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hadule-11
Generation of High Voltages and Currenis

In the fields of electrical engineering and applied physics, high voltages (d.c., a.c., and
mnpulse) are required for several applications, For examgle, electron microscopes and x-
ray mts require high d ¢ voltages of the order of 100 kV or more. Electrostatic
precipitators, particle accelerators m mclear physics, ete. requore high voltage (d.¢) of
several kilovolts and even megavolis. High a.c. voltages of ong million volis or even
more are requated for testing power apparas rated for extra high transmizsson vo linges
{400 kV system and above), High impulse voltages are requmed for testing purposes to
sunmlate overvoltages that oceur i power systems due to lightnmg or switcling surges
For electrical engineers, the man concern of lugh voltages is for the insulation testing of
VATIOWS Commponents m power syslems o differen tyvpes ol voliages, namely, power
frequency a.c., hizh frequency, switching or lighthing impulse. Hence, peneration of
lugh voltapes m laboratories for testing purposes 15 essential and 15 discussed m thas
chapter.

Differsnt forms of high voltages mentioned above are classified as
(1) high d c. voltages,
(u)  high a.c. voltages of power frequency,
(i)  high ac voltages of ligh frequency,
(V) hagh transient or impolse voliages of very short duration such as lightmmg
overve ltages, and
(v}  transient voltages oflonger duration such as switclung surges.

Mormally, m high voltage testing, the current nider conditions of twhire is himited 1o a
small valne (less than an apere m the case of de. or ac. voltages and fBw amperes in
the case of mpulse or transent voltages). But m certain cases, like the testing of surge
diverters or the shoirt coout testing of switchgear, high current testing with sewveral
Inmndreds of ampere is of mmportance. Tests ou surge diverters require high surge cinrents
of the order of several kiloamperes. Therefore, test facilities require high voliage and



high current generators. Hish mmpulse curvent peneraton 15 also required along with
voltage genetation for testing purposes.

4 1GENERATION OF HIGH DC VOLTAGE

Generation of high d.e. voltages 1s mamly required i research work m the areas of pure
amd applied phiysics. Sometames, high direct vollages are needed in mmsulation tests on
cables and capacitors. Tpulse generaior charging umis also reguire high d.c, volinges ol
about 100 to 200 kY. Nommally, for the generation of d.o. voltages of up to 100 kV,
electronic. valve rechifiers are nsed and the output cuwments are about 100 mA. The
rectifier valves requie special comstmaction for cathode and filaments since a high
electrostatic field of several KViem exist between the anode and the cathode in the non-
conduetion period. The ac. supply to the rectifier tubes may be of power frequency or
may be of audio frequency from an oscillator. The latter s used when a npple of very
small magnitude 5 required withont the use of costly filters to smoothen the cipple.

4 2Half and Full Wave Rectifier Cirenies

Rectifier circuits for producing high d.c. voltages from a.c. sources may be

(a) ha!forave,

() full wave, or

{c] voltage doubler bype rectifiers.

The rectifier may be an electron tube or a solid state device. Nowadays single electron
tubes are avallable for peak inverse voltages up to 250 kY, and semmconductor er solid
state diodes up to 20 KV, For higher voltages, several units are to be used in series
When a pumber of units are used in series, wansiemt vobage distabution along each wit
becomes non-unitorm and special care should be taken to make the distnbufion nmform
Commonty used halt wave and mll wave rectifiers are shown in Fig 4.1
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Fig 4.1 Full and Half wave rectifiers

It the half wave rectifier (Fig. 4.1a) the capacitor is charged 0 Vimy, the maximum a.c,
voltage of the secondary of the hagh voltage transtormer i the conducting halt eycle. [n



the other half cycle, the capacitor 1s discharged mito the load The value of the capacitor
C 15 chosen such that the time constant CRy 15 at least 10 tones that of the period of the
ac. supply. The rectifier valve must have a peak mverse rating of at least 2V ToO
it the chargimg current, an additional resistanee B is provided in series with the
secomdary of the transformer (not shown 1 the fignre).

A full wave rectifier comoust 15 shown in Fig. 4.1b.  In the positive half cvele, the rectifier
A conduets and charges the capacitons Ve, while in the negative ball cvele the rectilier
B conducts and charpes the capaciror. The source transformer redquines a cenfre tapped
secomdary with a rating of 2 V
For application af lugh voliages of 50 KV and above, the rectifier valves used are of
special construction. Apart from the filament, the cathode and the anode, they contam a
protective shield or grid around the filament and the cathode, The anode will be wsally a
oweular plate. Smee the clectrostatic ficld gradient are quict large, the heater and the
cathode E‘KPE'I:iE':kr-E' bairge electrostatic forces during the non-conduction periods, To
protect the various elements fiom these forces, the anede s fiimly fixed to the valve
cover on one side. On the other side, where the cathode and filamenr are located, a steel
meesh structure or a projgective grid kept at the cathode potential smrounds them so that
the nechanical forces between the anode and the cathode are reflected on the grid
strmcture only

Both foll wave and half wave rectifiers produce d.c voliages less than the ac
maxinnun volage. Also, npple or the voltage fluctuation will be present, and this has to
b kept within a resonable limit by means of filters.

Ripple Voltage With Hall Wave and Full Wave Rectifiers

When a full wave or a half wave rectifier 15 used along with the smootmg condenser C,
the voltage on no load will be the maximum ae. voltage. But when on load, the
condenser gets charged from the supply voltage and discharges mto load resistance By
whenever the supply voltage waveform varies from peak valie zero vahie  These
waveforms are shown mn Fig. 42. When loaded, a fluctuation m the output d.c. voltage
SV appears, and is called a ripple.  The npple voltage &V i3 larger for a half wave
rectifier than that for a full wave rectifier, since the discharge penod m the case of half
wave rectifier is arger as shown in Fig. 6.2, The ripple &% depends on (a} the supply
voltage frequency £ (b) the time constant CRy . and (¢) the reactance of the supply
transformer X . For half wave rectifiers, the npple fiequency 15 equal to the supply
frequency and for finll wave rectifiers, 1t 18 twice that value. The ripple voltage is to
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Fig.4.2 Input and outpul waveforms of half and full wave rectifisrs
{a) Input sine wave, {b) Ouiput with hall wave rectifier ard concenser filter
(e} Output with full wave rectifier and condenser filber, (d) Vs, Viman and
ripple voltage, &% with condenser filker of a full wave rectifier

be kept as low as possible with the proper choice of the filter condenser and the
transterimer reactance for a given load By

4.1.2 Voliage Doubler Clrenins

Both full wave and half wave rectifier cireuits produce a d.c. voltage less than the ac.
maxinmm vohage. When higher d.c. volivage are neaded, a voliage doubler or cascaded
rectifier donbler circnits are used.  The schematic diagram of voltage doublers are given
mFigs. 43amdb

In voltage doubler circuit shown m Fig. 4.3 a, the condenser Cy 15 charped throungh
rectifier R 1o a voliage of +V__ with polarity s shown m ihe figore during the negative
half cvcle. As the voltage of the transformer rises to positive V__ durmg the next half

cycle, the potential of the other rerminal of C; rises to a voltage of +2 ¥V, dependimg on

the tune constant C,Rp and the forward charping time constant. The ripple voliage of
these cocuits will be about 2% for Ror<10 and X1<0.25. where X and r are the
reactance and resistance of the nput transformer, The rectifiers are rated to a peak
mverse voltage of 2 V_ and the condensers C; and C: mwst ako have the same rating.

If the Ipad cument & large, the ripple also is more.
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{a} Simple voltage doubler

[

a.c. supply
(o) Cascade voltage doubler

Fig-4.3 VWoltage doubler circulta
Ty Tz —h. v. transformers: Ry, Bz, Ra By —rectifiers;
Cy, Gz Cy € — condersers; By — lnad resistance; T — solating transfomer

Cascaded volinge doublers aie used when larger outpul voltages are peeded withou
changing the mput transformer voltage level. A typical voltage doubler is shown Fig.
4.3b, The rectifiers By and B» with transformer T, and C; and C» produce an output
voltage of 2V m the same way as described above. This cweuit s duplcated and
connected m series or cascade fo obdam a farther voliage doubling to 4V, T 15 an

wolating transformer to give an insulation for 2V smee the transformer T. is at a

potential of 2V__ above the ground, [he volage distrubation along the rectifier strimg
i, Bo By and By 13 made untform by having condensers C;, C:, C; and €4 of equal
valies. The armangement may be extended to give 6V, BV, and 30 on by repesting fiurther
stages with surtable solatmp transformers  In all the voltage dounbler ciremits, if valves
are used, the filament transformers have to be sutably designed and insulated, as all the
cathodes will not be at the same potential from ground.  The mmangement becomes
cumbersome (large and heavy therefore difficull 1o carry) i more than 4V is needed wilh
cascaded stages.



