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Abstract 

Abstract
This  course  provides  second -year  Master ’s students  in  Electrotechnics , 
specializing in electrical networks, with an in-depth understanding of high voltage 
techniques . It covers  both  theoretical  foundations  and practical  applications , 
equipping students with the skills needed to analyze, design, and maintain high 
voltage systems. Topics include insulation coordination, electric field control, and 
ionization  phenomena , with  a focus  on real -world  applications  in electrical 
network optimization  and equipment  performance . This course also serves as a 
valuable resource for professionals working in the field of electrical engineering.

Keywords : High  Voltage , Insulation  Coordination , Electric  Field , Ionization , 
Electrical Networks

Résumé
Ce cours offre aux étudiants de deuxième année de Master en Électrotechnique , 
spécialisés  en  réseaux  électriques , une  compréhension  approfondie  des 
techniques  de haute tension. Il aborde les fondements  théoriques  ainsi que les 
applications  pratiques , permettant  aux étudiants  d’acquérir  les compétences 
nécessaires  pour analyser , concevoir  et maintenir  des systèmes  haute tension . 
Les sujets traités incluent la coordination  de l'isolement, le contrôle des champs 
électriques  et les phénomènes  d’ionisation , avec  un accent  particulier  sur les 
applications réelles pour l’optimisation des réseaux électriques et la performance 
des équipements. Ce cours constitue également une ressource précieuse pour les 
professionnels du domaine de l’ingénierie électrique.

Mots -clés  : Haute  Tension , Coordination  d’Isolement , Champ  Électrique , 
Ionisation, Réseaux Électriques
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“Stress” E << Ed  “Strength”  

(Field strength) (Electric strength) 

I.1 The Function Of High Voltage Technology 

The primary objective of high voltage technology and engineering is to effectively 

manage elevated electric field strengths. These fields are not only present in equipment 

that operates or undergoes testing at high voltages, but can also be found in devices with 

relatively lower voltages and minimal insulation, such as thin capacitors with polymer 

film insulation. The key factor determining the "breakdown strength" of insulating 

materials is the electric field strength rather than the voltage itself. Despite this, the field is 

commonly referred to as "high voltage technology" and "high voltage engineering," which 

isn't entirely accurate. In essence, the role of high voltage engineering is to ensure that the 

electric stress, represented by the electric field strength (E), always remains substantially 

lower than the breakdown strength (Ed), even in all possible conditions. 

 

The principle of maintaining electric field strength below breakdown strength is 

simple to state but challenging to implement. 

It's important to note that, in theory, the condition E< Ed (where Ed represents breakdown 

strength) should be sufficient. However, since Ed cannot be precisely determined, it's 

necessary to apply a significant safety margin, ensuring E≪Ed. 

Another point to clarify is the interchangeable use of the terms “electric field 

intensity,” “electric field strength,” and “electric field stress.” To avoid confusion with 

“electric strength,” which refers to the breakdown strength of insulating materials, the 

term “electric field intensity” is preferable as it clearly indicates the strength of the field. 

Nonetheless, “electric field strength” or “electric field stress” are more commonly used in 

high voltage engineering. 

As a result, it's crucial for the reader to consistently differentiate between the 

intensity or stress of an electric field and the breakdown strength, or dielectric strength, of 

a material. 

I.2 Applications of High Voltage Technology  

The primary use of high voltage technology is in equipment and systems designed 

for the transmission and distribution of electrical energy. In Germany, common rated 

voltages for three-phase AC systems include 12 kV, 24 kV, 123 kV, 245 kV, and 420 kV. 

Countries with vast distances between power plants and urban areas, such as North 

America, Asia, South America, Southern Africa, Eastern Europe, and Russia, often use 

even higher transmission voltages. For extreme transmission applications, particularly in 

China and India, voltages around 1 MV are employed. As three-phase high-voltage AC 

(HVAC) transmission approaches its technological and economic limits, high-voltage DC 
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(HVDC) transmission is becoming more viable, with voltages exceeding 1000 kV being 

utilized today. 

High-voltage engineering must ensure that power apparatus and systems, such as 

generators, transformers, switchgear, cables, and transmission lines, are equipped with 

safe, reliable, and economical insulation systems. 

