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1.  |Define impulse wave. Discuss how impulse wave is generated in laboratory with a neat CO3 | L2
diagram of Marx generator. [2+3+5]
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Fig.6.14 Impulse waveform and its definitions

Impulse waves are specified by defining their rise or front time, fall or tail
time to 50% peak value, and the value of the peak voltage.

Thus 1.2/50 us, 1000 kV wave represents an impulse voltage wave with a front time
of 1.2 (is, fall time to 50% peak value of 50 ps and a peak value of 1000 kV.
Theoretical Representation of impulse Waves

The impulse waves are generally represented by the Eq.

VO in the equation represents a factor that depends on the peak value. when time t is
expressed in microseconds, a and [ control the front and tail times of the wave
respectively.




Multistage Impulse Generators—Marx Circuit
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Fig. 6.17a Schematic diagram of Marx circuit arrangement for multistage
impulse generator

C — Capacitance of the generator
Rs — Charging resistors
G — Spark gap
Ry, B2 — Wave shaping resistors
T — Test object

the generator capacitance C1 is to be first charged and then discharged into the wave
shaping circuits.

A single capacitor C1 may be used for voltages up to 200 kV.

Beyond this voltage, a single capacitor and its charging unit may be too costly, size
becomes very large.

The cost and size of the impulse generator increases at a rate of the square or cube of
the voltage rating.

Producing very high voltages, a bank of capacitors are charged in parallel and then
discharged in series.

The arrangement for charging the capacitors in parallel and then connecting them in
series for discharging was originally proposed by Marx.

Modified Marx circuits are used for the multistage impulse generators.
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Fig. 6.17b Multistage impulse generator incorporating the series
and wave tail resistances within the generator

he schematic diagram of Marx circuit and its modification are shown in Figs. 6.17a
and 6.17b, respectively.
Usually the charging resistance is chosen to limit the charging current to about 50 to
100 mA, and the generator capacitance C is chosen such that the product CRs is
about 10 s to 1 min.
The gap spacing is chosen such that the breakdown voltage of the gap G is greater
than the charging voltage V.
all the capacitances are charged to the voltage V in about 1 minute.




\When the impulse generator is to be discharged, the gaps G are made to spark over
simultaneously by some external means.
all the capacitors C get connected in series and discharge into the load capacitance or
the test object.
The discharge time constant CR1/n (for n stages) will be very very small
(microseconds), compared to the charging time constant CRs which will be few
seconds.

Hence, no discharge takes place through the charging resistors Rs.

In the Marx circuit is of Fig. 6.17a the impulse wave shaping circuit is connected
externally to the capacitor unit In Fig. b,

the modified Marx circuit is shown, wherein the resistances R1 and R2 are
incorporated inside the unit.
R1 is divided into n parts equal to R1/n and put in series with the gap G.

R2 is also divided into n parts and arranged across each capacitor unit after the gap
G.

This arrangement saves space, and also the cost is reduced.

But, in case the waveshape is to be varied widely, the variation becomes difficult.
The additional advantages gained by distributing R1 and R2 inside the unit are that
the control resistors are smaller in size and the efficiency (Vo/nV) is high

Impulse generators are nominally rated by the total voltage (nominal), the number of
stages, and the gross energy stored.

The nominal output voltage is the number of stages multiplied by the charging
voltage.

The nominal energy stored is given by

- where C1 = C/n (the discharge capacitance) and V is the nominal maximum
voltage (n times charging voltage).

The waveform of either polarity can be obtained by suitably changing the charging
unit polarity.

Explain with neat sketches Cockroft-Walton voltage multiplier circuit. Derive the
expression for a) voltage regulation, b) ripple, ¢) optimum no of stages when the

circuit is loaded.
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Fig. 2.4 (a) Charging of smoothening Column (&) Charging of oscillating column
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During the transfer cycle shown in Fig. 2.4 (), the diodes D,, D,. D, conduct when B is positive
with reference to 4. Here (", transfers g charge to C,, C| transfers charge 2¢ to C, and the transformer
provides change 3g.

For n-stage circuit, the total ripple will be

287= el #+(L+{L+ﬂ.+i{
f Ca Cn—l n-2 Cl

or SV=i %+(L+{i+._.+i; 2.7
E.f ¢ n c n-1 n-1 c 1

From equation (2.7), it is clear that in a nmltistage circuit the lowest capacitors are responsible for most
ripple and if 1s, therefore, desirable fo increase the capacitance in the lower stages. However, this 1s
objectionable from the view point of High Voltage Circuit where if the load is large and the load voltage
goes down, the smaller capacitors (within the column) would be overstressed. Therefore. capacitors of
equal value are used in practical circuits ie., O, = C',_, = ... C'; = C and the ripple is given as
I nn+l) In(n+])

V= ==
2 2 41C

2.8

The second guantity to be evaluated is the voltage drop AV which is the difference between the
theoretical no load voltage 2nl, _and the onload voltage. In order to obtain the voltage drop AV refer
to Fig. 2.4 (a).

