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The measurement Of high impulse voltages 
necessiates the use of a suitable voltage divider in 
order to determine the peak voltage and the waveshape 
of the impulse. Resistance,, capacitance or mixed (fl-►C 
in series ar in parallel) dividers are used for this 
purpose.. 'the present thesis is a report on the work 
carried out on the design and development of a 150 KV 
damped capacitive (series mixed type) voltage divider in 
order to be able to measure the output of 150 XV impulse 
voltage generator already developed in the ff.V. labO 
ratory of the department. 

In designing the divider, its parameters have 
been fixed by treating it as a transmission line since 
the high voltage arm is made up of many series elements 
of resistance and capacitance. The matching of the low 
voltage arm and the high voltage arm is also looked into 
to achieve divider response without oscillations and 
without reflections. The design ratio has been fixed at 
1250, its capacitance being 35 pt and resistance being 
115 oboe. 

The performance of the divider response is 

studied with rectangular low voltage signals and with 
stop function. The divider ratio measured at low input 

voltage is 1500. The rise time of the divider was 1•ss 



than 30 ns and overshoot was less than 2/. when a 
rectangular pulse of rise time less than 100 ns 
was applied to it. For an input Of step function 
having a rise time of less than 10 no, the response 
time of the divider was less than 10 no. The divider 
was tested at 50 KY impulse voltage which it withstood 
successfully. 
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1.  IN1R1UCU0N 

The developments in the field of electrical 
engineering during the present century have been tremendous 
Rheixmenal increase in power demand at longer distances has 
forced the transmission voltages to be higher and higher from 
economics point of view. In the world 1100 I.V. transmission 
lines are already in operation and in India 400 K.Y. lines 
have been built. 

A large number of expensive electrical equipments 
are used for high and extra high voltages trans►ission lines. 
It is necessary to ensure that such costly equipments are 

capable of withstanding the overvoltages which are met due to 
lightning and switching transients. 

The power transmission lines and their associated 
equipments are therefore frequently subjected to the high 
impulse voltage tests which are performed by the use of 
impulse generator. 

Impulse generators upto 10 MV  have been fabricated 
for research, development, training and testing purposes. 
The measurement of such high voltages is carried out by 
dividing the voltage with the help of impulse voltage divider 
and measuring the divided low voltage by C.R.Q. or by peak 
voltmeter. 



Impulse voltages dividers are of many types; the 
simplest being a resistance divider and is often used for 
recording the astandard lightning impulse. For recording 
fast and slow transients a pure capacitive divider is used, 
the advantage being that its ratio is independent of fre-
quency. However residual Inductances and capacitances of 
the divider frequently introduce oscillations. Also its 
high cost prohibits its use. A mixed divider of parallel 
arrangements obtained by adding capacitors in parallel with 
resistor units behaves as a resistance divider for slow 
transients and capacitor divider for fast transients. The 

damped capacitive divider (series resistance - capacitance 
divider) obtained by adding resistor units in series with 
capacitor units is used for measurement of impulses of higher 
voltages (>1 MV ) because of better response than the above 
mentioned dividers. It also enables the measurement of 
super imposed Impulse and power frequency voltages. 

There was a need of building of a voltage divider 
of 150  KV impulse voltage because an impulse generator of 
150 KV was designed and developed in High Voltage Lab. of 
this department for teachings  training and research work. 
This dissertation pertains to design, development and 
fabrication of 150 KV damped resistance-capacitance divider. 



In India only very recently high voltage compo-
vents such as low loss capacitors, low tolerance and high 
stability resistors are being manufactured. even then the 
main difficulty for this work was the acquisition of high 
voltage components. 

In testing the impulse divider the main difficulty 

come of the nonavailability of a single shot C.R.0. 

sections 
The thesis is divided in eight/which ate arranged 

in the order in which the work was done. 

Section I gives the introduction which explains 
the nature of the problem and the arrangement of the thesis. 

Section 2 gives the basic definitions used in 
impulse technology. 

Section 3 gives the literature survey which includes 
the various types of dividers and the review of the work 
done by other research workers in field of impulse voltage 
measurement. The various sources of error in the divider 
and methods suggested by researchers to eliminate these 
errors are discussed in this chapter. 

Section 4 gives the design of 150 KV impulse 

voltage divider, Firstly the general design considerations 



of a damped capacitive divider are discussed. Secondly 

the actual design of the ILY. aria and L.V. arm of 150 KV 
impulse voltage divider is given. 

Section 5 gives the fabrication of the divider. 

Section 6 gives the experimental results and the 
analysis of the performance of the divider at low voltage 
signals and at high impulse voltage. 

Section 7 gives the discussion of the experimental 
results. 

Section 8 gives the conclusion in which suggee-
tions are also put up for future work. 

At the end references o. 	 are given. 



2. n XIWONS AID SAD OF WAVVSIi&PPS 

Before discussing the impulse voltage divider it 
is necessary to describe some important definitions related 

with the impulse wave. 

2.1.  Fula. Imulse voltage  [1] [21131 

Ideally an aperiodic transient voltage which rises 
rapidly to r maximum value and falls usually less rapidly 
to zero. In fig. 1. a OD is the full impulse voltage wave. 

A transient voltage derived from a full impulse 
voltage which is interrupted by a disruptive discharge 
causing a sudden collapse in the voltage practically to zero 
value. The collapse may occur on the front*  at the peak or 
on the tail. In fig. 1. b and a the chopped impulse voltage 
waveshapes have been shown. In fig. 1. b it s  chopped on front 

and is shown by point X. In fig, 1. 0 it is chopped on tail 
and is sin by point Y. 

2.3 Y1+, 

The maximum amplitude of the impulse is called 
the peak value and the impulse voltage is specified by , this 
value. In fig. 1. a Ag is the peak value. 
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2.4  V  rtual  Ptak Yalue 

In some impulse voltage waveshapes oscillations 
or overshoot may be present on the voltage time charao-
teristia. It the amplitude of oscillations Is not greater 
than 5 '/, of the peak value and the frequency is at fast 
.5 Mc/s, or alternatively, if the amplitude of the overshoot 
is not greater than 5 '1 of the peak value and the duration 
not longer than I tie, then for the purpose of measurement 
a mean ire may be drawn, as shown in fig. 2, the maxims 
amplitude of which is defined as the virtual peak value. 
In fig. 2 it is shown by OR. 

25 Wave Front 

It is the rising portion of the voltage time 

characteristic of the impulse voltage. In fig.. I, a it is 
shown by the portion 8C. 

2.6  Wave Taj3 

It is the falling portion of the voltage time 
characteristic of the impulse voltage„ In fig. 1 a it is 
shown by Cu). 

2.7 Definitioa ADoito,pble tohiU Z 

For these definitions fig. 1 a is referred.. 
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2.7.1 Y ,..j' . fog tf.. (T3 ) 

Xt to d fined as 1.67 ti *es the time interval I 
between the instants where the impulse is 30 percent aid 
90 percent of the peak value. If oscillations are present 
on the front • tho points A and B should be taken on, the mean 
cur drawn trough these oaaillatio . 

2.7.2 Y ..~t",~., . 	iat 	t C o 1) 

It is defined as the instant preceding that corr' 

osoonding to point A by a time O.3T3• For oaciliogrems having 
linear time sweepas this is the intersection with the Zaxis 
of a eatraight u n. drawn through the reference points A and 
B on the Iron i 

vial steepness of vavefront of an impulse 
voltage to the average rats of rie of /oltag. measured between 
the points on the wavafront whom the voltage is 30 -1 and 
go V. of panic values 

2«7*4 'trtu'I " iM of 	Valu 

The time interval between the virtual origin and 

the instant on the tail when the voltage was decreased to 
half the peak value, , In fig* it is shown by i -F. v F 



A distinction is made between lightning impulses 
and switching impulses on the basis of the duration of the 
wavefront. Impulses with front durations from one upto 
some tens of microseconds are in general considered as 
lightning impulses and those having front durations of some 
tens upto hundreds of microseconds, as switching impulses. 
In general switching impulses are characterized by consi-
derably longer total durations than those of lightning 
impulses. 

It Is characterized by 1.2/50 y sec.. wave. 

Tolerances: Peak value 

Front time 

Tail time 

X30// 

+20/ 

2.8.2  Standard,. 9 itchin Ym'le»  

It Is characterized by a 250/2500 ji sec. wave. 

Tolerances: Peak value 

Front time 

Tail time 
(Time to half 
value)  

+60/. 