High voltages are essential for power transmission due to the quadratic 

relationship between transmission line losses (PL) and the current (I). These losses are 

expressed for a line-to-ground (phase) voltage (VPh) as: 

PL=3 R I
2 

and S=3 VPh I 

To minimize losses when transmitting large apparent power (S), the most effective 

strategy is to reduce the current (I) by increasing the voltage (VPh). 

Economic and environmentally-friendly power transmission with minimal losses 

can only be achieved through the use of higher voltages. However, there are limits to 

increasing voltage due to the rising cost of insulation. It is often cost-effective to choose a 

rated voltage (in kV) close to the transmission distance (in km), especially for standard 

voltage levels. In urban areas, where high transmission power is required, voltages are 

significantly higher to reduce current and line losses to acceptable levels. 

Other applications of high-voltage engineering extend into various technological 

fields, including: 

 Telecommunications (for high-power transmitters), 

 X-ray technology (for accelerating electrons using high voltages), 

 Laser technology (where electric gas discharges are used to stimulate atoms). 
 Medical engineering: for example, lithotripters, which use electro-acoustic shock 

waves to break down kidney stones. 

 Research applications: particle beam acceleration through high-voltage generators. 

 Production technology: used in processes like electrostatic lacquering, coating, 

material treatment, and high-speed shaping via shock waves. 

 Electromagnetic compatibility testing: ensuring devices withstand high voltages. 

 Lightning and over-voltage protection: safeguarding systems from electrical 

surges. 

 Environmental protection: via electrostatic filters. 

 Recycling technology: separating materials through electro-acoustic shock waves. 

 Electroporation of biological cells: used for applications such as processing sugar 

beets, fruits, and wine. 

 Electronic components: such as capacitors. 

 Electronic tubes and copiers. 

 Ignition devices: like spark plugs in motor vehicles. 
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High voltage  technology  is undeniably  a vital  component  for ensuring  reliable , 

cost-effective , and environmentally  friendly  power supply systems. In addition  to being 

essential  for numerous  technological  advancements , this field is constantly  confronted 

with new challenges.
 

The role of high voltage technologies  is critical in advancing  power engineering , 

particularly in the integration of combined heat and power (CHP) systems and renewable 

energy sources. Strong transmission  and distribution networks are required to meet these 

demands . The supply of wind and solar energy is highly variable , while the demand  for 

heat and electricity often doesn’t align, highlighting the need for robust grids.
 

Due to the limited storage options, compensating for energy fluctuations requires 

the use of peak power plants connected through high-voltage transmission networks. 

High voltage  engineering  faces new challenges , particularly  in efforts  to reduce 

CO2 emissions by harnessing global hydropower potential. Transmission distances of over 

1000 km, along with high power requirements , are feasible only with high-voltage direct 

current (HVDC) technology. 

Note: Another  option is using solar energy from desert regions to produce hydrogen  gas 

through electrolysis , transporting  it via pipelines , and generating  electricity  again in fuel 

cells . However , this system  has a much  lower  efficiency  compared  to an all-electrical 

system. 

In general , high-temperature  superconductivity  offers  potential  for reducing 

current  losses  and  transmission  voltages , but  it will  not  eliminate  the need  for high 

voltages  in energy  transmission . New high-voltage  equipment  will  continue  to be 

developed for both existing systems and new applications.
 

I.4 Overview
 

This course

 

focuses  on the challenges  faced by high voltage  engineers , with 

examples  drawn from typical insulation  systems in power engineering . To introduce  the 

ideas, concepts, and methods of high voltage engineering, we will examine a wall bushing

 as an example of

 

a common insulation system (see Figure 1-1). The primary function of a 

wall  bushing  is to allow  a conductor  carrying  high voltage  to pass  through  a grounded 

wall with minimal insulation-core diameter, ensuring that no electric discharges occur on 

the surfaces or electrodes. The conductor passes through the main insulation body, which 

includes  conductive  grading layers (such as an oil-impregnated  paper core with metallic 

foils  of varying  lengths ). The  insulation  core  is housed  in a casing  made  of outdoor 

porcelain , a flange , indoor  porcelain , and screening  toroids . Additional  insulation 

material, like mineral oil, fills the gaps to form secondary insulation.

