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  WORKED EXAMPLES   

Example 4.1 A solid specimen of dielectric has a dielectric constant of 4.2, 
and tan d = 0.001 at a frequency of 50 Hz. If it is subjected to an alternating field 
of 50 kV/cm, calculate the heat generated in the specimen due to the dielectric 
loss.

Solution Dielectric heat loss at any electric stress E [Eq. (4.5)]
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For the specimen under study, the heat loss will be
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  = 0.291 mW/cm3

Example 4.2 A solid dielectric specimen of dielectric constant of 4.0 
shown in the figure has an internal void of thickness 1 mm. The specimen is 
1 cm thick and is subjected to a voltage of 80 kV (rms). If the void is filled with 
air and if the breakdown strength of air can be taken as 30 kV (peak)/cm, find the 
voltage at which an internal discharge can occur.

10 mm80 kV
(rms) 1mm

Solution Referring to Fig. 4.5(a) and Eqs (4.7) and (4.8), the voltage that appears 
across the void is given as
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CHAPTER

1
Introduction

In modern times, high voltages are used for a wide variety of applications cover-
ing the power systems, industry, and research laboratories. Such applications have 
become essential to sustain modern civilization. High voltages are applied in labo-
ratories in nuclear research, in particle accelerators, and Van de Graaff generators. 
For transmission of large bulks of power over long distances, high voltages are in-
dispensable. Also, voltages up to 100 kV are used in electrostatic precipitators, in au-
tomobile ignition coils, etc. X-ray equipment for medical and industrial applications 
also use high voltages. Modern high-voltage test laboratories employ voltages up to 
6 MV or more. The diverse conditions under which a high-voltage apparatus is used 
necessitate careful design of its insulation and the electrostatic field profiles. The 
principal media of insulation used are gases, vacuum, solid, and liquid, or a combi-
nation of these. For achieving reliability and economy, a knowledge of the causes of 
deterioration is essential, and the tendency to in crease the voltage stress for optimum 
design calls for judicious selection of insulation in relation to the dielectric strength, 
corona discharges, and other relevant factors. In this chapter, some of the general 
principles used in high-voltage technology are discussed.

1.1  ELECTRIC FIELD STRESSES
Like in mechanical designs where the criterion for design depends on the mechanical 
strength of the materials and the stresses that are generated during their operation, 
in high-voltage applications, the dielectric strength of insulating materials and the 
electric field stresses developed in them when subjected to high voltages are the 
important factors in high-voltage systems. In a high-voltage apparatus, the important 
materials used are conductors and insulators. While the conductors carry the current, 
the insulators prevent the flow of currents in undesired paths. The electric stress to 
which an insulating material is subjected to is numerically equal to the voltage gradi-
ent, and is equal to the electric field intensity,

 E = –Ñj	 (1.1)
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water. Table 3.1 shows the properties of some dielec trics commonly used in electri­
cal equipment.

Of the insulating liquids shown in Table 3.1, transformer oils are the cheapest 
and the most commonly used. The electrical properties of transformer oil are given 
in the above table. Oils used in the capacitors are similar to transformer oil but they 
are subjected to a very high degree of purification. Various kinds of oils are used in 
cables as impregnants for paper insula tion and to improve their heat transfer capa­
bility. Table 3.1 gives the dielectric properties of various liquid dielectrics used in 
cables, capacitors and in other special applications.

In practice, the choice of a liquid dielectric for a given appli cation is made mainly 
on the basis of its chemical stability. Other factors such as saving of space, cost, pre­
vious usage, and susceptibility to the environmental influences are also consid ered.

