a few days;
and do not need to call on sophisticated engineering support.“
Frequently perspex sheet can be scored and quickly cracked in’a

sheet metal bender into the required shapes. - Perspex, in rea-
- sonably thin sheets, can also be warmed in a gas flame and bent -
or moulded into more complex shapes before assembly by simplex-

ing. These shapes can be made quickly which would be prohibi-
tively expensive to make out of solid. In addition not infre-

- -quently the result of the quick and dirty techniques, can be . = .

better than could have been achieved by a more standard engl-

neering approach (see the details of the peaklng capac1tor in . -

reference 2). Also the use of metal bolts or screws in high

voltage systems can give rise to breakdown or tracking problems: .

which may be very difficult to circumvent and while nylon and.
other plastic screws are available and sometimes used by us,-

. the necessary hole through a perspex sheet can likewise glve a’
" lot of trouble.' . .

RUNNING UP. HIGH VOLTAGE GENERATORS_

; In- general we' follow over-test procedures wherever p0351-
ble, rather than firing a large number of test shots at the nom~
inal maximum ratlng of the system.. Thus in testing capacitors
we do not fire 4000 shots to weed-out the few per cent of weak
components but overtest in peak current(i) and impulse (fi?dt)
by substantial factors for say ten shots. These tests are fol-
lowed by the re-application of the maximum over voltage test -

that the manufacturers use to show,up an incipient’fault grow- -

1ng because of the above tests,

Because surface track-over is a rather varlable phenomenon
(0. is frequently 10% to 15%) it is very desirable to have a

healthy safety margin against it. Typlcally we would aim for:a .

safety factor of at least a factor of 2 in systems up to 100 kV

1 1/2 for systems up to 2 MV and as much as can be got without - '

too much expense above this., (See reference. 2). For the out-
put face of a 50 kV. capac1tor, this obviously ‘cannot be over-
volted to 100 kV but if & simple model of the output face is
made, tracking tests can be carried up to the desired levels.
It .is necessary to put a. small high voltage capacitor (several _
hundred pf's) where the capacity would be, otherwise a surface
‘track starting across the face of the mock-up, would drop the
HT terminal volts and choke itself off, something that would
not happen in the proper arrangement. The mode of working is.
to find out where and at what level corona or tracking occurs
and then try ad hoc experiments to raise these levels, experi-
ments guided by physical pictures of the processes going on.

By means of extra insulation, rounding metal surfaces, etc the
tracking voltage is raised until either it reaches the desired




safety factor, ‘or until so many different tracking phenomena

show up that they cannot all be beaten. 'In the later case the - -
"~ gystem is certalnly safer than if it had just been built from

scratch, and it is usually possible to make the weak reglon
easily repalrable and limit the effect of a track occurring at
the now known weak point in. the design.  In one recent case one -

stage of a spark gap column designed to work at 80 kV was built = -

and a couple of simple tricks enabled the tracking voltage to
be raised to greater than 145 kV, the construction and tests
taking about 4 hours to perform. B

If the portion of the system has to work in a dirty atmo%

sphere or ‘in high humidity, then it is very desirable to get

some representative dirt (swept off the floor of the laboratory)
or to boil a kettle near by.  Such tests will sometimes show '
that a tracking solution which works well in c¢lean conditions

is no good for dirty and/or damp real life working. In case of
wind borne fine dust, face powder makes a good scaled substi-
tute and is usually avallable in modest quantities from a charm—
lng nearby solrce of supply. : :

In testlng a full soale system a. relatlvely small number

" of shots at 20 or 30% above the maximum rated output of the

system will disclose. rapldly any ‘weaknesses, which then can be
corrected. While repairing a brand new system that has just .
tracked under an overall test it is worth bearing in mind that
thé fault would almost certainly have shown itself during the
many shots of the systems use and that then it might cause more

' damage and' lead to secondary faults elsewhere. Again the sys-

tem can be fired at modest volts into short 01rcu1t to test the
current capabilities of the connector, gaps, etc, typically a

~ current two to three times the maximum expected being a useful

overtest. The system is then examined for 51gns of: burnlng at
vulnerable plugs joints etc. - Overtesting requlres judgment and
not  inconsiderable willpower and courage but is a vital factor -

~in oObtaining reasonably trouble free use afterwards. Indeed

some complex systems have never operated properly because the
individual components and sub- systems failed more often than

“the number of sub systems.:

FAULT MODES

_ Ali-systems malfunction at sometime if they are used at
all exterisively and it behooves the system designed to consider
these occurrences. Usually components can be designed to take'

the fault mode energy deposition in charging resistors, etc

without too much extra cost and effort. If not the component
concerned can be made easily replaceable (consider the normal
fuse 1ink). Extra impedances can usually .be added at a cost of
a modest energy loss in normal operation, which however absorbs
much greater fractions of the energy in fault mode operation.
We normally add some resistance in series with the marx when

- this is feeding a pulsed high speed section to damp out the




marx rlnglng after the fast sectlon sw1tch has flred " This Iim-
its the current sloshlng backwards and forwards in the marx and
makes life much easier. for the spark gaps and condenser ThlS
is not strictly a fault mode operation but is a more general: L
precaution which incidentally helps greatly in llmltlng fault . .
“mode damage. . The system should ideally be operated in its

times happens 1ncldentally. However not all faults are equally
‘likely and this is impracticable in general. However certaln
faults are elther inevitable or very likely and it should be-
ensured that the systems survive these either with no, or w1th
.ea31ly repalrable, damage. :

' The. larger the system the more lmperatlve 1t is to con51der
fault mode behaviour and, a sad fact but true, the less likely
the system is to be 1ntent10nally tested in these modes. I

know of one case where a 5 Megajoule system was intentionally
fired in several fault modes, something which required real

guts to do but which I am certaln has paid off handsomely in
trouble free usage.

Largely for amusement, reference 7, is 1ncluded as an ex-
ample of a possible system designed to work continunally in at
least one fault mode. I trust Hull UnlverSLty w1ll soon. be
wantlng to bulld systems of this size. : :
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