Here ] 1s not charged upfo full voltage 277 . but only to 2F  — 3g/C because of the charge
given up through C, in one cycle which gives a voltage drop of 3¢/C = 3I[fC

The voltage drop in the transformer is assumed to be negligible. Thus, C, is charged to the
voltage

since the reduction in voltage across ', again is 3JfC. Therefore, (", aftains the voltage

3I+37+271
e
In a three stage generator
ar =L
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In general for a n-stage generator

av=2L
"
A= {n+@n-1}
n-1 _}‘C
ﬁ.V”_3=% m+2m-1D+@m-2)}

I
ATy =2 @n+20-D+2(1-D+ 2x3+2x2+1)

A=AV, + AV, _,+ ...+ Al
After omitting J/fC, the series can be rewritten as:
I, =n
I, =2n+(@n-1)

T =m+2(-1)+(@-2)
T _=2+2(-1)+2(@-2)+@m-3)

m=23

L=2n+2(m-1D+2(n-D+ . +2x3+2x2+1
I=T,+1, ,+1, ,+.+1)
To sum vp we add the last term of all the terms (T, through T,) and again add the last term of the
remaining term and so on, i.e,
m+mp=-1y+(n-2+_+2+1]
+[2m+2(n-1)+2(n-2)+ __+2x2]
+[2n+2(n-1)+ _+2x4+2x17]
+[2n+2(m-1)+__+2=4]
+[2n+2(m-1+2(n-2)+...+2x5]+ . [2n]
Rearranging the above terms we have

n+m-1)+@-2)+..+2+1
+2n+2@-1)+2(-D+.. +2x2+2x1]-2x1
+[2n+2(—1)+2(-2)+ _+2x3+2x2+2x1]-2x2_2x]
+2n+2@-1+2(-D+ .. +2x4+2x3+2x2+2x1]

-2x3-2x2-12x1

Rxn+2(m-1)+_ +2x2+2x1]=[2@-1)]
+2(M—2)+ _ +2x2+2x]]
or n+m-1+m-2)+._.+2+1
Plus (m — 1) number of terms of 2 [ +(n— 1)+ .+ 2 + 1]
minus 2 [1+{1+2)+(1+2+3+ _+ {1+2+3+_ (mn-1}]

The last ferm (minus ferm) is rewritten as
2NN+ +2D+ . +{1+2+3+ . (n—-1D}+{1+2+ . +n}]
—2[1+2+3+  +n]
The mth term of the first part of the above series is given as

;= nn+1)
=—

. =(n2+n)

Therefore, the above terms are equal to
=¥@+m-2%n
=¥ (n*—n)




Taking once again all the term we have
T=¥n+2n-1)En-% (@ —n)
=mEin-xmw
nn+l) nm+1)(2n+1)

=2
" 6
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Here again the lowest capacitors contribute most to the voltage drop Al and so 1t is advantageous
to increase their capacitance in suitable steps. However, only a doubling of C| is convenient as this
capacitors has to withstand only half of the voltage of other capacitors. Therefore, AV] decreases by an
amount AJ{fC which rreduces AF of every stage by the same amount ie., by

ni
2
(2
Hence M=f(§n’—§] (2.10)

If n = 4 we find that the linear term can be neglected and, therefore. the voltage drop can be
approximated to

3

AV = n (2.11)
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Substituting 7., in equation (2.12) we have

'V“""’ﬁ(zrfm _u mec']

I:Vﬂ mﬂ:r)m = ‘Ill T

- (2.14)

It 1s to be noted that in general it 1s more economical to use high frequency and smaller value of
capacifance to reduce the ripples or the voltage drop rather than low frequency and high capacitance.