 
In the design process, the electric field strength

 

must first be determined  to assess 

the stress on the insulating  materials . While simple analytical  calculations  and estimates 

may suffice for initial evaluations, complex insulation systems often require numerical 

I.3 Perspectives of High Voltage Engineering
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calculations for accurate results across various dielectric materials. Figure 1-1 illustrates 

the equipotential lines in 25% increments. 

Figure I.1: Wall bushing, example for a typical insulation system in high voltage 

engineering (schematic). 

Once the field strengths are calculated, they must be compared to the electric 

strengths of the insulating materials, which vary significantly. The lowest strength is 

typically provided by the ambient air (external strength), while the highest strength is 

required for the main insulation (internal strength). Particular care must be taken with the 

electric strengths of interfaces and contaminated surfaces, which can be improved using 

shed profiles.  

If field strengths are too high or electric strengths are insufficient, the design will 

need to be modified and improved. This often involves an iterative optimization process. 

The most essential techniques for optimization include potential grading (through grading 

layers or insulation system geometries like lengths and diameters) and careful contouring 

of electrodes. Moreover, an appropriate selection of dielectric materials must be made, 

taking into account technological, economic, and environmental considerations. Factors 

such as manufacturing quality control and testing also play a significant role. 
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After production, the quality of a high voltage product is confirmed through high 

voltage tests, typically involving AC, impulse, and DC voltages. These test and 

measurement techniques, must meet stringent requirements as per ISO 9000 standards and 

other international regulations. 

Additionally, as operating times for high voltage apparatus often exceed nominal 

lifetimes, diagnostic methods are crucial for assessing the condition of aging or defective 

equipment. This makes onsite testing and continuous monitoring (or "online monitoring") 

of power apparatus increasingly important, alongside laboratory testing. Making decisions 

about reinvestment, including estimating the remaining lifetime of equipment, is key to 

maintaining cost-effective and reliable energy systems. 

Note: In the context of high voltage engineering, "insulation" refers to the collection of 

dielectric materials and components that make up a technical system to ensure galvanic 

separation of electrically conductive parts. While the term "isolation" is sometimes used 

interchangeably, it generally refers to separation properties or functions in a broader 

sense. "Insulation" specifically pertains to dielectric materials, components, and systems. 
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Chapter II: INSULATION COORDINATION 

II.1 Introduction 

The term Insulation Co-ordination was originally introduced to arrange the insulation levels of the 

several components in the transmission system in such a manner that an insulation failure, if it did occur, 

would be confined to the place on the system where it would result in the least damage, be the least expensive 

to repair, and cause the least disturbance to the continuity of the supply. The present usage of the term is 

broader. Insulation co-ordination now comprises the selection of the electric strength of equipment in 

relation to the voltages which can appear on the system for which the equipment is intended. The overall aim 

is to reduce to an economically and operationally acceptable level the cost and disturbance caused by 

insulation failure and resulting system outages. 

To keep interruptions to a minimum, the insulation of the various parts of the system must be so 

graded that flashovers only occur at intended points. With increasing system voltage, the need to reduce the 

amount of insulation in the system, by proper co-ordination of the insulating levels become more critical. 

II.2 Terminology 

Nominal System Voltage: It is the r.m.s. phase-to-phase voltage by which a system is designated 

Maximum System Voltage: It is the maximum rise of the r.m.s. phase-to-phase system voltage 

For the nominal system voltages used in Sri Lanka, the international maximum system voltages are 

shown in table II.1. 

Nominal System Voltage (kV) 11 33 66 132 220 

Maximum System Voltage (kV) 12 36 72.5 145 245 

Table II.1 

Factor of Earthing: This is the ratio of the highest r.m.s. phase-to-earth power frequency voltage on a sound 

phase during an earth fault to the r.m.s. phase-to-phase power frequency voltage which would be obtained at the 

selected location without the fault. 

This ratio characterises, in general terms, the earthing conditions of a system as viewed from the 

selected fault location. 

Effectively Earthed System : A system is said to be effectively earthed if the factor of earthing does not 

exceed 80%, and non-effectively earthed if it does. 

[Note: Factor of earthing is 100% for an isolated neutral system, while it is 57.7% (corresponding to 1/%3) for 

a solidly earthed system. In practice, the effectively earthed condition is obtained when the ratio x0/x1 < 3 

and the ratio r0/x1 < 1. 