2.9 RiseTime~, 

The high frequency characteristics of a measuring 

system are described principally by Bandwidth B, by rise 

time Tr, or$ in high voltage terminology$ by response-time 

&es. Rise time has prevailed particularly in the field of 
pulse techniques. The rise time of a voltage or current 

pulse is defined as the time required for the quantity to 

increase from 10 f to 90 '/ of its final value, '" 	In fig. 
laitis shown byTr, 

Rise time of a system e.g. that of a C.R.0. is 

defined as the rise time df the output voltage if an infinitely 

-step voltage step is applied across its input - In other words 

the rise time of systems step response. 

Until the term 1rise time' was introduced* the 

quality of voltage dividers was commonly described by their 

time constant. Small time constants insured a high upper 

frequency limit. 

A close relation exists between the rise•t,me Tr 

and the time constant T of the exponential rise for a measuring 

signal. Applying a voltage step v1 (t) • ya.0 l tt) to the input 
terminals of an FCC circuit, * shown in fig. 3 a, results in 
an exponential rise of the output voltage: 
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..101.0  

The rise time of t* RC circuit is 

=So2eRC in 2.2 !o  

ferring to fig. 3 b the time constant of the stop 
response may be evaluated by means of the ant at the 
origin, as well as from the integral 

, [I-w(t dt 

re 	dt 

M C 	- 	3 s 	0 

a RC 

Here S corresponds to the shaded area, 

! 	l..' -1!."  

When the step fiction ringsd or exhibits significant 
overshoot, t 	constant evaluation by tangent aethed is 
questtonable8eCsUsa of the large ge di s ns in sigh 
voltage test arrangements considerable lead l ndustanc rs 

and stray 	capacitances are present and often cause super- 
position of troublesome oscillations upon an exponential 
rise. A stop response of this type is shown in fig. 3 o. 
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In order that these cases may be described by a 

time constant, the tern response time was defined to 

represent the area enclosed by the normalised step response# 

its final value 1 and the axis t so o.- 

Tres " ,1" 1~' h {t )I dt 

,. T1— T2 + ' - 	+ y.. •sW. 

2.11 Oyer8I" 22 

When the step function rings, it is settled after 
some time to a value known as settling value. The amplitude 

of the wave above this settling value is known as overshoot 
and is defined in percentage. In fig. 3 o percentage 
overshoot is A/B x 100. 

2.12 !Jepoot  

Similarly undershoot is defined as the amplitude 

below the settling value, in fig.3c percentage undershoot 

is defined as C,~8 x 100.  

-, 
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In the measurement of high voltages, it is usually 

not possible to measure the voltages by direct connection 

of a voltmeter, because conventional voltmeters are to,great 

extent, incapable of measuring such high voltages. In 

general some indirect methods are used and the devices are 

calibrated in such a way that the accurate voltage measu-

rement may be obtained in practice. Indirect methods 

generally used are sphere gap method and potential divider 

method. Sphere gap method has certain disadvantages 

over potential divider methods 

1. By this Continuous record of voltage can not be obtained. 

2._ It takes into account humidity, pressure„ temperature, 

proximity of earthed objects to the testing site etc. 

which are of statistical nature. These statistical factors 
introduce some errors in the voltage measurement. 

Potential dividers used for tlae measurement of 
impulse voltages are of many types... 

3.1 'otentia Dim d er rr~w~wrwi  

Potential Divider is basically a series combina 

of a high and low impedance. The voltage to be measured 



applied across the combination and a drop across the 
low impedance section is measured. 

The simplest potential divider (`) can be repre'- 

rented as shown in fig. 4. 

let Vl 	w 	Total voltage across the potential 

divider. 

V2  : Sample voltage to be measured.. 

V2 " 
 2 

If only pure resistance dividers are used it 
becomes a resistance divider#  

and 	VZ 	 V1 1 2 
If only pure capacitors are used it becomes a purely 
capacitive divider, and 

i'2 	Vi 1 2 

The sample voltage is normally a few hundred 
volts while the total voltage_Vl  is of the order of hundred 
of XV s. Thus most of the applied voltage V1  is dropped 

across the high voltage arm impedance Z1  of the potential 

divider. 

3.2 ms of Potential. Dividers 

There are mainly four types of dividers used for 

the measurement of impulse voltages depending upon the 



F 1 6 04 ; SIMPLE VOLTAGE DIVIDER 

• •1 

V9(t~ 

F r,a- S : SIMPLE RESISTANCE 
VOLTnr,E DIVIDER 
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rating of the voltage to be measured and its frequency. 

(A) Resistance potential divider 

(s) mixed resistance - capacitance divider (Parallel RC) 

(C) Pure capacitor divider 
(D) Damped capacitive , divider. It Is also called mixed 

series resistance capacitance divider, 

3.2.1 Resistance Potential Dj id rem t51 

They are of two types. For lower voltages resistor 

divider is analysed by neglecting theresidual inductances 

and distributed stray ground capacitances. For higher 

voltages the high voltage arm of the divider becomes 
bigger in size and the distributed ground capacitances are 

also taken into account. Therefore two types of resistor 

dividers are 

(i) Voltage dividers neglecting stray inductance and 

capacitances. 

(ii) Voltage dividers including their distributed stray 

ground capacitances, 

3.2.1..1 Resistance Voltage Divider Neglecting Stray 

A resistive voltage divider consists of two 
resistors R1 and R2 in series where ordinarily R1 is large 

compared to R2(fig.5]. 
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The divider's attenuation factor is the ratio 

of the voltage to be divided V1(t) and the measuring signal 

V2 (t) that occurs across the low voltage terminals of the 

divider 

' tt) 	R + R. 
Attenuation a a V~ 
factor 

For measurements of fast impulse voltages the measuring 
signal is transmitted from the divider to a C.R.O. through 

a terminated coaxial cable. If very rapid transients exist 

and if the resistances have no distributed capacity and no 
self inductance, the voltages will divide proportionately, 

but it is necessary in order to avoid reflections at the 

oscillograph end of the cable to have a terminating resistor 
as the oscillograph end equal to the surge, impedance of the 

cable. Extra resistances in series with the delay cable 

may be connected from the impedance matching point of view. 

Fig. 6 (a,b,c )hours the circuits under three diff-' 
the 

erent positions of impedance matching. let us analyse/cot 

of fig. 6a. 

R-.2attenuation factor a'  
2 
R

. 

or 	voltage divider ratio 	a 
1 2 

The condition for impedance matching is - 
R 

1 2 
when 	Rl > R2 



NG 
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Ei (o+ ) 	
R2 being 

.R 

or 	zo t, R, + R* 	 . • • • . • (3 ) 

. 0 	R3 _ Z-. R2 	. , .... 4 

equation(4) gives the value of the impedance for termina-
tion at the input of cable. 

Voltage across R2 Ls- 4~ Vt 
z 

R(2o +R) 
where 	 R2+ 

i.e. 	s ~~-( Z0 + R3~ 

from eq.5 	R ( , R
R13) 

 

...... (6) 

Let the voltage travelling towards the delay cable be V3 

V3 	-- 	-- V2 	 ...... 
3 

Putting the value of 	from eq. (6) in eq. (7) 

Zo R Zo + R ) 
V3 '"` ~'Z 	 z1+) 1V 

R 
V3 	,+ R1) • l 

i.e. voltage arriving at the open C.R.O. plates 

v 	: 	V 	...... (8) 3 	1 



Since at the C.R.O. plates, electrically it is open 

circuited, the total voltage across the plates would be 

2a''3. i.e. 

V3(total) - 	 - V' 	 ...... \! 

The reflected wave is almost completely absorbed at the 

potential divider end. In practice 

• RZ 
.Voltage across deflecting plates; &.V1 

For Circuit fir 

For this ' circuit 
RT 	Z, R,, 

Zo 	14 and m a k3)+ R1R2  

For Cireu t c 

It is observed that for impedance matching at both 

ends -~ 
Z q 0 	eT 

also 	 Rat R2 
.. 

and 	m •• 

i.e . when cable is terminated at C *R.O. end with a value 

of resistance equal to surge impedance of cable* the ampli-► 
tude of the divided wave will be reduced to half. 



' rn the duration of the surge is loss than 
1 pa ec, a resistor divider 	 give large errors due to 
stray capacitance. Therefore it is neo.srY to itlya. 
the effect of distributed ground capacitance. 