4.1.3 Voltage Multiplier Clrcuits

Cascaded voltage muitiplier circuits for higher voltages are cumbersome and require too
ity supply and isolating transformers. 1t is possible fo petierate very high d.e. voltages
from amgle supply transformers by extending the simple voltage dobler ciroumts. This 1
sinple and compact when the lead owrmrent requirement 1s less than ene muliampers, such
as for cathode my tubes, etc, Valve type pulse generators may be used msiead of
conventional a.c. supply and the civonit Decoimes compact. A Typical cireuil of this fornm
15 shown i Fig, 4.4a
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Fig.44 {a) Cascade mdifier umit with pulse generator, (k) Cockeroft-Walton valiage
mudtiplier circuil. P = Pulse generator, Vi, = D.C. supply to pulse generator, Y, — Bias
vollage

The pulses gencrated in the anede circuit of the valve I* are rectificd and the voltapge 15
cascaded 1o pive an onrput of 20V e across the Joad Ry A trigger voltage polse of
iangelar waveform (ramp) is given fo make the valve switched on and off  Thus, a

voltage across the coil L i produced and 15 equal 1o V=1 JE“CP where C_is the

siray capacitance across fhe coil of mductance L. A d.e power supply of about 500 Y
applied 1o the pulse generator, is sufficient to generate a high volage d.c. of 3010 (00 KV
with saitable number ot stages. The pulse frequency 15 lagh {about 500 to 1000 Hz) and
the ripple is quite low (<1%). The vohage drop on load is abour 3% for load curremts of
about 150 u4  The voltage drops rapidly at high load corrents.



Voltage multiplier circurt usmg the Cockeroft-Walton principle 15 shown m Fig. 4.4b
The first stage, 1.e. D1, D2, C1, C2, and the transformmer T are identical. as m the voltage
doubler shown in Fig. 433 For higher output voltage of 4, 6, ... 2Zn of the mput voltage
W, the cirenit 15 repeated with caseade or senes connection. Thms, the condenser €, 15
charged to AV, and C.n to 22V, shove the earth potental But voltage acrozs and
mdividual condenser or rectifier 15 only 2V

-Kipple in Cascaded Voltages Multiplier Circuits

With lvad, the output voltage of the cascaded rectifiers 1s less than 20V gex. where 1 15 the

mumber of stages. The ripple and the voltage regulation of the rectifier cieuit may be
estimated as follows,

J =supply frequency,

q = charge transferred 1 each ovele,

I, = lcad ewrrent trom the rechifier,

t, = conduction penod of the rectifiers,

t, =non-comduction period of rectifiers. and
&V = ripple voltage,

Fetermng to Fig. 4 3a. when Ipad current [ 15 supplied from condenser C- o the load
during the non-conduction period 7 is q, and is related as follows.

dg _q
L=—m—
Tod
titandt +1, = Fl{i.e_ the period of the a.c. supply voltage),

1

. =—

.

SUICE Ao, q=C,6V

Hence, &V=the npple = f:'jl

o

At the same a charge q1s n'mwl"—e:rre:i from C,to C, duning each cyele of z-:--fEL'—-

1

Hence Regulation =mean voltape drop from 2V,

L[ 1 !
=F it 6.1
f[CL+ZE‘3J (e

E(1 |
Therefore, the It s P 4 AL
re, the mean output voltage= 2V__ f[{‘[+2{“'_,}




For the cascade cirenit, on no load, the voltage between stages is raised by 2nV,__ for n
stages.

Reftermng to Fig. 4.4b, to fmd an expression for the total ripple veltage, let 1t be azsumed
that all capacitances C,,C,,...Cy, be equal 1o C let g be the charge mansferred from C, 1o
the load per eyele. Then the npple at the condenser C, will be % Stnultaneonusly,
C,, . transfers a charge a charge q to the load and to C_ | Heoee, the ripple af the

condenser C, . 1is % Similarly, C_ ,transfers a charge q to the load, to C,, and to
C.,. . Therefore, the npple al condenser C, , 15 ‘3‘% Proceeding m the same wayv. the

ripple at €, will be % Hence, for n stages the total rpple will be

ﬁvmr1]=?lé_'[l+1+_:| .+|_|]= f-:[én(u_}-FL)

It can be seen from the above expression that the lowest capacitances (C,.C,.etc )

confribute most for the ripple. 17 these capacitances arz increased proportionately, ie
C,amnd €, are made equal to oC, C,amnd C, are made equal to (n-1) C and so on, the total

rj}plewﬂjhenﬂl}f%-

-Regulation or Voltage Drop on Load

In addtion to the rpple 5V there is a voltage drop AV, which 15 the difference between
the theoretical no load and the on load voltage. From the analyvsis of the nipple voltage, it

-
mny be zeen that the condenser C, & not charged to 2V__ but only to frﬂ.-"m —%]
LS

2n-1}1
Simy hﬂ‘_‘r‘. 1':': 15 EE‘m‘l_Ee{I o .un]}r [[ 1".,-"“ = .-_._i] E_IffE]'__'“ ag i g!iven P 'GhHTE'.E' of

—{ lnﬂ_gj L ciring the non-conduction period to the load and to the next condenser. Hence,

the total voltage drop at various condenser stages will be

[20+2(n-1)+...+22+1]

[
-
i

(6.2)



Addition of all the n voltage drops gives
|
AV = ——=|n+2n + (n-1)+ Zn+2 (n-1)+ -2+ __
L (u-1) (n-1) ]
o oLy 1 1 1
= ———m—| ] + =D — =1
fc [3 l b ]
Here also, it i& seen that most of the voltape drop s due to the lowest stage condensers

C1,C; ete. Hence, it 18 advantageous to merease ther vahies proportenal to the mumber
of the stage fiom the lop

For large values of n(=5), %Bﬂd % terms in Eq. (4.3) will become small compared

5
to gn’ and may be neclegted; then the optiomim nmmber of stages for the mmimum

voltage drop may be expressed as
¥
i = (6.4

-.... 1 B the load current.
Thns, for a nuttiplier or a cascaded circuit with =50 Hz, C=0.1 uF.
Vo — 100KV and I=5m, the munber of stages n = 10.

The regulation can be ioproved by mereasng f, but an upper limit 15 set by the high
voltage appearmg across the nductances and lugh capactor owmrent which are
considzrable. At present. the Cockeroft — Walton type voltage mmltiplies are available

using selenium rectifiers and ac. supply frequencies of 500 to 1000 Hz for owtput
voltages of more than one million volts and load enrrents OF 30 mA,

Van de Graafl Generator
Preliminary Questions
1.A small sphere of radms r and charge q 5 enclosed by a spherical shell of radms R and
charge Q. Show that if g 1s positive, charhie g will pecessavily flow from the sphere to the
shell (when the two are connected by a wire) no matter what the charge Q on the shell
s (NCERT PHYSICS).\

2. There are three concentric and conducting spheres of radmus R, 2R and 4R respectively.
Inpermost sphere A and the oulermost sphere C are coonected by a conducling wines
while the intermediate sphere is nniformly charged to +Q. Find (a) charges on
conductors A and C (b) pofential of A and B.

{c)If the sphetes A and C are earthed,

A machme to make charges was wwented in 1931 by 2 voung American called Dy, Rober
I Vande Graaoff Hupe machimes, some over 20 m high, based on lus ideas have been
built to produce extremely high voltage (10MY).

A Vande Graaff generator operates by iransfemring electne charge from a moving belt to
a fenmninal The high voliages generated by the Van de Graafl generator can be used for

(6.3)



acceleratmg sabatomue particles to high speeds, makimg the penerator a usetul tool for
fundamental physics research

Working of the generator is based on two principles:

{a)Discharging action of shatp pomts, e, electric discharge rakes place m air or gases
readily, at pointed conductors.

(I the charged conductor s brought o to infernal contact with a bollow conductor, all
of s charge ransfers (o the surfce of the hollow conductor no matter bow high the
potential of the latter may be.