Table 3.1  Dielectric properties of some liquid dielectrics

	 Property	 Transformer	 Cable	 Capacitor	 PETEP	 Silicone	
	 	 oil	 oil	 oil	 oil	 oils

Breakdown strength 15 30 20 > 15 30–40 
 at 20°C on 2.5 mm kV/mm kV/mm kV/mm kV/mm kV/mm
 standard sphere gap

Relative 2.2–2.3 2.3–2.6 2.1 2.7 2–73
permittivity (50 Hz) 
Tan d (50 Hz) 0.001 0.002 0.25 ¥ 10–3 0.1 ¥ 10–3 10–3

   (1 kHz) 0.0005 0.0001 0.10 ¥ 10–3 0.5 ¥ 10–3  10–4

Resistivity (ohm­cm) 1012–1013 1012–1013 1013–1014 > 1014 3 ¥ 1014

Specific gravity 0.89 0.93 0.88–0.89 0.96–0.97 1.0–1.1
 at 20°C

Viscosity at 30 30 30 80 10–1000
 20°C (CS)

Acid value (mg/gm Nil Nil Nil < 0.03 Nil
 of KOH) 

Refractive index 1.4820 1.4700 1.4740 1.4555 1.5000–
      1.6000
Saponification (mg 0.01 0.01 0.01  < 0.01
 of KOH/gm of oil)

Thermal expansion 7 ¥ 10–4/°C 7 ¥ 10–4/°C 7 ¥ 10–4/°C 0.00075 5 ¥   
(20–100°C)     10–4/°C

Max. permissible  50 50 50 200  < 30
 water content (in ppm)     (negligible)
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4.2.2 Avalanche or Streamer Breakdown
This is similar to breakdown in gases due to cumulative ionization. Conduc-
tion electrons gain sufficient energy above a certain critical electric field and 
cause liberation of electrons from the lattice atoms by collisions. Under uniform 
field conditions, if the electrodes are embedded in the specimen, breakdown will 
occur when an electron avalanche bridges the electrode gap.

An electron within the dielectric, starting from the cathode will drift towards the 
anode and during this motion gains energy from the field and loses it during colli-
sions. When the energy gained by an electron exceeds the lattice ionization potential, 
an additional electron will be liberated due to collision of the first electron. This 
process repeats itself resulting in the formation of an electron avalanche. Breakdown 
will occur, when the avalanche exceeds a certain critical size.

In practice, breakdown does not occur by the formation of a single avalanche 
itself, but occurs as a result of many avalanches formed within the dielectric and 
extending step by step through the entire thickness of the material as shown in Fig. 
4.2. This can be readily demonstrated in a laboratory by applying an impulse volt-
age between point-plane electrodes with the point embedded in a transparent solid 
dielectric such as perspex.

4.3 ELECTROMECHANICAL BREAKDOWN
When solid dielectrics are subjected to high electric fields, failure occurs due to elec-
trostatic compressive forces which can exceed the mechanical compressive strength. 
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Fig. 4.2 Breakdown channels in perspex between point-plane elec trodes. 
Radius of point 0.01 in, thickness 0.19 in. Total number of impulses 
190. Number of channels produced 16; (n) point indicates end of nth 
channel. Radii of circles increases in units of 10–2 in.

	 	 Source: R. Cooper, International Journal of Elec. Engg. Education, 
vol. 1, 241 (1963)
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MULTIPLE-CHOICE QUESTIONS  

 1. A small high-voltage laboratory usually will have
 (a) ac, dc test sources with ratings less than 100 kV, 10 kVA./kW and impulse 

of voltage 400 kV, 5 kJ
 (b) ac, dc test sources of 500 kV, 100 kVA/kW, and impulse of 1 MV, 10 kJ
 (c) ac voltage sources of 300 kV, 10 kVA, and impulse voltage of 1 MV, 15 kJ 
 (d) ac, dc sources only
 2. Test sources required for testing power apparatus of 220 kV, 3-phase ac system 

are
 (a) 500 kV ac, 1 MV impulse (b) 800 kV impulse
 (c) 300 kV ac, 500 kV impulse (d) 250 kVA, 500 kV impulse.
 3. The kVA rating of a testing transformer unit intended for test voltage and test 

object capacitance ‘C’ (pF)
 (a) w C V2 (b) w C V2 ¥ 10–9

 (c) w C2 V2 ¥ 109 (d) w C	V2 ¥ 10–6

 4. The rating of an impulse voltage generator with generator capacitance 
Cg and voltage rating V with n stages is (kJ)

 (a) 0.5 Cg V
2 (b) (n/2) (Cg V

2)

 (c) 
2( )

2
gC V

n
 (d) 

2

2

( )