Insulation Level: For equipment rated at less than 300 kV, it is a statement of the Lightning impulse withstand 

voltage and the short duration power frequency withstand voltage. 

For equipment rated at greater than 300 kV, it is a statement of the Switching impulse withstand voltage and 

the power frequency withstand voltage. 
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Conventional Impulse Withstand Voltages: This is the peak value of the switching or lightning impulse test 

voltage at which an insulation shall not show any disruptive discharge when subjected to a specified number of 

applications of this impulse under specified conditions. 

Conventional Maximum Impulse Voltage: This is the peak value of the switching or lightning overvoltage 

which is adopted as the maximum overvoltage in the conventional procedure of insulation co-ordination. 

Statistical Impulse Withstand Voltage: This is the peak value of a switching or lightning impulse test 

voltage at which insulation exhibits, under the specified conditions, a 90% probability of withstand. In 

practice, there is no 100% probability of withstand voltage. Thus the value chosen is that which has a 10% 

probability of breakdown. 

 

 

 

 

 

 

 

 

 

Figure II.1 - Statistical Impulse Withstand Voltage 

Statistical Impulse Voltage: This is the switching or lightning overvoltage applied to equipment as a result of 

an event of one specific type on the system (line energizing, reclosing, fault occurrence, lightning discharge, 

etc), the peak value of which has a 2% probability of being exceeded. 

 

 

Figure II.2 - Statistical Impulse Voltage 

Rated Short Duration Power Frequency Withstand Voltage: This is the prescribed r.m.s. value of 

sinusoidal power frequency voltage that the equipment shall withstand during tests made under specified 

conditions and for a specific time, usually not exceeding one minute. 

Protective Level of Protective Device: These are the highest peak voltage value which should not be 

exceeded at the terminals of a protective device when switching impulses and lightning impulses of standard 
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shape and rate values are applied under specific conditions. 

II.3 Conventional method of insulation coordination 

In order to avoid insulation failure, the insulation level of different types of equipment connected to the 

system has to be higher than the magnitude of transient over-voltages that appear on the system. The 

magnitude of transient over-voltages are usually limited to a protective level by protective devices. Thus the 

insulation level has to be above the protective level by a safe margin. Normally the impulse insulation level is 

established at a value 15-25% above the protective level. 

 

 

 

 

Figure II.3 Different level of insulation coordination 

Consider the typical coordination of a 132 kV transmission line between the transformer insulation, a line 

gap (across an insulator string) and a coordinating gap (across the transformer bushing). 

 

 

 

 

(a) 

 

 

 

 

 

(b) 

Figure II.4 - Coordination using gaps 

Note: In a rural distribution transformer, a lightning arrester may not be used on account of the high cost and a 

coordinating gap mounted on the transformer bushing may be the main surge limiting device. 

In coordinating the system under consideration, we have to ensure that the equipment used are 

protected, and that inadvertent interruptions are kept to a minimum. The coordinating gap must be chosen so 

as to provide protection of the transformer under all conditions. However, the line gaps protecting the line 
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insulation can be set to a higher characteristic to reduce unnecessary interruptions. 

For the higher system voltages, the simple approach used above is inadequate. Also, economic 

considerations dictate that insulation co-ordination be placed on a more scientific basis. 

II.4 Statistical Method of Insulation Coordination 

At the higher transmission voltages, the length of insulator strings and the clearances in air do not increase 

linearly with voltage but approximately to V
1.6

 The required number of suspension units for different 

overvoltage factors is shown. 

 

 

 

 

 

 

 

 

 

 

Figure II.6 - Requirement of number of units for different voltages 

It is seen that the increase in the number of disc units is only slight for the 220 kV system, with the 

increase in the overvoltage factor from 2.0 to 3.5, but that there is a rapid increase in the 750 kV system. Thus, 

while it may be economically feasible to protect the lower voltage lines up to an overvoltage factor of 3.5 (say), 

it is definitely not economically feasible to have an overvoltage factor of more than about 2.0 or 2.5 on the higher 

voltage lines. In the higher voltage systems, it is the switching over-voltages that is predominant. However, these 

may be controlled by proper design of switching devices. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II.6 Probability of overvoltage exceeding abscissae 
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In a statistical study, what has to be known is not the highest overvoltage possible, but the statistical 

distribution of over-voltages. The switching overvoltage probability in typical line is shown. It is seen that 

probability of overvoltage decreases very rapidly. Thus it is not economic to provide insulation above a 

certain overvoltage value. In practice, the overvoltage distribution characteristic is modified by the use of 

switching resistors which damp out the switching over-voltages or by the use of surge diverters set to 

operate on the higher switching over-voltages. In such cases, the failure probability would be extremely low. 