Theory behind construction:

If we have a large conducting spherical shell of radius "R’ on which we place a charge Q.
it spreads itself imiformly all over the sphere The field ourside the sphere is just that of a
pomt charge Q af the centre, while the field mside the sphere vamshes. So the potential
outside 15 that of point charge and mside it 15 constant
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The potential nside the conducting sphere =

MNow suppose that we mtrodnce a small sphere of radms ‘r’. carrying a charee q. into the
larpe one and place it at the centre. The potential due to this new charge has following
values

1 ¢
q=4m«:;
11

Potential due 1o small sphere of radms r carrying charge

1 g

Potential at the surface of large shellof mdins R 4me, R :

Takmg both charges g and Q i Lo accounl we have for the (olal potential V' and the
potential difference given by,

N
0 -l

Vir) — V(R) = i(i = 1)

4me,\r R

Mow assuine that g is positive. We see that, independent of the amount of charge ) that
ey have accunmlated on the lacger sphere, it is always at a higher potential: the
difference V(1) - V(R) = positive. The potential due to (QQ is constant upto radms R and so
cancels oul in the difference.

This means that if we connect the sumller and larger sphere by a wire, the charge g on the
fommer will inomediately Dow on to the matter, even though the charge Q may be guite
large. The natural tendency s for positive charge to move higher to lower potential Thus,
providad we are somehow able 1o mtroduce the small charged sphere mfo the larger one,



we can in thas way pile up larger and larger amount of charge on the latter. The potential
of the outer sphere would alse keep rismg, at least vntil it reaches the breakdown fizld of
an.

Construction:

A simple Van de Graatf-generator consists of an endless belt of sillkTubber/Teflon, or a
similar flexible dieleetric material mnning over two vertically mounted metal polleys,
upper one of which i3 surmrounded by a hollow metal sphere. The belt is run by an eleciric
motor. Two electrodes, in the form of comb-shaped rows of sharp metal points, are
positicned respectively near to the bottom of the lower pulléy and mside the spherz, over
the upper pulley. Upper Comb 15 connected to the sphere, and lower comb to the ground

The positive terminal of a high tension source {HT) s connected to the lower comb.
Charges are accummlated at the pointed ends of the comb, the electrie feld field mcreases
and 1om1zes the ar near them. The positive charges i ar are repelled and pet deposited
on the beli due to corona discharge. The charges are carred by the belt upwards as it
moves, When the positively charged portion of the balt comes m front of the wpper
collecting comb, by the same process of action of points and corena discharge oecurs and
the metal sphere acquires positive charges. The positive charges are miformly distnbuted
over the surface of the sphere

The mncharged portion of the belt returns down collects the positive charge from lower
cotmb which in turn 15 collected upper comb, The charge transfer process is repeated. As
more and more positive charges are mmparted to the sphere, its positive potential goes on
rsing. Leakage of charges in the belt and load puts a kmit to generation. If the potential
poes bevand this, imsulation property of air breaks down and the sphere pets discharged.

Since a Van de Graaff generator can supply the same small current at almost anv level of
electrical potential, it is an example of a nearly ideal current source. The maximmm
achievabie potential 15 approximately equal (o the sphere’s madins mmltiplied by the e-fiekd
whete corona dischsnges begin (o oo within (e sumoumnding gas,

Can we accelerate negative charges in a Van-de-Graff penerator?

Yes, to accelerate electons, the spherical metallie globe should be af negative potertial.
For ths the polanity of the generator s reversed.

Prob.

Calculate the rate in rise of voltage for such electrostatic generator using SF; pas at 10
atmospheric pressure with C= 000pF, belt width = 3m, balt speed= 200 m/min. charge
density= 14 = 107° coul'sq. m

3.1 GENERATION OF HIGH ALTERNATING VOLTAGES



When test voltage requuements are less than about 300V, a smgle transformer can be
wsed for test purposes,  The impedance of the transformer shoukd be geperally less than
5% and must be capable of piving the short circuit cwrrent for one minute of more
depending on the design. In addition to the nommal windings, namely, the low voltage
windingz, a third windmgs known as meter wmdings 1= provided to measore the output
valtage. For lugher voltage requirements, a single unit construction becomes difficult
amd costly due o msulation problems.  Moreover, transportation and erection of large
transformers become difficull. These drawbacks are by series connection or cascading of
the several identical units of transformers, where mn the high veltage wmdings of all the
nmits effectively come m series.
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Fig.5.1 Cascade transformer conneclion (schematic)
Vi — Input voltage; V. — output voltage: aa’ - L V. primary winding
hb*- HV seeondary winding: oo’ - Exeitation winding: bd — Meler

winding (200 to 500); g = Insulation (pillars or poast insuators);
\ - Voltmeter

5.1.1 Cascade Transformers

Figure 5.1 shows the cascade transtormer umts m which the tirst transtonmer is at the
wound potental along with its tank. The second transforner & kepl on msulators and
maintained at a potenizal of Vs, the output voltage of the first unit above the ground. The
high voltage winding of the firs) unit is connected to the tank of the second unit. The low



voltage windmg of this unit i supplied from the excitation wmdmg of the hist
transformer, which is in series with the high voltage winding of the first transformer at ifs
high voltage end. The ratme of the excitation windings is almost identical to that of the
primaty or the low or the low voltage winding  The high voltage connection from the
first transtormer winding and the excitabion wmdmg terrmmal are taken through a lushing
to the secoud transformer. Ina similar manner, the third transformer 15 kept on msulators
above the ground at a potenhal of 2V. amd s supplied likewise from the second
transformer, The munber of stages in this rype of arrengement are psually two Towr, but

very often, three stages are adapted 1o faciditate a three-phase operation so that J3V, can

be obtamed between the lnes.

Supply to the nnits can be obtamed from a motor-geperator set or throngh an mduction
regulstor for varation of the output voltage. The rating of the primary or the low voltage
windings 15 usually 230 or 400 V for small units up to 100 kVA. For larzer outputs the
ratmg of the low voltage winding may be 3.3 KV, 6.6kV or 11 KV,
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Fig. 5.2 Cascade transiommer unit with solating transformer for exdtation
Ty, Tz, Ta—Cascade tansformer units
Ist, bszy bsa— Isalation fransformer units
.F“ Ca, Gy = Capactance voltage dividers for hv. measurement after 17, 2" and

3" stages
¥,, ¥, ¥, ~Formetenng after 1%, 2™ and 3™ stages
1. Primary {lv. winding), 2. hv. winding. 3. excitation winding.

In fiprre Fig. 5.2, a second scheme for proveding the exetation fo the second and the
third stages is shown. Isolatmg transformers I1,.1.and I, are 1:1 ratie transformers and
are meant for supplymg the exciation for the second and the third stages at ther tank



potentials. Power supply to the 1solatmp fransformers i also fed from the same a.c.
mwiput, Thes scheme 15 expensive and requires more space.  The advantage of this scheme
is that the natural coolmg is sufficient and the fransformers are light and compact.
Transpottation and assembly & easy.  Also the constrnetion s wdentienl for solating
transformers and the high voltage cascade ymits. Three phase connection in delta or sfar
i possible for theee wnis. Testing transformers of ratings up to 10 MVA are cascade
connection to give lngh voltages up to 2.25 MV are available for both mdoor and cutdoor
apphcations.

In order tn reduce the size and cost of the msulation, sometimes transformers with a
centre tap on high voltage windings earthed or commected to the tank are wsed.  Tlus
conpection resulis in a cheaper construction, and the high voltage insulation now needs fo
be desigted for WV, /2, that of second tramstormer at 3V,/3, and that of the thad

transformer at 3V, (2,

All the cascade fransformer units which are meant for the supply of excitation to the
neexl stage have brpe leakage between the pronary (ot the low voltage windmyg) and the
excitation windings, Hence, they are mvariably provided with compensating windmgs.

5.1.2 Resonmanl Transformners
The equivalent cmouit of a lngh voliage testing transfonoer counsist of the leakage
reactances of the windmgs, the windings resistances, the magnetizing reactance, and the

shunt capacitance across the outpur terminal doee to the nshmg of the hgh volage
termunal and also that of the test object. This iz shown in Fig 5.3
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Fig 5.3 Resonant fransfomier and equsvalent circut. T — Testing fransformer;
L —choke; C — Capaciiance of a hv, terminal and test chject;
Lo — Magnstizng inductance; Ly, Ly — Leakage inductance of the
transfarmer; ry, r: = resistance of the windings: Ry = Resistance dus io core
loes

It may be seen that o 15 possible to have series resonance at power frequency
@ L+ L, | =1/eC. With this condition, the ewrent n the tesis object is very laige and
1 hmited only bv the resistance of the cwemt. The waveform of the voltage across the



test object will be purely smusoidal. The magmitude of the voltage across the capacitance
C of the test abject will be

: VX, v v
= | ——— _xl'.' e ﬁ-s
IRHX. XY RY @CR 15

where R s the total series resistances of the cuouit.
The factor X, /R s the Q factor of the cireutt and gives the magniude of the voltage

multiplication across the test object under resonance conditions.  Therefore, the mput
voltage required for excitation 15 reduced by a factor 1/Q. and the output KV A required is
also reduced by a factor 1/Q. the secondary power factor of the cirenit 15 unity.
This principle is ntilized in festmg at very high voltage and on occasions requiring large
cwren outputs such as cable testing, dielectric loss measurements, partial discharge
measirements, cfc. a transformer with 50 to 100 kV voltage ratmg and a relatively large
oumelr rating is comected together with an additional choke, if necessary. The test
condition s sel such et @(L, +L)=1/eC where L is the fotal equivalent kakage
mductance of the transtformer inclnding 1ts regulatng transformer.  The chief advantages
of this principle are:
&) It gives an output of pure sine wave,
b} power requirements are [ess (5 1o 10% of toral KVA required),
¢) 10 high power arcing and heavy current surges ocour if the test object failed, as
resonance ceases at the filure of the test object,
d)} cascading is also possible for very high voltage,
&) sample and compact test arvampement, and
f} no repeated flashovers oceur n ease of partial failires of the fest object and
msulation recovery. It can be showm that the supply source takes Q) number of
cyeles at least to charge the test specimen 1o the fill voltage.
The disadvaniages are the requirements of additional varable chokes capable of
withstanding the full test voltage and the fill current rating.