3.2.1.2 Re :1, 	a D3vdrq Including Stray Gr ou 

At higher voltages the dime ions of R1  are 

significantly increased.  a d the effect of distributed stray 
ground capacitancee can not be ignored. If the potent o 
ads have r distributed capicity, they will not divide the 
Voltage proportionally  at all, instants. 

Thesea capacitances car* the step response to 
possess a gradual approach to its final value, its. inhe-
rently largo se timea and response times. The equivalent 
act for a divider with extended dimensions to shown in fig. 7. 

(I) Th. high voltage arm is assured to consist of N el+. 
aentary resistors R1*. a t  

(2) Each of these elements possesses its own parallel 
stray capacitance Cp m Cl- - N, 

43) The undesired elementary stray fir ; capacitances 
Cg : cgJN aria* from the inherent electric field between 
each element and the *nvirOi ent (floor, wales, nearly high 
voltage equip m-At) at ground potential. 



vs  (f) 

FIG 7 ; : EQUIVALENT CCT .OF- RESISTANCE VOLTAGE 
DIVIDER WITH DISTRIBUTED STRAY 
GROUND AND PARALLEL CAPACITANCES 

FIG B:FREQ-DEPENDENT NON. LINEAR VOLTAGE DISTRIpUTI 



The Values of distributed ground capacitance are 

10 to 20 PP/m In genneral. In reality the ground eapaci-- 
tance per nit length will decrease from the top to the 
bottom of the divider#  but,.. as theoretical and experimental 
investigations have shown, am uniform distribution maY 
frequent y be assumed without excessive error even for 
dividers of some meter's length. 

A voltage step arriving at the divider must 
charge the ground capacitances Cg/M. The required charging 
current delivered from the source diminishes from the 
divider top to its grounded end. This loss produces a non-

linear voltage distribution that is frequency dependent 
along the divider becoming more non-linear as the ratio 
Cp/Cg grows more. unfavourable. i.e. smaller as shown in 
tig.8. 

After a period during which all ground capaci-• 
tances are charged, a linear voltage distribution occurs in 
accordance with the ohmic resistance per unit length. The 
divider acts like a ripple reducing RC filter chain which 
attenuates especially the high frequencies$  thereby ino-
reasing tie output voltage rise-time. 

To avoid this detrimental influence, the capaci-
tive voltage distribution must be adapted to the ohmic 
voltage distribution or vice versa. These measures lead 
to resistive capacitance mixed voltage dividers. 

I 



3.2.2 M 	Resistive - 	citive Voltae D 

It has been noted that dividers with extended 
dimensions exhibit a nonlinear frequency dependent voltage 
distribution because of the diminishing charging current 
for the distributed stray ground capacitances. According 

5 to .Elsner the influence of distributed ground capa- 
citances ate" be eliminated by enlarging the parallel capa-

citances , . This is achieved by connecting additional 

capacitors in parallel with the elementary stray parallel 
capacitances C. . From fig. (81 it is observed that an 

ideal frequency response is achieved if the ratio 
becomes infinitet51„ but in that case the divider would 

be useless because of its high loading effects. Eisner 
assumes a ratio p  /Cg > 3 to be sufficient. Thus a divider 
consisting of ten stages each having a ground capacitance 

Cg = 10 PE' requires a total parallel capacitance 	300 PF 
and hence an elementary parallel capacitance C"i, 3000 P F 

per stage. This comparatively high parallel capa-
c.tance may cause serious loading effects which restrict 
the application of resistive - capacitive mixed dividers. 
In addition, high voltage capacitors in . order of 1000 ?F 
exhibit large stage inductances which can not, be neglected. 

A mixed parallel RC arrangement divider behaves 
as a resister divider for slow transients and as a pure 
capacitive divider for fast surges. The parallel capa- 



citsnces branch v ,d•s the path for most of the current 
flow at high frequencies. Hance it is dal to consider 
the divider when oheic branch Is not there at all i.e. to 
consider the dividers which are Orly capacitive for 
fast surges. 

Thialr dividers are of ,feat advantage with systme 
for very high voltages and high source impedances b+ cause 
capacitance divider can be ss de of high impedance so that 
loading of the source, may be zg1igible.. The typical 
potent potenti1 dives of capacitance tance t, r is shewn in fig. 9 a. 

The divider ttio a - 
1 2 

where 	Ck  - capacitance of the delay cable. 

When Ck  is a 4igibte in comparison with C1  or C2  

a 

The voltage across the deter *able is l* 2  !r BY 

doubling Of th. voltage wave at the open circuited and of the 
C,R.O. , we have the voltage across the, C.R PO. motes equal 
tO 	V * The reflected wave is absorbed with nighi- 
gib3. reflection at the try *r cd, After infinite ttsa, 
the e'st 'behaves as a pure capacitance at d voles across 
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the capacitance Cg gets stabilized. The ultimate value 

of the voltage across the deflecting plates of C.R.O. 
C 

would be given by ( 	]V1 because of the delay 

cable. Thus the delay cable introduces a voltage differ-

ence equal to ~- 

27 V 	C 2 1 2 1 	i ~ ~
2 

+ 	1  
C V. 

+ '2 	1♦ 2+ C )  
where 	V, = voltage across the deflecting plates of C.R.O. 

if 	C2)> Cl>> Ck 
i V 

'y2-, V 	* -- 22 
~  02 

CctV 
The voltage error  1 i l ] would be reduced 

C2 
by transferring part of the low voltage capacitor to the 

C.R.O. end and connecting it in series with a resistance 

equal to surge impedance of the delay cable. This is known 

as the split capacitor arrang nt~ 
7 

The condition for splitting the capacitor is 

Cl+ C2 .. C3+ 

`or this condition, the initial and final ratios would be 
the same. 

for 
For capacitive dividers and/very high voltages, 

the primary capacitance can hot be assumed a 2tmped element 
22 

but must instead be treated as transmission line. 

U 
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An eq. circuit is shown in fig. 10 in which 
the high voltage capacitance C1  consists of a large 
number 'of elementary capacitors in series. The d .stri--

buted ground capacitances cause a ratio error in Capa-. 
citance dividers also, but this is constant rather than 
freq. dependent as in resistive dividers. 

The attenuation factor for rapid transients 
as well as for steady state may 'be calculated as , 

This ratio exhibits a constant frequency independent error. 
example when Cs 3%$ there will be a 5'/ error 
pared to the given nominal ratio. 

1. The above equation is valid only upto/MHz freq. 

2. At higher frequencies residual inductances can not 
F , be neglected. 

At higher frequencies ratio of capacitive divider 
( is influenced by environmental effects, including divider 

height, diameter and distance from a grounded wall. 

The capacitor divider's ratio is independent 
of frequency and thus appears to represent the ideal 
voltage divider for fast pulses. This is true only for 
the pure divider... But the dividers are usually connected 
to the source by leads that have inherent' residual 
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inductances. These inductances together with the caps 
citances of the divider, form a series rasonent circuit, 
$ausing excessive oscillations in the step response. At 
relatively low voltages upto some 10 KY, lead inductance 
may be kept very low by using minimum lead lenqths 
and coaxial lead design. The natural frequencies then 

occur far beyond the upper freq. limit' of the oscilloscope 
and may thus be neglected.. Of course, medium and high 
voltages do not permit coaxial leads. Oscillations free 
behaviour may then be achieved by inter connecting damping 
resistors in series with the high voltage leads and the 
divider. Iowever, this attenuated not only oscillating 
frequencies but also high freq« components necessary for 
short response time. 

Because of the low losses in the divider, 
reflections at both of its ends cause travelling wave osei-
Nations that cannot be attenuated by a lumped damping 
resistor at the high voltage terminallg  Until recently, 
existance of travelling wave oscillations limited the use 
of pure capacitance impulse dividers. But by distributing 

% 	the lumped damping resistor uniformly along the high 
voltage stns, these oscillations and the ringing caused by 

the lead inductances may be sufficiently attenuated without 
affecting the excellent high frequency properties of the 

original pure capacitive divider. 
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3.2.4 DDcgp&ci,t ,ye,..Piv ides 

The circuit of a damped capacitive divider is 
shown in fig. 11 in which the damping resistors are 
distributed along the various capacitance units. This 
arrangement is . suitable . for tests involving super imposed 
power frequency and surge .voltage meal rements[7'3. It 
has the advantage of having finite ,impedance at infinite 
frequency. The ,response of such an arrangement on fast 
surges corresponds to that of a pure resistor divider. 