2
gC V

n
 5. The clearances normally adopted in hv laboratories for ac and impulse voltages 

are
 (a) 100 to 200 kV/m for ac and 500 kV/m for impulse
 (b) 300 kV/m for ac and 500 kV/m for impulse
 (c) 30 kV/m for ac and 50 kV/m for impulse
 (d) 10 kV/m for ac and 50 kV/m for impulse

Answers to Multiple-Choice Questions

 1. (a) 2. (a) 3. (b) 4. (c) 5. (a)

REVIEW QUESTIONS 

 11.1 List the common test facilities available in high-vol tage laboratories.
 11.2 What are the criteria used in selecting the ratings of the testing equipment for 

hv laboratories?
 11.3 Why is grounding very important in an hv laboratory? De scribe a typical 

grounding system used.
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REVIEW QUESTIONS

 1. Explain with diagrams, different types of rectifier circuits for producing high 
dc voltages.

 2. What are the special features of high‑voltage rectifier valves? How is proper 
voltage division between the valves ensured, if a number of tubes are used in 
series?

 3. Why is a Cockcroft–Walton circuit preferred for voltage multiplier circuits? 
Explain its working with a schematic dia gram.

 4. Give the expression for ripple and regulation in voltage multiplier circuits. 
How are the ripple and regulation minimized?

 5. Describe, with a neat sketch, the working of a Van de Graaff generator. What 
are the factors that limit the maximum voltage obtained?

 6. Explain the different schemes for cascade connection of transformers for 
producing very high ac voltages.

 7. Why is it preferable to use isolating transformers for excitation with cascade 
transformer units, if the power require ment is large?

 8. What is the principle of operation of a resonant transformer? How is it 
advantageous over the cascade connected transformers?

 9. What is a Tesla coil? How are damped high‑frequency oscilla tions obtained 
from a Tesla coil?

 10. Define the front and tail times of an impulse wave. What are the tolerances 
allowed as per the specifications?

 11. Give different circuits that produce impulse waves explain ing clearly their 
relative merits and demerits.

 12. Give the Marx circuit arrangement for multistage impulse generators. How 
is the basic arrangement modified to accommodate the wave time control 
resistances?

 13. How are the wave‑front and wave‑tail times controlled in impulse generator 
circuits?

 14. Explain the different methods of producing switching impuls es in test 
laboratories.

 15. Explain the effect of series inductance on switching impulse waveshapes 
produced.

 16. Describe the circuit arrangement for producing lightning current waveforms in 
laboratories.

 17. How is the circuit inductance controlled and minimized in impulse current 
generators?

 18. How are rectangular current pulses generated for testing purposes? How is 
their time duration controlled?

 19. Explain one method of controlled tripping of impulse genera tors. Why is 
controlled tripping necessary?

 20. What is a trigatron gap? Explain its functions and opera tion.
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PROBLEMS

 1. An impulse generator has 12 capacitors of 0.12 mF, and 200 kV rating. The 
wave‑front and wave‑tail resistances are 1.25 kW and 4 kW respectively. If the 
load capacitance including that of the test object is 1000 pF, find the wave‑front 
and wave‑tail times and the peak voltage of impulse wave produced.

 2. An 8‑stage impulse generator has 1.2 mF capacitors rated for 167 kV. What is 
its maximum discharge energy? If it has to pro duce a 1/50 ms waveform across 
a load capacitor of 15,000 pF, find the values if the wave front and wave tail 
resistances.

 3. Calculate the peak current and waveshape of the output current of the following 
generator. Total capacitance of the generator is 53 mF. The charging voltage is 
200 kV. The circuit inductance is 1.47 mH, and the dynamic resistance of the 
test object is 0.051 ohms.

 4. A single‑phase testing transformer rated for 2 kV/350 kV, 3500 kVA, 50 Hz on 
testing yields the following data: (i) No‑load voltage on HV side = 2% higher 
than the rated value when the input voltage is 2 kV on the LV side (ii) Short 
circuit test with HV side shorted, rated current was obtained with 10% rated 
voltage on the input side. Calculate the self‑capacitance on the HV side and the 
leakage reactance referred to the HV side. Neglect resistance.