523 Generition of High Frequency a.c. High Voltages

High tequency high voltage are requred for rectifier dc. power supplies as discussed.
Also, for testing electnical appamtus for switching surges, high frequency high voltage
damped oscillators are needed which need high voltage high frequency transformers.
The advantages of these high frequency ransformers are:
1) the absence of wen core in tmnstormers and hence saving in cost and size,
1) e Smee wave output,
i) show build-up of voltage over a eyveles and hence no damage doe to switching
surges, and
iv) imiform distribarion of voltage across the winding coils due to subdivision of
cotl stack mte a mumber of nunits
The commonly nsed high frequency resonant transformer 15 the Tesla coll, which 15 a
doubly tuned resonant circull shown schematically m Fig 5.4a.
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Fig.5.4 Tesla coil equivalent circuit and its output waveform

The primary voltage rating 15 10 KV and the secondary may be rated to as lngh as 500
to 000 KV, The primary 15 fed form a.d.c. or ac supply through the condenser C,.
A spark gap G connected actoss the primary is wigzered at the desired voltage 'V,
which mduces a high self excitation i the sscondary. The primary and the secondary
windings (Land L, Jare wound on an insulated former with no core (air cored) and
are imnersed m ol The windmgs are tuned to a frequency of 10 to 100kHz by means
of the condensers C,and C,. The output voltage V. is a function of the parameters L,,

La, €, €, and the mutual mductances M. usually, the windings resistance will be
sinall and contribute only for damping of the oscillations.

The analysis of the output waveform can be done m a simple manner neglecting the
winding resistance. Let the condenser Ty be charged to a voltage V1 when the spark
gap 15 inggered. Let a curreat 1; flow through the primary windings L, and produce a
errent 1: thromgh Lz and Ca

Then,

14 di di
V,=—|d+L, L+ M—2
G ! Yt dt
L} diy i .
and 0= — [dt=L, =2+ M=1
CJ o dt ‘i 4
The Laplace transfonned aquations for the aboveare,

B [L,a‘ + —-l—]I, + Msl,
& Cx ’

(6 14
., 'IJ=[MH][| 4t LisaF L L,
4 CJS £
where Land I, are the Laplace transfonned vahies of i and 1.
The output voltape V.across the condunser C,1s &



= El _I'izdr . or its fransformed equation is
2
V,{a}—--—;ﬂ-- (6.11)
2 C..

where, V. (s)is the Laplace transformof V., .
The solution for V, fiom the above equations will be

poe o ANER 1 :
Il [cor,, —cnsy ] (6.12)
where,
M,
F~ = —— =
L.

K=coelficient of coupling between the windings L, amlL,

1

R t w1

Pro = o e ol | o Sk
- 2 2

e} (1-K?)

m1=:r1 anda’ = !
'Icl ; JCJ

The output waveform is shown m Fig. 6.13b.
The peak amphtude of the secondary voltage V. can be expresses as,

Vi =¥ =2 (6.13)

2daray 1
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ﬂ_L.‘CE‘ e -l'i'.'-.f
Le, e
A more simphfied analy=iz for the Tesla conl may be presented by considening that the
enerey stored m the primary coeutt i the capacitance C1 15 transferred to C2 via the
mmgnetie couplmg. If W s the energy stored 0 C1 and W2 is the energy tiansferved to
C2 and if efficiency of the transfonner s 5, then

| 1

W, = ;Cﬁ’f = :}[?C;'v’_f ] (6.14)

from which ¥V, =¢ ’—gl (6. 14a)

It can be shown that if the coetficient of conphng K 15 large oscdlation frequency 18 less,
and for large values of the winding resistance and K, the wavefonm may becoine a

E=

wherse,




uudirectional mopulse. This 15 shown m the next sections wlile dealing with the
generation of switching surges.
6.GENERATION OF IMPULSE VOLTAGES

6.0 Standard Impulse Wave-shapes

Transient over voliages due 1o lighining and switching surges canse sieep buld-up of
voltage on transmission lines and other electrical apparatus. Expermmental mvestigations
showed that these waves have nse time of 0.5 to 10 g s and decay tune to 50% of peak
value of the order of 30 o 200 ps  The wave-shapes are arbitrary, but mosily

umdirectional It 15 shown that lighting over-voltage wave can be represented as double
exponential waves defined by the equation

V=V, | exp(-at j<xp -Pt) | (6.15)

where o and f are constants of microsecond values,

The above equation represents a unidirectional wave which nsually has a rapid rise to the
peak value and slowly falls zero valoe

The general wave-shape is given m Fig. 6.14. Impulse wave are specified by defining
their nse or fromt time, fall or tail time to 50% peak value, and the value of the peak
voltage., Thus 1 2/500 g s, 1000 KV wave represents an impulse voltage wave with a front
time of 1.2 us, fall time to 50% peak vilue of 50 p s, and a peak value of 1000 kY.
When impulse wave-shupes are reconded, the mitial portion of the wave will wot be
clearly defmed or sometmmes will be miEsme.  Moreover, due to disturbances it may
contain superimposed oscillations m the rising portion. Hence, the font and 1l times
have to be defmed.

Referrng to the wave-shape in Fig. 6.14, the peak value A i fived and referred to as
100% valie. The pomts comesponding to 10%4 and #0% of the peak values are located in
the front portion (points C amd D)

Fig & 1 Impulse waveform and its definiticns
The line joining these points is extended to cuf the fime axis at .0, 15 taken

as the virtual ongin 125 tumes the mterval between tunes £ and t> comesponding to
pomts C and D (projections on the time axis) is defined as the front hme, 1e. 1.25



(4, -0 ). The point E is located on the wave tail comesponding to 50% of the peak
vahie, and 1ts projection on the time axis ty Oty 15 defined as the fall or tail tme. In case
the pomt C is not clear or missing fom the wave-shape recond, the pomi coresponding (o
3% peak value Fois taken and its projection 1y & Jocated on time axis. The wave front
time in that case will be defined as 1.67 (O, -Gyt ). The tolerances that can be allowed
m the front and tail times are mespectively +£30%0and +20% Indian standard

specifications define 1,230 & wave s standard impubes, Considering the tolerances
allowed, all the above wave-shapes overlap and pive nse to a wave-shape which lies
within the specified lunits, The tolerance allowed in the peak value is £3%

The mmpulse waves are generally represented by the Eq. (6.15) given earlier. WV m the
equation represents a factor that depends on the peak value. For impulse wave of 1.2/50
o5, 8=0.0146, 7 =-2.467,and V, = 1.04 when time t i3 expressed in microseconds
aand # control the front and tal time of the wave respectively.

A double exponential waveform of the type mentoned m Eq. (6.13) may be prodnced
the labomatory with a combmation of a senes K-L-C cmenrt inder overdamped condition
or by the combimrion of two B-C cicuirts.  Different equivalent cucnits that prodnce
mnpulse waves are given in Figs. 6.15 a to e, Out of these ciremits, the ones shown in
Figs. 6.2a 1o d are commoaly nsed. Circuit shown m Fig. 6.15a 5 hmited to model
generators only, amd commercial generators employ crcuits shown i Figs. 6.2bto 6,24
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Fig.6.2 Crcuits for producing impulse waves



A capzettor C) or C previoushy charged to a particular d.c. voltage 15 suddenly discharged
into the wave-shaping network | LR R, R_C.orother combination | by closing the switch

5. The discharge voltage 'V, (1 )shown m Fig. 6.2 gives rise to the desired double
exponential wave-shape

Analvats of fgnalse Generator Clrewit Serfes

R-L-C Type
Retermng to Fig. 6.15 the current through the load resistance R 1s given by
1§ i
V= Hdt+Ri+L — G.lé
E‘I dt : !