The equivalent circuit of a damped capacitive 
divider considering the residual inductances and stray 
ground capacitances may be shown as in fig. 12. 
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The essential requirements for the divider is 
that the wave-shape of the voltage to be measured should 
be faithfully reproduced on the oscillograph with a 
reduction ratio which can be accurately determined. 

The chief sources of error common to all types 

of dividers area- C  

(1) Re' &dual inductance in any resistance or capacitance 

element. Oscillations in wavefront are caused by residual 
inductance in the W.V. arm and inductance loops in the 
connecting leads between the, low and high voltage arms of 
the dividers. L LR c4 	fri A f3) 

(fit } stray capacitance: 
(a) From any section of the divider to ground« t 

(b) From any section of the divider to the high 
voltage lead• 	 - - -. J 

(c) Between sections of the divider. 

(3) Impddance drop in the ground return lead from the 
divider resulting from extraneous ground currents flowing 
in this field. 

(4) Impedance drop in the connecting lead between the 
dividers and test object. 

(5) Attenuation and distortion errors due to measuring 
cable. 
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(6) Errors due to cable termination. 

(7) Errors due to layout of test set-up. The test object 
is generally located not very close to the divider in 
order to avoid the possibility of the divider distorting 
the field near the object. Under these circumstances 
the inductance of the loop formed by the divider and the 

connections to the test object may cause considerable 
errors. 

(8) In pract# al impulse testing facilities„ there is an 
interaction between the generating system and the measu-
ring system that precludes the possibility of generating 
an impulse voltage of simple shape ac,rasps a test object. 
The actual test voltage will have some distortion[121[l3L 
This change is due to the interactions of the generator 
impedance and the refle ctionp from the impulse voltage 
divider (241  

(9) Location of the cathode ray oscillograph near the 

divider for direct connection across the low voltage arm 

is undeeirable1151, since this introduces stray capa-

citance and inductive effects on the cathode ray beam. 

3.3.1 E 

Mavis and Boudler(71'(8)  have studied the per-
formance of a resistive divider on impulse voltages and 

have shown the effect of the stray capacitance on the 

recorded wave shape. Referring to fig. 7 the effect of 

earth capacitance. is twofold 



(1) The effect of increasing time constant R1Cg is 

to lengthen the 'ftont' and 'tail* and to reduce the peak 

amplitude. 

(2) For a given value of R1Cg 9 the error in the maximum 

amplitude increases as the tail length decreases. 

Earth capacitance effect is shown in fig. 14 

which is a If explanatory. 

The influence of earth capacitance on the 

response of a resistive divider may be removed by placing 

the divider in a uniform field. This may be accomplished 
by- 
(i) locating the divider in close proximity to the surge 

generation. 

(ii) Surrounding the divider with a resistive screen: ° 

(iii )Providing a capacitive screen from an extended metal 
electrode a at the high voltage end. 

3.3.2 Effect of Inductance of Resistance and Capacitance 
Ele i ilj~w And COM ne ti 	

! 

eadsir:~rr 	rrr~irrrrr~irri~nirrrrr~ ng 

Fisher
(~aj 
 has described methods for improving 

the response of practical dividers. These include the use 

of compensatory devices in the H.V. arm and wave-shaping 

networks in the L.V. arm. Pig. 15 shows the improvements 
obtained in the step response of a 21000 ohms resistance 
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divider by, using.a. line shield and; a damping resistor. 

The low voltage arm was the 75. ohm deflection cable and 
its non inductive terminating resistor. 

in the response - with a simple shield (fig. 15b1 

Bevere oscillationa'are produced by the inductance of the 

connecting lead and the terminal capacitance of the shield 

and the H.V, rt. In fig. c these oscillations have been 

damped out by connecting a 500 ohms resistor at the test 
piece end of 	line lead while in fig. (d) the oscillations 

are damped oft by placing the 500 ohms resistor between the 
R.V. arm and the shield. Best results are obtained in the 

arrangement of fig. (4) as only the capacitance of the shield 

is fed through the resistor and in this position the damping 

resistor has no effect on the divider ratio. By arranging 

the shield In the manner shown in fig. Cd) R the rise time was 

improved from .091)1 sec. to .©23 t sec. 

The response of a divider came also be improved 

by using a suitable wave-shaping network in the low 

voltage arm .If the response. voltage„ as developed across 

a non inductive resistor, rises exponentially as in fig.lba 
the step response may be improved by adding an 

inductor in series with the low voltage resistor. Fig. 16 
(a) and (b) show the response of a 10000 ohms divider 
suitable for 3.5MV. The H.V. arm consisted of sixty seven 

resistor cards each holding 8 inch of resistance windings. 

The total inductance of the H. V. section was about 270 ,uH 
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and the total capacitance to ground was about 150 p. 
Fig. (b) shows the response where a 5 ohms non inductive 
resistor in series with an inductance of .4 yiH was used 
as the low voltage arm. This arrangement improved the 
rise time of the response from -.33 y..i sec. to .14 )1 sec. 

If the divider lras. an oscillatory step response impro 
vement in the general shape of the response (not in the 
rise time) can be obtained by the circuit shown in fig. 17. 

3.3.3 Effect of Source Impedance of Step Voltage 
tienerator  

The output voltage of a pulse generator under 
5 

capacitive loading depends upon its internal impedance. 
`or a very small source resistor R$  (fig. I§ A) the voltage 
step will be affected by r#nging, whereas a very high value 
increase$ the rise.,tire of the output voltage. Therefore 
we must have a critical value of source impedance so that 
neither there are any oscillations nor any dropping in 
the output. if the function generator output is criti-
cally damped, error in the response of the divider will 
be minimised. 

3.3.4  errors due to Cable 

An ideal cable Is one which has no losses and 
whose surge impedance does not very with frequency.  ll . 

However all cables have some attenuation and their surge 

impedance varies with frequency.. The sources of cable 
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losses are the resistance of the central conductor and 

outer sheath of conductance and dielectric hysteresis 
in the insulating medium used. Losses are.  usually 
expressed as attenuation in decibles per 100 ft. at a 
fixed frequency and in general the logarithm of attenua-
tion increases directly with the logarithm of freq. 

The error in the peak value and the waveform 
caused by the cable attenuation can be calculated by 
computing the correction factor for the error in peak 
measurements by measuring values of peak voltage at three. 
different lengths L, 21+ and 31. The decrease 4V In peak 
voltage when the length is changed from 1. to 21 should , be 
the same as that obtained when the cable .length is Increased 
from 21. to 31., The average of the two values of AV is 
added to the peak voltage obtained when a cable of length 
I. is used. 

Bemleyt'1 studied the effect of cable 
termination. When the terminating resistor RT  is not equal 
to the surge impedance of the cable (neglecting C) the 
voltage across RT  is [fig. 6b] 

V3 @ R - o  ( 1+ (ala2 ) 2T + (ala2  )+ 41 ] ... (10) 

where 	al  a R  " Z  
10 

f------- -- Q 

1 	If Rl  >> o 
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a2 	ff + 

V1  = applied voltage 

V2  -a voltage at the input end of the cable 

T 	t• delay cable length in micro-seconds 

(A) When 	a Z/►  
A_  

Then a2  a 0, there are no reflections and Ve V5. 

(B) WhenRr 4  Zo 

Then a2  0 and there wi 11 be reflections and 

consequent error which will be a function of 7qkt. Equation 
10 is plotted in fig. 1 for the three first reflections 
as functions of 	T . 

The cable surge impedance varies with frequency 
and a fixed value terminating resistor cannot prevent 
refiectional:hll  due to different types of surge. The 
change in impedance with freq. is introduced by the change 
in cable inductance caused by non uniform distribution of 
current in the central conductor and the sheath as the 
freq. is increased. This is called skin effect which also 
courses a change in resistance with freq. Thurston show 
that the surge impedance of a nominal 50 ohms polythene 
cable has a constant value of 55 ohms for frequencies 

1 100 ke/s and below. Between 100 kc/s and 10Mc/s there is 
a gradual change in its impedance from 55 ohms to 50 ohms 

and the impedance remains at this value for higher free 
uencies. If such a cable is terminated in a 50 ohms for 
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es&stanoe tt*r. is a aLa-*toti of 5 oIaa for all frs - 
uu•%C ►t* below 300 kc/s aM an error of about 5 j, would be 

introduced when measuring slowly rising surges, aq r► 
waves or 1.5/40 s.c. full surge waves. If, say, a 55 ohes  
t reinsl r,si*t*flC Is used, the error In the asasuraisent 
of slowly rising surges or fu21 waves *u14 be redUced, 

t an error of about 5 '/ would be introduced  n measuring  
amply rising chopped waves* 
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Since the high voltage arm of capacitance 

dividers designed for very high voltages' consists of many 

single capacitors with. relatively large capacitance values, 
considerable stray , inductance must be assumed to occur.' 