The maximum output voltage is given by

1

0 mee

= QHV""‘”_E'EH (2.12)

From (2.12) 1t 1s clear that for a given number of stages, a given frequency and capacitance of
each stage, the output voltage decrease linearily with load current I. For a given load, however, I
= (Vg V) may rise initially with the number of stages #. and reaches a maximum value but decays
beyond on optimum number of stage. The optimum number of stages assuming a constant VI fand
C can be obtained for maximum value of ¥ by differentiating equation (2.12) with respect to n and
equating it fo zero.

dl, 21
mE oy =t 3xt-0
dn JC
-y Loz
rm:x_jt\r -
[VemIC

or Moy = V7 (2.13)




A ten stage Cockraft-Walton circuit has all capacitors of 0.06 pF. The secondary | [10] |CO3|L3
voltage of the supply transformer is 100 kV at a frequency of 150 Hz. If the load
current is 1 mA, determine (i) voltage regulation (ii) the ripple (ii1) the optimum
number of stages for maximum output voltage (iv) the maximum output voltage.
Solution: Given C=0.06 uF. /=1 mA, f= 150 Hz
n=10
i N 2 3w ) 125 #)
Voltage drop V= rd Tt 3 e y(‘i, 4 =1
1x107 (2 s . 10°
- | 5% 10" +
1500061071 3 2
10’ . N7x10°
- .‘()7- ‘Hlvl\_hv M) el = 80 kV
Tln-xc!nu’, ]‘(’h\'lll.lg" \1‘||.tg\' H‘_ﬂ:l‘.:'l\‘l'
80x100
2x10x 100
(i) The ripple voltage 8V = i( "—ln‘—l’
Ix107" x55
150 006x10= ~ 01k
> 6.1 x 100
krppie T 2Ix10x100
= 03% Ans
[V SC
() Optimum no. of stages = Vg
100 x 150 x 0.06 x 10 x 10°
= \\ 7 =30 Ans.
[ ]
. )
=M= 3 < [ = 000 KY  Ans.
e  Vmax=
Discuss various electrical tests done on insulator. [10] |CO6|L2
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Discuss various electrical tests done on circuit breakers and cable.
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6. a

An impulse generator has eight stages with each condenser rated for 0.16 pf and
125 kV. The load capacitor available is 1000 pF. Find the series resistance and the
damping resistance needed to produce 1.2/50 uS is impulse wave. What is the

maximum output voltage of the generator, if the charging voltage is 120 kV?
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6. b | What is Tesla coil? How are damped high frequency oscillation obtained from the [4] |co3 |3
Tesla coil?
eHigh frequency high voltages are required for
erectifier d.c. power supplies
etesting electrical apparatus for switching surges, high frequency high voltage
damped oscillations are needed which need high voltage high frequency
transformers.
oThe advantages of these high frequency transformers are:




ethe absence of iron core in transformers and hence saving in cost and size,

epure sine wave output,

eslow build-up of voltage over a few cycles and hence no damage due to switching
surges, and

euniform distribution of voltage across the winding coils due to subdivision of coil
stack into a number of units.

eThe commonly used high frequency resonant transformer is the Tesla coil

eDoubly tuned resonant circuit

eThe primary voltage rating is 10 kV

eThe secondary may be rated to as high as 500 to 1000 kV.

oThe primary is fed from a d.c. or a.c. supply through the condenser C1.

o A spark gap G connected across the primary is triggered at the desired voltage V1
which induces a high self-excitation in the secondary.

oThe primary and the secondary windings (L1)and (L2) are wound on an
insulated former with no core (air-cored) and are immersed in oil.

oThe windings are tuned to a frequency of 10 to 100 kHz by means of the
condensers C1 and C2

€
4
| |
Supply Spark
gap L
0 T Time =
(a) Equivalent circuit (b) Oulput waveform

utput voltage V2 is a function of L1, L2, C1, C2, M.

winding resistances will be small , contribute only for damping of the oscillations.
neglecting the winding resistances.

Let the condenser C1 be charged to a voltage V1 when the spark gap is triggered.
Let a current il flow through the primary winding L1 and produce a current i2

thrAaiinlh | 9 Aand M9

Vl= Clljlldf‘FLl%‘FM%?‘ V] 1
0 —= | L+ || +Mdl
1 l )
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V,= El:z- ipdt; or its transformed equation is
a

)
Vi(s) = E‘z_s




MV, 1

Vy= ———r — [0S Yy — COS Y5!]
2 ULILZCI 722—'ﬁ 1 2

where,

2
0’2= ]—L=]—K2
L,

K =coefficient of coupling between the windings L, and L,

o+l ‘\/m2+ 2
N2= 120)21' 12‘92 - ojw} (1-K%)
W = 1 and w,= 1

With the help of a neat sketch, explain how cascade transformer generates High
Voltage AC. Explain the problem associated with increase in number of stages.