1
with initial condition at t=0 being ¥ 0= and the net charge 1n the coewt 1=dg/dt=0.
Wiiting the above equation as a Laplace transforimer equation,

Vis —-[Cl—ﬂr;L. ]I{s]

L]

W 1
g s | ——
P LR
L R
The veliage across the resistor R (Which is the outpui) is,
v, (7} =1{5) R, hence,

R 1
'\ru{s‘}_‘ﬁ'ri—sz_. E_1 Z 1
L LC
Foranoverdamkped condition, B/2L =1/ rJEE‘
W . B ey 1
Henee, the roots of the equation "+ —+——are a =5, =——+ || —| - :
L LC ' 2L 2L Lc
e 8 '[E]:_L
ol T ‘J o) LC
463
The solution of the equation for v, {r) is, v, ()= : [e=-e*]=
R* -zl 2
4 IC
I"rul'g-m_“'#J
i R kL . - 1
The sum of the roots |L:1+1'3 = _EJ and the product of the roots are aff = o



The wave front and the wave tal tunes are controlled by changing the valies of R and L
st ltaneously with a given generator capacitance C, choosing a suitable valve for L. 8
orf the wave front fune is defermmed and & or the wave tail tune is controlled by the

viahie of R m the circuit. The advantage of this circuit 15 &5 simphieity. But the
waveshape control s not fexible and mdependent  Another disadvantage 15 that the basic
cmenit s altered when a test ohject which will be mainly capacitive in natare, is
connected across the outpid, Hence, the waveshape gets changed with the change of rest
obhect

Analyate af the Other Impudse Clreniis

The most commenly used configurations for unpulse generators are the coeuts shown in
Fig. 6.2band c. The advantages of these cirouits arc that the wave front and wave fail
times are independently controlled by changing either R or B, separately. Secondly, the
test object which are mamly capacitive in nafure from part of C,

For the confipuration shown in Fig. 6.2 b, the output voltage across C: s given by,

vl = fl—lf.f:d.r . Performmg Laplace ransformation, F1$
2 -y

cmrens throngh Cs, Taking the current through Cyas 1, -Ell-ld its transformed vale as 1;(5),

I{zs}=v,(s) where l: & the

¥ l{s]andl{s'h%

R, +% |
3 R I.-If" 5
Cia+ 8/ +——
. 4-L
R ST
Subctitition of Fs) gves vds) and sivphfving and teking mverse transform of
v (1)= ————— | exp(—ar)—exp(-81) 6.20)
O Tl (-1)] (

Usually, E.IE will be much smaller compared 1o “RJE'H :
k fegps

Hence. the roots may be approximated as
1 1
S d. 5= - 6.21
a C. and, fi R.C, { )
Followmg a similar analysis, it may be shown that the output wavetorm for the circuit

. __F[‘;'E,__aﬁ o =
(1) {ﬂ_ﬂ}[rxp{ ot | —exp| ﬁf]]

confignration nf Fig 6 2c will he

where arandf are the roots of the Eq. (6.19). The appreximate values of cand g given
by Eq. {6.21) are valid for this cicuit also. The equivalenl cireuit given in Fig. 6.2d = a



combmation of the confipurations of Fig. 6.15b and 6.15c. The resistance R; 5 made
mite two parts and kept on either side Ry to give greater flexibility for the civeuis,

The configuration of Fig 6.15e is not commonly used. It is usefil only for testmg high
mduetanee fest obpects such as transformers.

Resirictions on the Ratio of the Generator and Load Capacitance, CyC; on the Circnir
Performance

For a piven waveshape, the choice of B and B, 1o control the wave front and wave tail
times s not entiwely independent but depends om the ratio of Cyf Cs. Tt can be shown

= Iy
mathematicalty that T2 b¥)/Ci AR =Q(y)/C,

where v=C,C.and Pand(} are
functions of y. m order to get real vahes for R, and R, for a gprwen waveshape, a
maxmmin and miniom value of y exists i practiee,  This is true whether the
confignration of Fig. 6.2b or 6.2c isused. For example, with the circuit of Fig. 6.15b, the
ratn of Cy/Cy canmot exceed 3,35 for a I/5 ps waveshape. Simmlarly, for a 1050 s
waveshape the ratio C/C: lies between 106.5. If the configuration chosen s 6. 15¢, the
mimumum valwe of CCy for 105 gs waveshape 15 about 0,01, The reader 15 referred to
High Voltage Laboratory Techniques by Crages and Meek for further discussion on the
restrictions mposed on the ratio CyCy

Effect of Cirewift Induetances and Sevies Resistance on the Impulse Generalor Cirenils

The cguivelent circuits shown m Fig. 6.2 a to e, In practice scveml stray scrics
mductances. Furiher, the ciocuits occupy considerable space and will be spread over
several melers m lesting leboratory. Eachi component has some residual mductances and
the cocurt loop mself contmbutes for tther mductance. The actual valie of the
mductaince may varv from 10 o to several lmmdreds of microbenries. The eftect of the
mduetance is to cause oscillations i the wave front and m the wave tail portions.
Sometimes, in order to control the front time a small inductance 13 added

Waveshape Contral

Generally, for a given inpulse generator of Fig. 6.2b or ¢ the geperator capacitance C,
and load capacitance Co will be fixed depending on the design of the generator and the
test object. Hence, the desires waveshape is obtamed by controlling Rl and B2 The
following approximate analysis 1s used to calonlate the wave front and wave tail tines.
The resistance B2 will be lage.  Taking the cureurt induetance to be neghigible durmg
chatging, C1 charges the load capacitance C2 through B1. Then the time taken for
chargmg 1s approxunately three times the time constant of the cocuit and 15 given by

G5 =3RC, (6.22) where E;-—C’E-.
C+C, GG
piven m ohms and C o nherofarads, 1) 15 oltaimed m microseconds.

[ =3.0R If IfR, is



For discharging or tail time, the capacitance C, and C, may be considered to be in parallel
and discharging ocewrs B amd R, . Hence, the time for 50% discharge 15 approxamately
gven by r, =0.7(R + R, )(C, +,) {623}

These formulae for «andd hold good for the equivalent circuits are shown in Fig. 6.2b

and ¢. For the eivcuit given in Fig 6.2d, B i to be taken as 2 B With the approximate
formmilae, the wave front and wave tail times can be estimated to within +20%for the
standard inpulse waves

64  GENERATION OF IMPULSE CURRENTS

Lightning discharges involve both igh voltage mmpulses and high cwrent oopulses on
mansnussion lines. Protective gear like surge diverters have to discharge the lighming
curens without damage. Therefore, generatwon of mpulse current waveforms of lngh
mammitude (= 100kApesk | find application in testing work as well a3 in basic research on

noa-linear resistors, electric are studies, and siudies relatmg to electric plasmas m lugh
cumety discharges.

64.1 Defimnon of Impulse Current Wavetoris

The waveshape used m tesfing surpe diverters are 410 and 820 p¢ the figires
respecively representing the nommal wave fronf and wave tail times (see Fig. 6.14). the
wlerances allowed on these limes are +10% oy, Aparl fom (e standand impulse
omren, waves, rectanpilar waves of long duration are also used for testing. The
waveshape should be nomunally rectangular m shape. The rectangular waves penerally
have durations of the order of 3.0 ms, with rise and fall times of the order 0f 0.5 to 5.0
ms, with rise and fall times of the waves bemg less than +10% of thenr total duration
The tolerance allowed on the peak value 15 +20% and -0% (the peak valne may he more
than the specified valoe but not less). The duration of the wave 15 at least defined as the
total time of the wave during which the cument is least 1074 of its peak value.

642 Circunits for Prodecing Impulse Curent Waves
For producing nmpulse currents of large vahie, a bank of capacitors connected in parallel

are charged to a specified value and are discharged through a senes R-L circuit as shown
i Fig 6.20.



TR e

E A

L us

(2] Basic circuit of an impulss (&) Impulse current wawveformm
current gererator

Fig. 8.3 Impulse current generabor circuit and its waweform

C tepresents a bank of capacitors comnected i parallel which are charged from a d.e.
source to a voltape up to 200 kKV. R represents the dynantic resistance of the rest object
and the resistance of the circult and the shont. L 15 an amr cored high cwrrent mductor,
wsually & spiral tube of a few oms.