,.though the high voltage arm is frequently treated as a iped 

pure capacitance# it is actually a transmission line. As 
is well known from transmission line theory, travelling 
wave oscillations resulting from *I3tiple reflections will 
occur if the line has low attenuation and unterminated 
Both conditions are fulfilled in capacitive dividers there 
is little attenuation in the line by losses in the single 
capacitance and their leads, and one end of the line is 
short circuited by C2 while the other end Is at least 

badly matched: Thus a voltage step at the high voltage 

terminal willl travel through the high voltage arm, be 

reflected at the short circuited end, travel back to the 
high voltage terminal, be reflected again and so on. 

Depending on the losses of the line, more or less atte~► 

nuated travelling wave oscillations will occur. The funda-
mental frequMnsy of the oscillations, which may be of the 

order of 10 MHz is cr l ,ated. Because these oscillations 

may not he attenuated by lumped resistors at the input 

of the divider, the contixuaualy damped capacitive d . 

voltage divider as shown in fig. 1.1 is, used. 



Bitable attenuation is achieved if the 

travelling waves, that enter the high voltage terminal 

decay to negligible value during their first transit so 
that they c not cause serious reflections. Zaengle 
evaluated the required attenuation experimentally arid 
theoretically 'alb 5 

►to4f 

g 

.T ence # the total  ohmic resistance of the divider should 

be 3 to 4 times greater than the surge impedance 

of the divider's transmission line representation. At 

very high frequencies the capacitive ' reactance of the 
high voltage arm is greatly decreased, permitting the 
divider to act like a pure low ohmic voltage divider." The 

minimum upper freq. limit may then be calculated from' the 
eqn. for the bandwidth of resistive voltage divider 

P 
Which: assumes an exponential Vise of step,. response,, 	; 

However,, since attenuation will be chosen for the criti" 

+ally damped as see s a slightly 'greater bandwidth is foufl 

in practice. The bandwidth can be accurately determirie , 

from the rise time of the experimentally 'measured res 4~ 

to a -step input. 

The practical realization of impulse voltag` 
low 

dividers requires components 'with/residual inductance ,~',~ ( ; ~, 

) 
.' 



exclusively (non-helical and fabric woven resistors, 
broadband contactors and disc type capacitors and so on). 
Total inductance must be reduced by skillful arrangement 
of the system and by series parallel connections of com- 
ponents. in 	 fig, j1 the elementary damping 
resistors between capacitors consist of about ten parallel 
individual resistors, In addition the low voltage capa-
citance C is composed of several tens of parallel m di«. 
vidual capacitors that provide roughly equal inductive 
time constants for the high and low voltage arms. 

The design aspects are considered separately 
for L.V. arm and L.V. arm, 

4.2 De i 	H V 

With reference to fig. 
divider, the design of the L.V. 
following lines. 

11 b of damped capacitive 
arm is carried out,  on the 

1. Determination of value of capacitance Cl  

2. Evaluation of stray ground capacitance Cg  
3. Residual induo ice Ll 	 ' y 

4, Surge impedance g  

5. DamPing resistor Rl  

6. Damping resistance of each unit R 
7. Value of each resistance in parallel arrangemnt of a 
unit.. 
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Uniform distribution of the elements has been 

assumed over the whole length of the network, so that it 

can be considered as a transmission line of finite length 

earthed at one end. 

4.2.1 ?ete nt n +ot va,lue of C1 

The capacitance of the divider should be very low 
e o that it does not give any loading effect to the capaa 

citance of the test object. 

The fig, 18eg .ves the simple electrical circuit of 
the impulse generator, test object and potential divider. 

Let 	Ci = Disohsrge capacitor of impulse generator 

RI • Resistance for control of wavefront 
,2 * Resistance or control of wavetail 

CL • Capacitance of test object 
a Capacitance of divider 

CL w Capacitance of test object + divider 
0C~+CD 

Let the total capacitance of the generator be 
~' 	25 

CL S .01 uP. [Taken from existing impulse generator] 

[In the ex.tsting Impulse generator two capacitors of . ;\uF are 

connected in seriesr and there are five stages. The ptal r 
o oftance becomes in series when they are discharging 

aM therefore 

C 	-2'r, '" -.01uF) 	 ~1 
V 	W 

efficient 	• y° _ C+-  
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1.38w 

where 	%. .. Output voltage across the test object 

Vi - Inpulse generator input 
C 

( Assuming impulse generator 
efficiency to be 85%) 

or 	,85 Ci+ X85 CL .. Ci 

Ci 	5.66CL 

i.e. the capacitance of load which can be tested on the 

existing impulse generator must be about th of the 
capacitance of the impulse generator,. for 85 X of effi- 
ciency of the generator 

C 
i.e. 	CL *i4  .so 0j 	1.76 x 16 3 pF 

a 1760p.f, 

From the loading effect point of view the capacitance 

of the divider may be c1osen to be 1/50th of the total 

load capacitance. 

Capacitance of the divider 

% = W ~* 35.2 p. f. 

This capacitance 	consists of high voltage 

capacitance C1 and lour voltage capacitance , 2 in eeries.vo it age 
a capacitance 

across 	he low voltage/is only a few, hundred volts. Therefore 
the capacitance of the L.V, arm is very high in compo-

sitdon to the capacitante of ff.V. arm. Assuming that the 
attenuation from 150 KV is 150 volts is enough, We have 
a divider ratio of 	-1000 - 1000. 
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If we assume the voltage across C2  is V2  and 
voltage across the divider input = VV, we have 

C +C 
Attenuation 	-12 . x000 

Or 	C2 	- 1000 Cl  

Also 
CD Z 2 
	°4  3'•2  (As Ci  and C2  are in series) 

c1  i000c1 
if 	Z 

.2. 

or 	1000C1 	a • i000 x 35.2 . 
Cl 
	

35-.25 p.f. 
C2 	 35230 p.f. 

low inductance high tolerance ceramic capacitances of 
voltage1  rating upto 20 ICV are available. The number of 
stages for 150 KV impulse voltage divider was chosen to be 
15 including the L.V. arm'. This will give voltage rating 
of the divider to be 280 KV which has been chosen p*rposely 
as the voltage rating of the generator is expected to be 
raised to 250 KY. Therefore the capacitance value of 
each unit could be 14 x 35.2; = 494.62 i'.e-. in tthe range 
of 500 to 550 p.f. 

The actual values of the various ceramic capa-
Ltora of 500 p,.t. have been tested on Ltd bridge. M 

All the capacitor 
'ave values in the range of 475 to 510 P.F. 

The average value of 14 capacitances 
490 P.F. 



and therefore capacitance C1  

35 P.F. 

4.2.2  calculation of Inductance.. . 

Each unit consisting of a capacitor and a 

damped resistance is considered as a transmission line. 
The oscillations due to stray inductances can be suffi 
ciently reduced by arranging a number of resistance in 
parallel,.. This can be treated as a thin cylindrical 
conductor. The ground shield is considered as the return 
conductor. The equivalent circuit becomes that of,a 
coaxial transmission line as shown in fig. 19. 

Using the formula for calculating the inductance 
126] C273 

of a coaxial transmission line of two cylindrical shells. 

L ..x3f ..  

where 	L a inductance of transmission line 

r, •- radius of inner thin cylindrical conductor 
in the form of shell. 

r2  a radius of outer cylindrical shell. 

rI  and r2  are selected keeping in mind the supporting 
structure & . physical mounting of resistances and caps'» 
citances as well as the high voltage insulation level. 

Let 	rl  = 30 mm. 

r2  •80mm. 

L • Zx106? 80 
i 



(2) Capacitance Cb of the thickness of perspex pipe. 

(3) Capacitance C0 'between the outer of perspex pipe a 
ground shield with air as medium. 

All three capacitances are in series. Capac 

Lance between two cylindrical shell is given by 126) 

C a ey 

1°910 

Where 	ey relative permittivity of the medium 
between two shells. 

r2 a. inner radius of the outer shell. 

r, = radius of inner shell. 