 5. Determine the ripple voltage and regulation of a 10 stage Cockcroft‑Walton 
type dc voltage multiplier circuit having a stage capacitance = 0.01 mF, supply 
voltage = 100 kV at a fre quency of 400 Hz and a load current = 10 mA.

 6. A voltage doubler circuit has C1 = C2 = 0.01 mF and is supplied from a voltage 
source of V = 100 sin 314 t kV. If the dc output current is to be 4 mA, calculate 
the output voltage and the ripple.

 7. The primary and secondary winding inductances of a Tesla coil are  
0.093 H and 0.011 H respectively with a mutual inductance between the 
windings equal to 0.026 H. The capacitance included in the primary and 
secondary circuits are respectively 1.5 mF and 18 nF. If the Tesla coil is charged 
through a 10 kV DC supply, determine the output voltage and its waveform. 
Neglect the winding resistances.

 8. An impulse current generator is rated for 60 kW seconds. The parameters 
of the circuit are C = 53 mF, L = 1.47 mH and the dynamic resistance 
= 0.0156 ohm. Determine the peak value of the current and the time‑to‑front 
and the time‑to‑tail of the current waveform.

 9. A high voltage testing laboratory is required to test appar atus with a capacitance 
of the order of 2000 p.F. used in a 230 kV system. If the test voltage requirement 
is 2.2 times the system rated voltage, determine the rating of the test transfor‑
mer at 50 Hz operation.

 10. A cable test unit is required to test cables of 5000 pf at 200 kV. The testing 
transformer available is 230 V/50 kV, 15 kVA with 2.5% resistance and 6% 
reactances. Determine the inductance required for resonant testing and input 
voltage to the testing transformer. Assume the resistance of inductor and leads 
to be 2.5%.
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 8.21 A transmission line has the following line constants: L = 1.26 mH/km and
C = 0.009 μF/km. If the line is a 3-phase line and is charged from one end at 
a line voltage of 400 kV, 50 Hz, find the rise in voltage at the other end, if the 
line length is 250 km. The line resistance and leakage conductance may be 
neglected. 

 8.22 An underground cable of 0.18 mH/km inductance and of 0.5 μF/km capacitance 
is connected to an overhead line having an inductance of 1.26 mH/km and 
capacitance of 0.009 μF/km. Calculate the transmitted and reflected voltage 
waves, and the junction voltage if the surge of 500 kV travels to the junction (i) 
along the cable, and (ii) along the overhead line.

Answers to Problems

8.16 Junction voltage after 1st reflection = 18.2 kV
  Junction voltage after 2nd reflection = 27.9 kV
 8.17 Reflected wave: 500 (1 – 2 e–0.9524t) [u(t) – u(t – 2)] kV, t = ms
  Transmitted wave: 1000 [1 – e–0.9524t] [u(t) – u(t – 2)] kV, t = ms
 8.18 Two wires at a height of 4.33 m above conductor level, i.e. 19.33 m above 

ground level
 8.19 Junction voltage 185 e–0.1t u(t) kV
  Transmitted voltage through 50 W cable = 9 ¥ e–0.1t u(t)
  Transmitted voltage through 75 W cable = 6 ¥ e–0.1t u(t)
 8.20 87.5 kV assuming the ground wire is spread on either side of the tower.
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Appendix
Important Formulae

Field enhancement factor

f = max

avg

E

E

Townsend current growth equation

I = I0 exp (ad)

Current growth in presence of secondary processes

I = [ ]
0 exp( )

1 exp( ) 1
I d

d

a
g a- -

Breakdown conditions
 g exp (ad) = 1

 pdmin = 1
ln 1

e

A g
È ˘

+Í ˙
Î ˚

	 Vmin = 1
ln 1

eB

A g
È ˘

+Í ˙
Î ˚

Voltage gradient to corona inception for parallel wires

Ec = 20 md [1 + .301/ dr ]

Heat generated in a dielectric in ac field

W = 
2 12tan 10

1.8
rE f e d -¥  watts/cm3

Ripple in voltage multiplier unit with ‘n’ capacitors included

 [ ( 1)]
2c

I n n

f

+  (peak ripple)

 [ ( 1)]
4c

I n n

f

+  (average ripple)