If the capacitor is charged to a voltage V and discharged when the spark gap is trigpered,
the cument 1 will be given by the equation

di 11
V=R, +L—n F'EJ;’""# (6.24)
R
‘The circuit is usually under damped, so thal— < 1I' .Hence i, B given by,
v R 1 B
[ = — e} where ot =——and w=
T L) o1 \ic ar
The time taken for the current 1, 1o rise from 2ero o the st peak value is
| .
f,=f,=—sin 6.26
e Jic \9.26)
The duration for one half cvele of the damped oscillatory wave 1, 1,
= —— (627}
| _K
I AL

It can be shown that the maxionm vahie of 1) normally independent of the value of ¥V T
for a grven cnergy W = ]TIL‘I’E , and the effective mductance L, it 15 also clear form Eq.

{(6.25) that a low mductance 15 needed in order to get lugh cwrrent magnitudes for a given
chatgmg voltage V.

For an 20 wusstandacd umpulse enment wave a=00335=10 gnd @ =0.113x10°
when R.L and C are expressed in ohms, microhenries. and microfarads respectively. The
product of LC=65. Hence, knowing the valie of the generator capacitance, L. can be



calculsted as L=65/C and R can be obtamed from Eq. (6.253) as B=2 La. The peak value
of i, =1, 18 given by (VC)/14 when V s KV, I, in kilo-amperes. and C in microfarads,

043  Gepertwon of High Impalse Carrents

For poducing large valies of impulse cuments, a number of capacitors sre charged m
patallel and discharge n parallel ito the cirewt. Tn order to minmize the effective
mductance, the capacitors are subdivided mto smaller ungs.

If there are ny groups of capacitors, each corsisting of na units amd i 1.0 18 the mduetance
of the common discharge path, L, s that of esch group and L s that of each unit, then

AT ; I
the effzctive mductance L 15 givenby L=1 + £+ -
"o,
Also, the arrangement of capacitors mto a horse-shoe layvout mimmizes the effective load
mductanee.
The essential parts of an mpulse current generator are;
i) dd.c charging it grving a varmble voltage to the capacitor bank,

(1)  capaciors of high value (0.5 0 3 uF ) esch with very low self inductance,




T.Measurement of High Voltages and Currents

The devices and mstruments for measuwrement of high veltages and currents differ vastly
from the low voltage and low current devices.

7.1 MEASUREMENT OF HIGH DIRECT CURRENT VOLTAGES

High veltages can be measured n g vanety of ways, Direct measurement of high volages 15
possible up to about 200 KV, and several forms of woltimeters hove been devised which can be
cotmected divectly across the test circuit. High Voltages are also measured by stepping down the
voltage by nsing transformers and potential dividers. The sparkover of sphere gaps and other gaps
are also vsed, especially in the calibration of meters in kigh voltage measurements, Iransient
violtages may be recorded through potential dividers and oscilloscopes.

Lightnmg surges may be recorded using the Klydonograph

Dhirect Measurement of High Voltages

T.1.1 Electrostatic Volimeters

Principle is used in electrostatic voitmeter?

If the electnic field s produced by the voltage V' between a paw of parallel plate disc
elecirodes, the force F on an area A of the electrode, for which the field gradient E is the
same across the area and perpendicular ro the surface

e of the direct methods of messurmg high voltages is by means of electro-static voltmeters.
Forvolages above 10 EV, generally the attracted disc Ivpe of electrostalic soltmetar is nsed,
When twio parallel conducting platas {cross section area A and spacing x) are charged q and have
a potential difference V., then the energy stoved in fe i given by

Energy stored W =14 C V* o that change d W=1%V'dC=Fdx

Force F=14 V* (dC/dx) Newton=1/2 AGV %),

It is thus seen that the force of attraction 1s proportional to the square of the potential difference
applied, so that thee oeter reds (he scpere value (or con be mmkoed toored i s value),
Electrostatic voltmeters of the attracted dise type may be connected across the ngh voltage cmenit
dwectly to measure up to about 200 kV, without the use of any potential divider or other reduction
methaodd. [The force i these elecirostatic imstruments can be used © measure both a.¢. amd d.c
voltages].

T.1.25phe e gaps

The sphete gap metlvod of measuring Ligh voltage &5 the most reliable and is vsed as the standard
for calibration parposes, The breaidown strength of & gas depends on the ionisstion of the gas
milecules, od o the density of the gas, As sucly, the hreakdown voltnge vores with the gop
spacing; and for a vniforn Geld gap. o high consisiency could be obiaiped, so thar the sphere gap
is very usefil 45 a messuring device. By precise experinents, (he breakdown voltage variation
Willl gap spacing, for different dimnerers and distances, kave been calculated and represented in
chartz. In the measuring device, two metal spheres are used. separated by & pas-pap. The potential
difference between the spheres is raised until a spark passes between them The reakdown
strength of & gas depends on the size of the spheres, their distance apart and A namber of other
MClors. A spal gap may be msed for the detemmiination of The peak value of a voliags wave, and



for the chacking and calibeating of voitmeters and other voltare measuring devices. The densiry
of the gas {generally amr) affects the spark-over voltage for a mven gap settmg. Thus the
correchion for any am density change mmst be made. The air densify correction factor
& =0 WaP(273+0)

The spark over voltage for a given gap seting nsder the standard condiions {760 tar pressie
amd at 206C) mmst be mmltiplied by the correction factor to obtzin the acmal spark-over voltage,
Thwe breakdown voltage of the sphere gap (lgure 6.2) i5 almest independent of umidity of the
ammosphere, but the presence of dew an e surfce lowers the breakdoown volage and hence
irvalidates the calibrations,

The breakdown voltage characterisfic (fpure 6.3) bas been determined for similar pairs of spheres
(diamefers 62 5 mon, 125 mm. 250 momm, 5000 man, 1o and 2 o)

When the gap distance is increased, the nmiform field betwaen the spheres becomes distorted, and

accuracy falls,
The limits of accuracy are dependant on the ratio of the spacing d to the sphere diameter I, as
fiol lonas d=<05D accuracy==3%; 075D >d>035D, accaracy =+ 5 %

For nccurake meagiretnent pupose:, gap distances i excess of 0,75D are not wsed

The breakdown voltage characteristic s also dependant on the polarity of the high veliage sphere
i the case of asvimmetrical gaps (Le. gaps where one elecrode is at high veliage and the other at
a low voltoge or esth potentiad), IF both electiodes are ot equal high volinge of opposite pokarity
{Le + 2 Vand - 2 V7, as in a symmetrical gap, then the polarity has no effect. Figure 6.4 showe
these breakdown voliage variations. In the case of the asyvmmerrical gap, here are pwo breakdown
characieristics: one for e positive high voltage and te other for the negative high volge. Since
he breakdown is caused by the fow of elecirons, when the high voltage elecirode i5 positive, a
higher voltage is generally pecesiary for breakdown than when the high voltage electrode i%
negarive. However, when the gaps afe very far apard. then the positive and the neganve
characteristics cross over dgg to various space charge effects, Buft this occurs well beyvond the
nselill operaiing region Unde allemating voliage conditions, breakdown will ocour
corresponding 1o the loveer curve (Le. in the negative half cyele vinder pormal gap spacings). Thns
under normal condrtions, the a.c. charactenstic is the same as the negative characteristic

In sphere gaps used in measwremment, o obfain high accuracy, the minimmmm clearancs o be
maintamed between the spheres and the neighbouring bodies and the diameter of shafts are also
specified, since these also affect the acouracy [figure 6.5). There is also a tolerance specified for
the radins of amvatire of the spheres. "The length of any diameter shall not differ fiom the
coarect value by more than 1% for spheres of diameter up to 100 cm or more than 2% for larper
spheres”, Peak valies of voltages may be measured from 2 k'V up to about 2500 KV by means of
spheres. One sphere may be earthed with the other being the high voltage electrode, or bath may
be supphed with equal postive aind pegative voltages willi respect (o earth (svinmetrical gzp).
When spark gaps are to be calibrated nsing a standard sphere pap. the two gaps should not be
cormected in parallel. Equivalent spacing should be determined by comparing each gap in hum
with & suitable indicating isinument.

Meedle saps oy also be vsed o e pegsuresment of vollagss ap o aboul 30 KV, bl arors ae
causad by the variation of the sharpness of the needle gaps. and by the corona formmng at the
poinfs before the gap actually sparks over, Alse the effect of the variation of the Inmmidiry of the
atmesphere on such gaps is moch grearer.