The inner diameter and thickness of the perspex 
pipe is selected to be 76 , and 8 mm. keeping in mind 

the supporting structure. 

Ca 	_.024 x I 	as medium is air and rela- 

pg10I Live permitting for air - 1. 

.233 /Km. 
~ sQ24 30 	Imedium being perspex 1287 

Cb 
log10 	for which EY.3.4 

• 1.656 

CQ ,JLOZ4 
10,A 80 



086 }F/**. 

Cg ,w (C; and Cb in series) in series Cc 
CpCb  

* Ca+ Cb in series Cc 

.233 xL656 23 3 ;+ 1.656  in series Ca 

.204 in series .086 

;;2- —I!J1 

- 85.3 pt/m. ~ 

Here length of divider 	1 meter 

Capacitive C. 	85.3 pt. 

4.2.4 curaeZ eds 20 
Surge impedance 20 is given by 

Za 

1x1'0 
85.30 x 1p'. -12 

35.91 ohm* 

4.2.5 " 1eotion o9 R 

R _3to4- 

• 107.7 to 143.6 ohms. 

Dividing this resistance into 14 units we have ' the re si s-

tance of each unit. 



M1-~ 

~s 7,69 to 10.23 

Therefor. we can have 6 resistances of 47 +else each In 
Parallel in one =It.. 

The total resistance of H.V. arm will be 

- 	c24 
109,6 ohms.  

4.3 

Careful design and Construction of the' l ► wolf 

c of capacitive divider is required to reduce the 
Because it is a s yf to use only a L.V. signal 
input terminals of the oscilloscope the voltage di' 
ratio becomes very high and the capacitance Of the 

I 
voltage arm is therefore ga. Thor* Is a disc ontl ity at  
the .motion of high and lair voltage arm duo to difaint 
impedances and when the Signal travels through this (, J%mp" 
tion„ rof eotiona occur giving errors in the aeasu rnt. 

Error can be eliminated by terminating the óble  
at the tnput,at the C.R.0. end by a resistor equal to iurgs 
impedance of cable and by .q ali sing 00 i bte constan s 
for H. V. ar and L.V, arm, For sale titt. constants  constaflts we ~. 
mist have 	 1~ 

RI 3, * R2C2 

'R2  M i  1 
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sr ca/C
l 

Divider ratio 

Divider ratio being very high the resistance 

R2 has a very small value but compensates the large time 

constant and response time that would be introduced by the 

resistor Rl. By adding separate resistors in series with 

each of the parallel c *aeitors forming the low voltage arm 

the individual resistor value becomes in the order of a 

few ohms and is readily available. 

The value of resistance R2 obtained in the manner 

as above is not enough to damp out the oscillations in the 

low voltage arm 7 To reduce the oscillations — 

(1) Inductance of the low voltage arm is reduced by having 

a large number of resistances and capacitances in parallel. 

(2) Resistance R2 has got to be increased and optima fed 

keeping same inductive time constants and same capacit ve time 
the 	 , 

constants of/high and low voltage arm.  

(3) The contiectionat the output cable to the terminals of. 

the low voltage arm should not allow magnetically induced 

voltages to appear in 1t loop across the terminals of the 
~7 

output cable. This is the reason to use coaxial cables. 

The capacitance of the L.Y. arm has been cal-

culated in the design part of R.V. arm which should be around 

35 hF for a divider ratio of 1000. The inductance of the 
L.Y. arm is equal to the inductance per unit of high 
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voltage arm which is equal to .0078 H. 

To make the RC time constants of both the arm 

equal, we must have 

R 
R2 °° Divider ratio 

109.6 .11 oht 
1000 

With this low value of resistance R2 the oscillations 

due to the inductance of L.V. arm will not be suppressed. 

From suppressing point of view of the oscillations we 

must have roughly their inductive time constants equal. 

i.e. 
1 	2 

or  = 
2 	2 

Therefore 	RZ = 41 .0078 f 
a 14.1 

or 	R2 == 11 = 1~ 
a 7.77 ohms. 

Therefore to match the two controversial condition R2 has 

got to be optimised between .11 ohm and 777 ohms. 

After fabrication — R2 it 	of 2.5 ohms was 
decided by trial and error method during the testing of the 
equipment. 
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Practically the values of low voltage capa- 
which we have used 	obtained 

citors/are such that total C2  As 44 1'P giving a divider 

ratio 	3500  - 1257 

4,.3.1  Matchn of flelavCable 

The effect of the length of delay cable has been 
discussed in literature survey. For our purpose we have 

selected a coaxial cable of 50 ohms surge impulse of 2.5 
length appxox, which has hardly any effect on divider ratio. 

Xt'is terminated at input by a resistance equal 
to (Zè  - FEZ  J ohms. 

Let 	The input .  resistance 	k3  
R3  x.Z0 -R2 . 

47.5 ohms. 
cS 

At the end it should be terminated by a resis- 

tance equal to 50 ohms, By adding this terminating 
resistance the response would be halved. 
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5.  ØABRICATION AND CONSCONSTRUCTIONAL DES 

After having arrived at the design values of 
resistances and c¢pacitances, the fabrication of them 

was undertaken to be 14 units in series. Perspex was 
chosen due to its good insulation and surface tracking 
properties. 

5.1  Fabri : tion of H IL V. Arm 

The supporting structure for H.V. arm is a 44 mm. 

dia and 3 mm. thick perspex pipe which was out into 15 
pieces of 56 mm. length. After finishing the surfaces the 
length of one piece was left 53 mm. This gives us the 
spacing for mounting the capacitors and resistors. At the 
two ends of this piece two brass . rings were fitted of 3 mm. 
width and 1.5 mm thickness. The resistances and capa- 
citances were fabricated in parallel. A unit is shown in 

 1 
fig, a) in which various components are marked by alphabets. 

AI, Ap  = Resistance terminals 
B, C 	= Capacitance terminals  
D-, . 	Brass ring 

'n eq :vzlent electrical circuit is shown in fig. Li 

to make the physical structure more clear. 

Inter-connection of units is made by 5mm. thick 

perspex discs4With the help of these discs all units are 
connected in series. One such disc is shown in ,fig. (a) 
by point * F, 
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FIG 21 	çpNSTRUCIIONAL DETA(L$ 

OF A UNIT OF H,V. A1M 
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This fabrication was achieved to minimise the 

length at the same time meeting the surface breakdown 

criterion. , The .overall length of H, V. arm consisting  

of 14 units is 1 meter. The assembly is put inside a 

• perspex tube which gives it mechanical support, high 

insulation, shielding from dust as well as to enable 

further developmental work. 

The high voltage terminal is made of 9 cm. dia 

aluminium cup o f rounded cornors to avoid corona. Ideally 

it should be a sphere. The high voltage terminal can be seen 
4n-photograph no.1. 
5.2  Fabrication of L.V.  Arm 

L.V. arm consist of similar one unit. Here the 

capacitances are fabricated in parallel at the outer 

periphery of perspex unit having resistances in series of 

each capacitance. The high voltage arm is electrically 

connected in series to L.V. arm. The connections are 

• made such that they are easily approachable. The junction a  
point is connected to central terminal of/ BNC connector 

is 
through a resistance of 47 ohms ancj/ fitted on a PVC pipe 

piece . The lower end of L. V. arm is connected to the 

metal surface of BNC connector. 

The signal cable of 2.5 meter length and surge 

impedance of 50 ohms connects the BNC connector to.C.R.O'. 
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A„ photngraP' ©t the divider is 5hoWfl in 

photograph No. i 

177/62 
MIRAt IIILARY VWIYEkSITY OF 



I 

PHOTGl: 150 KV IMPULSE VOLTAGE DIVIDER 
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6.  PMFORMANCE CHARACTERISTICS 

Accurate calibration of the output signal of a 
voltage divider can be made*  provided the waveform of the 
input voltage is given. Generally input waveform is not 

23 
known. Therefore one should proceed in the reverse sequence. 

From a givens  possibly distorted, waveform of the output 
voltage measured by means of a C.R,O,, the actual waveform 
of the input voltage has got to be determined. Obviously 
this calculation wild, only be practical for output wave-
forms that can be described analytically in a comparatively 

simple manner. An idealized input waveform, such as a 
step functioncr a rectangular pulse or a square wave is 
generally employed to evaluate peak value and risetime 
errors. The pulse should reach its peak as rapidly as 
possible and have negligible drop on the tail. In general 
the rise time of the testing pulse should be five to ten 
times as fast as the expected rise time of the divider 
system under test. The pulse should last at least as long 
as it takes for the divider to obtain the steady state 
conditions. 