° Fig. 2.9 Basic 3 stage cascaded transformer

When test voltage requirements are less than about 300 kV, a single transformer can
be used for test purposes.

The impedance of the transformer should be generally less than 5% and must be
capable of giving the short circuit current for one minute or more depending on the
design.

Along with low and high voltage windings, a third winding known as meter winding
is provided to measure the output voltage.

For higher voltage requirements, a single unit construction becomes difficult and
costly due to insulation problems.

transportation and erection of large transformers become difficult.

Drawbacks are overcome by series connection or cascading of the several identical
units of transformers, wherein the high voltage windings of all the units effectively|
come in series

he first transformer is at ground potential along with its tank.

The second transformer is kept on insulators and maintained at a potential of V2, the
output voltage of the first unit above ground.

The high voltage winding of the first unit is connected to the tank of the second unit.

[10]
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The low voltage winding of this unit is supplied from the excitation winding of the
first transformer, which is in series with the high voltage winding of the first
transformer at its high voltage end.

The rating of the excitation winding is almost identical to that of the primary or the
low voltage winding. The high voltage connection from the first transformer winding
and the excitation winding terminal are taken through a bushing to the second
transformer.

the third transformer is kept on insulators above the ground at a potential of 2V2 and
is supplied likewise from the second transformer.

The number of stages in this type of arrangement are usually two to four

three stages are adopted to facilitate a three-phase operation so that can be

obtained between the lines. I"::3.‘1"'2
p, Zs, and Zt, are the impedances associated with each winding.

The impedances are shown in series with an ideal 3-winding transformer with
corresponding number of turns Np, Ns and Nt.

The impedances are obtained either from calculated or experimentally-derived results
of the three short circuit

tests between any two windings taken at a time. Let Zps = leakage impedance
measured on primary side with secondary short circuited and tertiary open.

Zpt = leakage impedance measured on primary side with tertiary short circuited and
secondary open.

Zst = leakage impedance on secondary side with tertiary short circuited and primary
open

A’.-__r - J.\_d.l\.l'lE,'\. l.LI.J.kJ'LU-(I.LlLL v a\_LU’LlU-t.LlJ\' SRR VLML LA I.hu_'r SITIETR L TR LY . TN Fll.uld.l.! Ul.a'LJ.I..
If these measured impedances are referred to primary side then
Z,=Z,+L E,=Z,+Z and Z =Z +Z

Solving these equations, we have
1 1
Zp = 2 (Zpt:+ ZPF_Z.T}' Z= B (Z;t:_ Zy- Zp.‘)

1
and Z= 2+ Z,~Z,) (2.19)

Assuming negligible magnetising current, the sum of the ampere turns of all the windings nmust
be zero.
N,I,-NI-NI=0
Assuming lossless transformer. we have,
Z,=jX, Z,=jX ad Z=jX

Equivalent Circuit of 1-Stage




Fig. 2.11 Equivalent circuit of 3-stage transformer

Also let Np = Nt for all stages, the equivalent circuit for a 3-stage transformer would
be given as in Fig.

Fig. can be further reduced to a very simplified circuit as shown in Fig.

The resulting short circuit reactance Xres is obtained from the condition that the power
rating of the two circuits be the same. Here currents have been shown corresponding
to high

voltage side.

PX_ =G X+QPX,+PX,+PX +PX +PX+QPX~+PX,

X, = 14X + 3X_+ 5x, (2.20)
! - ?
".,-"'1 = Br:l: '._.'1 ".,-":

Fig. 2.12 A simplified equivalent circuit

The main disadvantage of cascading the
transformers is that the lower stages of the primaries of the transformers are loaded
more as compared with the upper stages.

The loading of various windings is indicated by P

For the three-stage transformer, the total output VA will be 3VI = 3P and, therefore,
each of the secondary winding of the transformer would carry a current of | = P/V.
The primary winding of stage-111 transformer is loaded with P and so also the tertiary
winding of second stage transformer.

Therefore, the primary of the second stage transformer would be loaded with 2P.
the first stage primary would be loaded with 3P.

Therefore, while designing the primaries and tertiaries of these transformers,

this factor must be taken into consideration.
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6.a |Calculate the front and tail resistance for 5 stages, 1000kV with the capacitance of [6] |CO3|L3
each stage is SuF and a load capacitance of 10,000pF for 1 us front and 50 ps tail
wave.
6. b | Briefly discuss impulse current generator. [4] |co3|.3
7. \With the help of a neat sketch, explain how cascade transformer generates High| [10] |CO3 |2

VVoltage AC. Explain the problem associated with increase in number of stages.
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