Usnally, 4 resistance is nsed in series with the spheve gap, of aboul Lobm™N sparkover coadifions
T aboitt & imaxEm of 1 A



However for impulse measirements, a series resistance must not be issd since this canses a large
drop across the resistance. In measurmg impulse voltages, since the breakdown does not ocomr at
exactly the same value of voltage each fime, what is geperally specified is the 50 % breakdowy
value, A momber of mnpalses of the same value is applied and a record is kept of the number of
times breakdovwn ocours, and a histogram is plotted with the peak value of the impulse voltage
and the percentage of breakdown (figure 6.6).
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The factors that are influencing the peak voltage messurement using sphere pap ave
(1iNearby earthed objects  (m)Atmosphere conditions (1 nfluence of humdity
(niphrradmtion (wv)Polanty and rise tune of voltage waveform (v)Switching surge

7.1.2 GENERATING VOLTMETERIGVM)

A penerntmge voltmeter 5 o vanable capacitor voltage generator which genemtes ourrent
proportional to the voltage to be measured. It provides loss free measursment of T.C and
AC voltages. It 15 drven by a synchronous motor and does not absoth power or énergy
froin the voltage measurng soufce,

Whenever the source loading 3 not permitted or when direct connection to the high
voltage source 15 to be avouded, the generating principle 18 employed for the measurement
of high voltages, A peneratmg volhmeter © a varmble capacitor electrostatic voltage
generater which generates current proportional to the voltage to be measured Sumilar to
clectrostatic voltmeter the generating voltmeter provides loss free measurement of dc
amd a.c. voltages. The device 1s driven by an external constant speed motor and does not
absorh power or energy from the voltage measuring somce, The prmeiple of operation is
explamed with the help of Fiz. 48 & 18 a lngh voltape electrode and the earthed
elecirode 15 subdivided mto 2 sensmg o pick up electiode P a guard electrode & and a
movable electrode M all of which are at the same potential. The high voltage electrode A



develops an electnic field between itself and the electrodes P, & and M The field lnes are
shown m Fig. 7.1, The electiic field density Tis also shown If electrode M s fixed and
the voltape I"is changed, the field density Cwould change and thus a current { (1) would
flow batween P and the provmd.
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Fig.7.1 Principls of genemting wolimeter

The high volage electrode and the grounded electrode m fact constiure a capacitance
systermr. The capactance 15, however, a hinction of time as the area 4 vanes with tme

""d‘.._ﬂfl}c% the charge g1} is given as qit)=C{t V(L)
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Fig. 7.2 Capacitance and woitage variation
Di flerentiating with respect to © gives it=dgide= V(A7) for DO vadtage applicatiodn

00

Fig 1.3 schemmatic dispram of & generating voltmeter

GVM shown 1 Fig 7.3 which employs rotaiing vanes [or vanaton of capaciance. The high volmpe
clectde is conngcred (oa disc elecmode Dy which is kept ar a fxed distance on the axis of die ohier



low voltage electrodes I, Dy, and [, The rotor [N is driven at & copstant speed by & synchronogs
moior &t & smtsble speed The rofor vanes of O, cause periodic change in capacitance berween fhe
insulated dise [ and the high voltage elecirods D). The number and shape of vanes are so designed
tar o suitble variation of capaciance (simusodial or linear) 85 achweved. The a.c. current is rectified

and is measwwed vsing moving coil meters. I the current is small an amplifisr may be wed before the
current is measured,

Advantages of peneraring Volmeter: (1) Scale i lmear and extension of voltage range is
easy (1) Source loadme 15 zero (1) It can measure wide range of voltages (1v) There 1s
1o commection fo H W electrode.

Disadvantage. (i) need calibration (i) Careful construction is needed (i) Disturbance mn
position and mounting of the electrodes make the calibration mvalid,

7.2 THE CHUBB-FORTESCUE METHOD (for peak Ac HY measurament)

Sunple and accurate method for the peak measurement of a.¢. voltages,
uith 1y
.
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T.3 Vultage dividers

Voltages dividers for ac., de or impulse voltages may comist of pesisiors of capacitors of a
comvenient combmation of these elements. Inductors are normally not used zs voltape dividing
elemens as pure induciances of proper maguitudes witliour stray capacitance cannot be built and also
these inductances wonld otherwise form oscillatory circuit with the inherem capacisance of the fest
object and this fay lead to inaccurscy in mensuremment and high voltages in the measuring circiit. The
height of a voltage divider depencs wpom the flash over voltage and this follows from the mted
i viltage applied.

Morw, the pofential distributen may wof be nniform and hesxe the height also depends upon the design
of the tugh voitage clectrode, the fop electrode. For voltages i the megavolt mnge. the height of the
divider becomes large As a thanb rude following clearances between fop elecrode and around may
be assumed.

2.5 10 3 metres MY for de. voltages.

2to0 2.5 mMV for lightning mapalse voltages.

More than 5 myMIV ems for o.c. volisges.

More than 4 w3V for switehing impulse voltage

The dvider dimensions are related to maximal apphed voltape. The potential divider is most
sirnply repeesented by o impedances Z1 and 22 connecied in series and the sample voltage requured
for measureient is tmken from across 27,

Divider ratio;
u, 7
Uy, Zy+ 2y
: : U R 1]
Resistive divider e 3 l
B O U,
Capacitive divider s

The veliage Vs normally only a few hundred volis apd bence the valee of Z; 05 50 chosen thar ¥,
across it gives sulficient dellection vo o CRO. Therefore, wost of the volisge drop is available across
the wnpednnce 7 and since the vollage 1o be measured 15 m megavolt the length of 7, 15 largz which
reanll fin insccurate measwcments bocause of the stray capactaness associated with long kengrth
voliage dividers (especially with mmpulse voliage measurements) unless special precamtions are taken

On the low voliage side of the potennial dividers where s screened cable of fimte kength hiss fo0 be
emploved for connzction to the escillograpl stlwr errors and distortion of wave shape can also occur,

7.4 Resistive Dividers
The resistance potential dividers are the first to appear because of their simplicity of construction,

less space requirements, less weigln and easy portabiliny. These can be placed near the test object
which might polalways be confiped to one location

The lengili of the dvider depends upon twe of three faerers, The maxmbam voltage 1o b measired

is the frst and il height & a limitation, e lengih can be based ona swiace Mash over gradicn in the
order-of 3—4 KViom frrespective of whether the ressstance R, is of liquid or wirewound comstrction.
The lengih alw depensds tpon 1he resistance value bl s 15 dmplicidy bound up with e sty
capacitince of the resistance eolime, the product of the ™o (RC) giving a time constant the valae of
which mmst not exceed the duration of the wave front it 1s required to record.

It 35 10 be noded with cannoa that 1he resistance of the poreniial davides should be matched 1w the
equivalznt resisinnes of @ given gememitor to obtain m mven wive shape
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Capacitanice potential dividers are more complex thas the resistance type. For owasurement of
impulse voltages not excesding 1 MV capactance doviders can be both portable and ransporiable, In
peperal, for messimement of | MV and over, the capacitance divider is a laboratory fixture, The
capacitince dividers are usually mude of cipacitor unis mounted ope above the ober and bolied
togrether, T is this Brilure which makes the wmall dividers portable A sereening hox similar to that
described earlier can be nsed for howsing hath the low voltage capacitor unit . and the matchmg
resistor iF required. The low voliage capacitor C5 should be pon-mdnetive. A form of capacitor whicl
s given excellent resulis is of mics and nin Toil plate, constrmetion, each foil having connecting ags
coming out at opposite cormers. This ensures that the current cannot pass from the high voltage circuit
to the delay cable without actually going throwsh the fodl eledrodes. It is also important that the
coupling between the ligh and low voltape arms of the divider be parcly capacitive. Hence, the low
volmee mm should contain ane capacitor only, Towo of more cagacitors i pamallel st be avosded
becanss of appreciable inductance that would thus be mimoduced. Further, the tappings 1o the delay
cable must be taken off as close as possible to O terminals of C..

7.5 RC Voltage Divider
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7.6 MEASUREMENT OF HIGH D.C., AND IMPULSE CURRENTS

High cuments are used in power system for testing civentt breakers, cables lightning
arresters ete. and lngh cumrents are encounterad durmg lightmng discharges, switchmng
tranzients and shunt faults. These cuments require special techmiques for their
IEasIrements.

7.8.1 High Direct Currents

Low resstance shunts are nsed for measuwrement of these cuments. The voltape drop
across the shunl resistance 15 measured with the help of a milli-voltmeter. The value of
the resistance varies usually between 10 wicroohm and 13 milliohm. This depends upon
the heating effect and the loadmg permitted m the circut. The voltage dropis imited o a
few millivolts usually less than 1 V., These resistances are oil immersed and are made as
three or four fermumal resistances to provade separate termnals for voltage measirement
for befter accuracy.