After discussing the performance at low voltage 

and measures to be taken to improve the response, divider 
is tested at high impulse voltage by the use of impulse 

generator. 
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• • , 	• 	 •yip :, 	~. 

At low voltages the divider has been tested 

with two low voltage signals of different rise time. 

(1) With rectangular wave input of 80 its rise-time. 

(2) With repetitive square pulses of 10 xis risetime. 

6,1,1 BMangu ar Wave ?nDut Re snonse Itr.r ■ irrr~~r. 

The circuit was arranged as shown in fig. 22a and 

22c to see the response of the pulse generator as well as 

of. the divider respectively, 

6.1.1,1 In#c 

10 volts input of the pulse generator was fed 

directly across the C.R.O. plates through the 50 ohms 

coaxial cable. The wave shape recorded on the C.R.O. is 

traced in fig. 22b. * photograp"i of input was also takers and fS 

The details of the input are as follows. 

Sweep 

Pulse match 

Rise time 

Amplitude 

6.1.1.2 0ut ut  

M 200 ns/cm 

1.2 us 

80 ns 

0 10 volts 

The above low voltage signal of pulse generator 

is fed to the divider through the coaxial cable as shown in 

fig. 22c. The sample voltage across the L.Y. arm of the 
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divider is fed to C.R.J. plates through the same 50 ohns.coxia 

cable. The output waveform recorded on C.R.O. is shown 

in fig. 22d. Output is also shown by actual photograph No.3. 

The following observations are made from this 
output. 

(1) 	Oscillations are produced which are due to residual 

inductances and lead inductances and due to mismatching 

of pulse generator output impedance. 

(2) Overshoot of the order of 5 times the amplitude 

of the divided wave is obtained. 

(3) Under shoot is double the amplitude. 

(4) Sweep 	 • 100 ns/cm. 
Pulse width 	M 1.2 bus. 
Rise time 	= 30 ns. 
Amplitude 	= .007 volts 
Divider ratio 	W 0 

1430 

Theoretical calculated divider ratio = 1257 

6.1,1.3 	as_en toinrnrove the renonse  

As shown in fig. 23 this response can be improved 

by considering three factors - 

(1) Source input impedance R1. 

(2) Damping resistor R. 
(3) Parallel termination at C.R.O. end. 
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6.1.1.4 §Ifect o urcerlmD ddaanrce lei 

(A) Ric 33 ohms 
w ~~tin..nrn nr~ n.rrr..r.r 

The over shoot and under shoot both are decreased 

nominally. (Fig. 24a1. 

(B) R W 50 ohms 

Overshoot decreases slowly and the undershoot 

diminishes to a greater extent. (Fig. 24b) 

(C) Ri M 100 ohms 

There is no change in the overshoot while 

undershoot gets reduced further. [Fig. 24c] 

CD) :..470 ohms 

Overshoot is reduced to half and the undershoot 

also gets 'reduced to a very low value. (Fig. 24d] 

(B)  	1000 ohms 

At higher values of (R1 > 470 ohms ) the wave 

front becomes dropping and rise time is increased. (Fig.24e) 

6.1.1.5 affect o  Daijn Resitorjj 

The oscillations can be reduced further by using 

damping resistances RD. The performance is observed at 

different values of RD. 
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A. Rd  = 1K ohm 

From gig. 25a it is observed that overshoot is 

reduced too much and performance becomes better. 

B. Rd  1470 ohms 

The overshoot, undershoot and oscillations are 

reduced to a great extent. The shape becomes almost a 

replica of the input. (Fig. 25b3 

C. Kd  = 2K ohm 

The front of the wave is lengthened and becomes 

drooping. It is a case of over damping. [Fig. 25c]. 

The details of the output observed are 

Sweep 	a 100 ns/cm 

Pulsewidth 	==1.2pisec. 

Rise time 	=30ns 

Overshoot 
	

2/ 

Undershoot 
	

2 

6.1.1.6 fZect of ParaUe1 Termtioji at CC R O. 

If the cable at the C.A.0. end is terminated by 

a resistance RT  = 20, the voltage amplitude is halved. 

[Fig. 25d). 

6.1.1.7 Effect of Match 	of ab1ejzmut Teination  

The best performance(fig. 25c} is obtained when 

the meas-uring cable is terminated at the input by 
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a resistance of 4711. This is the matched condition 
of the L.Y. arm with the cable. If this is mismatched 
the performance becomes very poor as shown in fig. 26. 

The performance is observed with t\ o valuesof Rt. 

(A) Rt > 47 ohms 

From fig. 26a it is seen that when R, is increased 

from 47 ohms to 97 ohms by adding one more resistance of 
form 

50 ohms in series of 47 ohms, 	the wave/becomes 
No 

drooping and rise time is increased,1bvershoots and under-
shoots are wN observed. 

(B) a 

Too much oscillations are observed and the per-

formance becomes very much poor. [Fig. 26b]. 

6.1.2 StCDRoses 

The actual step function is one having r,.3s e~.tiYO 
of the order of 1 ns. We have used repetitive square pul-

see of rise time 10 nsl by a pulse generator available in 

the Electronics and Communication Engineering Department, 

University of Roorkee, Roorkee. The response was recorded 

on a tektronix C.R.O. of the sane department. The input 
wave applied to the divider is shown in fig. 27a. Input 

has the following characteristics -• 

Sweep 	= 20 ns/cm 

Pulsewjdth 	m 10 is 

Rise Rise time 	= 10 ns 

Amplitude 	= 9 volts 
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Oscillations in the input are observed for a period of 

100 ns as marked in fig. 27a. 

The output waveform using a damping resistor 

of 2K ohm is shown in fig. 27 b. 

Its characteristics are 

Sweep 

Pulse width 

Rise time 

Period of oscillation 

Amplitude 

Overshoot 

Undershoot 

Divider ratio 

20 ns/an 

=10~us 

=30ns 
100 ns as shown in 

fig. 27 b. 
.006 volts 

=25/ 

=15/ 

= 1500 

The following points S are observed. 

(1) The rise time of the input signal and the output is same. 

(2) The period of oscillation is same for input and output 

which shows the performance of the divider is quite 

satisfactory. 

(3) The overshoot and undershoot of oscillations are 

increased as compared to rectangular input signal of 80 as 

rise time to a value to 25 percent and 15 percent respect- 

ively. 
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(Li) The divider ratio obtained with this signal of 

10 ns rise time j 1500 which is very close to the ratio 
obtained with the signal of 80 ns rise time which is 
1430. 

Since the measurement of divider ratio was done 
by visual observation and not by taking photographs, it 
may contain large errors. 

6.2  High Votpge. Performance. 

Having analysed the low voltage performance of 
the divider it is subjected to high impulse voltage by 
impulse generator available in the high voltage lab, of 
the department. The block diagram of the test set-up is 

shown in fig, 28. A.C. input of 230Y, 50 Hz is given 
to In a charging cct. which gives high d.c. voltage of the 
order of 30 KV, This voltage charges the capacitors of 
impulse generator cot, giving the sparking across the 
sphere gaps resulting impulse voltage across the divider 
and the sample voltage across the low voltage arm of 
the divider appears on the C,.R.O,, which is measured for 
its amplitude and rise time.A+  ual test' set lip is ,own by 
photograph No.4 

The operation of charging set and impulse 
generator is discussed here in brief. 

6.2.1  Oration of Charging Circu  it 

The circuit for charging the capacitors of 
impulse generator is shown in fig. 29. 
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Since -.#e need high voltage D.C. supply 

we have to have rectification techniques i.e. high 

voltage D.G. is obtained with the help of rectifiers 

from a.c. voltage. We have option to use half wave 

rectifier ect. or voltage doubler cct. or Cockroft 

Walton cct etc. Each type has its own advantages and 

disadvantages. For instance a bridge rectifier needs 

4 diodes and transformers, while voltage doubler cct 

needs only two diodes(different rating than used in bridge 

rectifier cct.). Similarly the rating of transformer 

is also different for the same D.C. output in both 

cases. Seeing the overall economy i.e. in transformers 

and rectifiers rt ~r i `~'r a a-~vca~ ~ eL r~ ~rr3 A rgo rrn n-h ~ ~ 4 evs we 

have selected a bridge rectifier configuration for 
30 KV D.C. charging set. 