7.6.2 Hall Genarators

Hall effect 15 used to measure very lugh duwect courent,. Whenever electne current flows
throngh a metal plate placed m a magnetic field perpendicular to it, Lorenz force will
deflect the electrons in the metal structare in & direction perpendicular to the direction of
both the magnetic Geld and the Gow of current. The charge displacement resulls in an
emf i the perpendwular direction called the Hall woltage, Ihe Hall vobage is
proportional to the cument 7, (he nsgnetic ux density B and mversely proportional to the
plate thickness o i.e. V= RBId



where £ 15 the Hall coetheient which depends upon the matenal of the plate and
temperatiure of the plate, For metals the Hall coefficient 15 very small and hence
semiconductor materials are used for which the Hall coefficient & hizh

E
L]

Fig, Hell generaior
140 HIGH VOLTAGE ENMNEERING

When large d.c. cumrents are to be measured the cumrent camymg conductor 15 passed
through an won cored magnetic crouit (Fig. (0)), The magnetic ficld imtensity produced
by the conductor in the air gap at a depth 4 is given by A —142nd)

The Hall element 15 placed m the air gap and a small constant d.c. cumrent 15 passed
through the element. The voltage developed across the Hall element s measured and by
wsing the expression for Hall voltage the flux density B & caleulated and hence the value
of coment [ is obtained.

7.6.3 High Power Frequency Currents

High Power frequency currents are nonmally measured usmg cumrent transformers as nse
of low resistance shunts mvolves mmecessary power loss. Besides the cument
transformers provide isolation from high voltage circuits amd thus 1 15 safer to work on
HY circuits Fig. below shows a scheme fOr cuTent measursmems Usip current
trans formers and electro-optical technique.

i
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Fig. Currint ranefnsmars and elecro-optieal syelem for high a £ cufmnt mes s rem st
A voltage signal proportional to the cument to be measured i= produced and 15 transmtted

to the ground through the electro-ophical device. Light pulses proportional to the voltage
signal are transmitted by a glass optical fibre bundle to a photodetector and converted



back mito an analog voltage signal The requoed power for the signal converfor and
optical device are obtamed from suitable current and voltage trarsforimers.

T.6.4 High Frequency and Impulss Currents

In power system the amplitude of coments may vary between a few amperes to a few
hnndred kiloamperes and the rate of rize of currents can be as high as 10w.d/sec and the
rise tune can vary between a tew miero seconds to a few macro seconds. Theretore, the
device to be used for measuwrmg such cuments should be capable of having a good
frequency response over a very wide frequency band. The methods normlly enployed
are—{7) resisrive shums; () elements wsing induction effects, () Faraday and Hall
effect devices. With these methods the accuracy of measurement varies between 1 to
10%, Fig. shows the coenit diagram ofthe most commonly used method for high ungulse
oumery measurement. The voltage across the shunt resistance & due to impulse cument
i(f) & fed to the oscilloscope through a delav cable D The delay cable g terminated
throngh an mmpedance # equal to the surge impedance of the cable te avoud reflection of
the voltage to be measired and thes troe measurement of the voltage = obtained Since
the dmenswon of the resistve element s large, 1t will have residual nductance L and
stray capacitance C The mductance could be neglecied al low fequencies bat al higher
frequencies the inductive reactance would be commparable with the resistance of the shunt.
The effect of mductance and capacitance above 1| MHz usaally should be considered. The
resistance values range between 10 micro ohm to a few milliohms and the voltage drop 1=
of the order of few volts The resistive shunts used for measurements of impulse currents
of large duration s aclieved only at considerable expense for thermal reasons. The
resistive shunts for mpulse cwrrent of short duration can be bl with nse time of a few
nane seconds of magnitude. The resistance element can be made of paralle]l carbon film
resistors or low inductance wire resistors of parallel resistance wires or resistance foils.

(L =
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Asnming the stray capacitance to be negligibly small the voltage drop across the shunt m
complex frequency domain may be written as Fis) = fs)[R + Ls]

It 15 to be noted that in order to have flat frequency response of the resistive element the
stray fndunctance and capacitance associated with the element must be made as sinall 45
possibie. In order to minmmise the stray field effects following designs of the resistive
elements have been suggested and nsed

1. Bifilar flat strip shunt.

2, Co-axal tube or Park’s shunt

3. Co-axial squitrel cage slumt

The bafilar flat swip shumts suffer from stray mvdhactance assocated with the resistanee
element and its potential leads are Imked to a small part of the magnetic flux generated by
the current that & being messured In order to elimimate the problems associated with the
bufilar shunts, coaxial shunts were developed. Here the current enters the imner cylinder
of the shunt element and retwrs through an outer cylmder. The space between the two



cylmders = occupied by aw wluch acts like a perfacts msulator. The voltage drop across
the element 15 measiured between the potentml pick wp point and the outer case. The
frequency response of this element s almost a flat characterstc upto about 1000 MHz
amdl the response time 15 o fow mnoseconds. The upper frequeney limit i governed by the
skmn effect m the senzihive element
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Fig. (i) Bifilar flat sirip; (i} Co-aooal sguirred caga

Soeel cage shunts are ligh ohemie shunts which can dissipate larger energies as
compared to coaxial smts which are unsumable due to ther lmmitation of heat
dissipation, larger wall thickness and the skin affect. Squrrel cage shunt consists of thick
metallic rods or strips placed around the periphery of a cylindsr and the strachire
resembles the retor construction of a double squinel cage mduction motor The step
response of the clement 15 peaky and, thercfore, a compensating network is used in
conjuuciion with the element to improve iis fiequency respouse. Rise times less than 8 »
sec ard band widih of 400 MHz have been obtained with these shunts.

T.8.5 Elements using Induction EffectsiFozewski coil)
If the cwrrent to be measured s flowing thiough a conductor which s sumounded by a
coil as shown i Fig., and M 5 the mutal inductance between the coil and the conductor,
the voltage across the coil terminals will be: wir) = Mydtadr)
Usnally the coil 18 wound on & non-magnetic fonmer in the form of a tomid and has a
large mumber of nurns, to have sufficient voltage mduced which could be recorded. The
codl 15 wound criss-cross to reduce the leakage mductance. If M is the mumber of tums of
the coil, A the coil area and I 115 mean length, the nutual inductance 15 given by

M =N ATm
Usnally an integrating circuit RC 15 employed as shown m Fig. to obtain the output
voltage proportional to the current to be measured. The output voliage 1s given by vili)
=Mit}(RC)
Intepration of i) can be caried out more elegantly by usimg an appropriately wired
operational amplifier. The frequency response of the Ropowski coil is flat npto 100 MHz
but beyond that it 18 affected by the stray electne and magnetic fields and also by the slkm
effect.

Fig. Rogowski call for high impulse cusrent rmessuremants



T.6.6 Magnetic Links

These are nsed for the measurement of peak magnitude of the current flowing in a
conductor. These links consist of a small mumber of short steel grps on high reteativity.
The link 15 mounited al a known dstance Tom the curent eartyvimg conductor. It bas been
found through expernnents that the remanant magnetism of the ok affer inpulse cument
of 0.5/5 micre sec shape passes throngh the conductor 15 same as that caused by & divect
curerk of the same peak valie. Measnrement of the remanance possessed by the link
after the impulse cument has passed through the conducior enables to calculate the peak
value of the eurrent. For accurate measurements, it is usual to monnt two or more links at
different dstances from the same conductor. Becouse of s relative sompliciy, the
method has been used for measurement of hightning current especially on transmission
towrers

It s to be noted that the magoetic links belp m recording the peak value of the mypulse
cumery but gives no information regarding the wave shape of the cument. For this
purpose, an nstroment cafled Fuleronograph has been developed which consists of an
ahnmninum wheel round the rim of which are slots confaining magnetic inks of sufficient
length to project on both sides of the wheel As the wheel & rotated, the links pass
successively through a par of narrow coils twough winch flows the curent to be
measired. The current at the instant during which a particnlar link traverses the coil, can
be determined by a subsequent measurement of fhe residual fux m the hnk and,
therefore, a curve relating the vamation of current with time can be obtamed. The tune
seale s poverned by the speed of rotation of the wheel

Hall Generators

The high amplitnde a.c. and wmpulse currents can be measured by Hall Generator
described earlier. For the Hall Generator, though a consfant control current flowes which
15 permeated by the magnetic feld of the current to be measured, the Hall vollage 15
directly proportional to the measuring current. This method became popular with the
development of semi-conductor with sufficient high vahie of Hall constant, The band
width of such devices 15 found to be about 50 MHz with suitable compensating devices
and fesdback.