When the switch K is pressed, the supply 

voltage of 230 volts comes to the primary of low voltage 

auto transformer, which is Indicated by a red neon 

lamp L . The output of the variar is directly fed to the 
primary of high voltage transformer, and the voltage 

fed is shown by voltmeter. In order to measure high 

voltage of secondary side a miliameter is provided in 

series with a high resistance,. Its I mA full scale 

deflection represents 28.5 KV for the existing cct. 
over current relay in the load circuit, has been pro-

vided for the safety. When the current in the load 
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cat, exceeds the present value s , the normally closed 
contact N.C. gets open and thus the supply to the primary 
aide of varial is automatically switched off. 

.a•.= SCE 	 - 	of ...: 	- 

In impulse generator cot the capacitances 
are charged in parallel through resistances and discharged 
in series through spark gaps. The equivalent circuit of 
available generator is presented in fig. 30. The stage 
capacitors C are charged in parallel through high value 
charging resistors R3. At the end of the charging period, 
the . points A#  B,, . , .... F will be at the potential of the 
d.c. source, e.g. +V with respect to earth and the points 
F t,.......L will remain at earth potential. The die-
charge of the generator is initiated by the breakdown of 
the spark gap. A? which is followed by simultaneous 
breakdown of all the remaining gaps* When the gap AP 
breaksdown, the potential on the point A changes from +V 
to zero and that on point 0 swings from zero to --V owing 

to the change on c apdattor A. The potential on B remains 
+'V during the interval the gap Ag sparks over. A voltage 
2V, therefore appears across the gap BG which immediately 
leads to its breakdown. This breakdown create a potential 
difference of 3V across CM; the breakdown process, therefore, 
continuous and finally the potential on L attains a 
value of 5V. 
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The measurement by high voltage is done In 

two steps. 

(1) Measurement with sphere gap taking into account 

the atmospheric pressure and temp. and neglecting 

humidity effect. 

(2) Measurement *ith impulse potential divider, 

6.2.2.1 Mefigurementtwi~Yh. S-pherre Chap 

The impulse generator output is applied across 

the two spheres which are used as voltmeter. One s-phere 
4tia;i 

is at high voltage and the other is earthed. . Sphere of 

available-5 cm, diameters were used. The tests cct, is 

shown in fig. 31. 

Taking air density factor into account and 
neglecting humidity breakdown voltage VB is given by 

VB 
P  293 where 	 • 273+t  

The P is atmosphere pressure in mm. of Hg and t is temp. 

in ° C. 

VB - Breakdown voltage at pressure p and temp. t. 

V = Breakdown voltage at which the sphere gap 

setting gives 50 / breakdown at normal 

pressure and 20°c temp. 

The experimental readings for one value of high impulse 

voltage are given in table 1. 
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Table  1 

.No. D.C. Charging 
Voltage in KV. 

Nom nal output 
in .-AM 

Gap Setting 

1. .38 x 28.5 1a.83x 5 •61, • 

10.83 .54.15 

50'/, Breakdown voltage 
in KV (Measured) 

Air density 
factor. 

50/• Breakdown 
Voltage. (Actual) 

47.6 .928 47.6 x .928 
a 44,E17 KV• 

is The standard calibration table of KV peak versus the 

sphere gap has been taken from the book by 'Abdullah and 

Kuffel' •7 

6.2.2.2 Measurement With Divider 

The actual output voltage 44.17 KV is applied 

to the divider for its calibration. It was observed that 

divider withstood 44.17 KV impulse in respect of insur 

lation etc.,, but we could not record the output wave 
due to very low intensity of the response. The photo-

graph was also not possible on a simple C.R.O. Use of 

a single shot C.R.O. would have made it possible to have 

the photograph but nonavailability of single shot C.R.O.. 

was a handicap for recording the high voltage response. 

Also, the present 	i nerator was not in a p 	~/ generator 	 position 
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produce voltage 	50KV due to the slow PIS' 
rating of the diodes used in the H.V. D.C. supply. 



In order to ,evaluate the performance of the 
divider its response towards a L.V. step function was 
necessary, Since the internal resistance of the step 
function generator Ri intluencee the response character-

istics as discussed in 3.3.2, it was necessary to find the 
critical internal resistance of the source which experi-

mentally is found to be 470 ohms. In fig, 24 the response 
characteristics for various values of Ri  are shown. It 

can be seen from fig. 24 d that Rim 470 ohms is the value 

of the critical internal resistance of the .ignal-ot 
pulse gei rator. 

In fig. 24 d in which the response of the 

divider is given for Rim 470 ohms, it can be seen that 
there are oscillations of the order of the response 
magnitude which were further reduced by putting damping 
resistance. For the best performance the value at damping 
resistance was 1470 ohms. Actually from the design coma 
sideratione point this value should have been very small 

as the damping resistors are already, put in the divider 

throughout its length in series with the capacitances. 
But practically it is more due to the fact that in 
the design considerations we have chosen an earth shield 
near the divider ,  giving to equalise the earth capacitances 
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from top to bottom. Practically we have not used the 

shield and is ground capacitances have reduced to a 
large extent, the earth now being at quite large distance 

m R, F p the value of the damping vs 
resistor Hl  will increase correspondingly. 

The contribution of the residual inductance is 
expected to be the same as calculated with a ground shield 
because the measured value of the inductance without the 
ground shield was .14 aH as compared to the calculated 
value of ..11 tH. 

Therefore high voltage of damping resistors 

used practially to dam out oscillations is in agreement 
with theoretical predictions. 

It can be seen from fig. 25 and 26 that 47 ohms 
is the optimum termination to be used at the input of 
cable which confirms the theoretical value and the mis- 
matching of the cable termination results in poor per-
formance of the divider confirming the theoretical 
considerations outlined in design aspects. 

The overshoot and undershoot observed are of 
the order of 2/ which are tolerable. 

The divider is supposed to be subjected to 
lightning impulses of the rise time of I.2,,ue ± 30 '/. 
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Its performance is found quite satisfactory for the signals 

o having the risetime of 80 no and 10 no as can be seen 

from fig, 25b and 27b. Therefore it can be predicted 
that its perf*'mance for the impulse wave, for which it 

has been fabricated will be better than the performance 

for 80 us and 10 no rise time waveforms. 

The divider ratio for rectangular low voltage 

signal is found to be 1430 and with a step function is 
found 1500 from fig • 25 b and 27 bA  wh .le theoretically 

it is 1257. The assueptions, made in calculating the 

theoretical ratio, and the inherent recording error of 

the C.R..0. [ Least count of -C.R.Q. being .002 volts) 
account for - this difference. Other sources of errors 

discussed in the chapter of literature.,_. Survey are also 
responeible for the difference. 

Another limitation of this technique is the 
risetime of oscilloscope amplifier which is in the range 
of 10 -*20 us. It is possible that the rise time of the 

divider is short compared to the rise time of the ampli. 
tier or the applied step voltage in which case its high 
frequency response should be considered very good* 
However the analysis of the response characteristics at 

high voltage would give a more true picture of perfor-

mance. 



The impulse generator output was calibrated at 

50 KV as given in article 6,22.i. An lapulse of 
was applied to the divider. 

The divider successfullyy withstood the voltage 

ieither the response was successfully observed visually 
lue to low intensity of iapulse it could be pho 
iced on a simple C.R.O. With a simple C.R.O. recording 

,pulse wave of 1.2 us rise time is not easy and it 
Lres sophisticated single shot C.R.O. which has proper 

satin preset adjustments to take the photographs an 
as the divided wave appears on C.R.O. Therefore the 

voltage calibration could not be carried out. 

4 



8. CONCWSZON 

1. The 150 KY impulse voltage divider will enable the 
measurement of output impulses of the 150 KY impulse 
voltage generator. 

2. The rating of the impulse voltage divider can be 
increased to at least 250 KY. 

3. The L.V. performance analysis indicates that the 
divider performance at high voltage will be acceptable 
for lightning and switching surges. 

4. Prom low voltage performance it is observed that an 
external damping resistance would be desirable for high 
voltage performance. The values of this resistance could be 
decided by further developmental work. 

5. The high voltage calibration of the divider should be 

carried out using single shot C.R.4. 

6. Measures can be found to improve the high voltage 
response. 

7. With the help of the measured response characteristic 
for a step function input and the actual measured divided 
wave analysis could be carriedout to arrive at the actual 
Input waveform, 
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