II.4.1 Evaluation of Risk Factor 

The aim of statistical methods is to quantify the risk of failure of insulation through numerical analysis of 

the statistical nature of the overvoltage magnitudes and of electrical withstand strength of insulation. 

The risk of failure of the insulation is dependant on the integral of the product of the overvoltage density 

function f0(V) and the probability of insulation failure P(V). Thus the risk of flashover per switching operation is 

equal to the area under the curve   ( )   ( )    . 

 

 

 

 

 

 

 

 

 

 

Figure II.7 - Evaluation of risk factor 

Since we cannot find suitable insulation such that the withstand distribution does not overlap with the 

overvoltage distribution, in the statistical method of analysis, the insulation is selected such that the 2% 

overvoltage probability coincides with the 90% withstand probability as shown. 

II.5 Length of Overhead Shielding Wire 

For reasons of economics, the same degree of protection is not provided throughout a transmission line. 

Generally, it is found sufficient to provide complete protection against direct strikes only on a short length of 

line prior to the substation. This can be calculated as follows. 

Consider a surge e approaching the terminal equipment. When the surge magnitude exceeds the critical 

voltage e0, corona would occur, distorting the surge wavefront, as it travels. The minimum length of earth wire 

should be chosen such that in traversing that length, all voltage above the maximum surge that can arrive att the 

terminal has been distorted by corona. [The maximum permissible surge corresponds to the incident voltage that 

would cause insulation failure at the terminal equipment.] 
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II.5.1 Modification of Waveshape by Corona 

When a surge voltage wave travelling on an overhead line causes an electric field around it exceeding the 

critical stress of air, corona will be formed. This corona formation obviously extracts the energy required from the 

surge. Since the power associated with corona increases as the square of the excess voltage, the attenuation of the 

waveform will not be uniform so that the waveform gets distorted. Further, corona increases the effective radius 

of the conductor giving rise to a greater capacitance for the outer layers. Since the line inductance remains 

virtually a constant, the surge associated with the outer layers of corona would have a lower wave velocity than in 

the conductor itself. These effects in practice give rise to a wavefront distortion and not a wavetail distortion, as 

shown in figure II.8. 

 

Figure II.8 - Modification of waveshape due to corona 

Corona thus reduces the steepness of the wavefront above the critical voltage, as the surge travels down 

the line. This means that energy is lost to the atmosphere. 

Now consider the mathematical derivation. 

Energy associated with a surge          
 

 
    

 

 
       

  

But the surge voltage e is related to the surge current i by the equation 

  
 

  
  √

 

 
       

 

 
    

 

 
    

So that the total wave energy =     

 

Figure II.9 - Propagation of Surge 
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Consider the figure II.9. Let the voltage at a point P at position x be e at time t. 

Then voltage at point P1 just behind P would be   
  

  
 at time t, or   

  

  
    . 

If the voltage is above corona inception, it would not remain at this value but would attain a value   
  

  
    at P 

at time t+t , when the surge at P1 moves forward to P2. 

Note : 
  

  
 
  

  
 would in fact be negative quantities on the wavefront. 

Thus corona causes a depression in the voltage from     
  

  
    to   

  

  
   , with a corresponding loss of 

energy of   [(   
  

  
  )

 

 (  
  

  
  )

 

]         * 
  

  
 
  

  
+   . 

The energy to create a corona field is proportional to the square of the excess voltage. i.e. k(e - e0)
2
. 

Thus the energy required to change the voltage from e to   
  

  
    is given by  

 [(  
  

  
     )

 

 (    )
 ]       (    )

  

  
   

The loss of energy causing distortion must be equal to the change in energy required. Thus 

    [ 
  

  
 
  

  
]      (    )

  

  
    

Rearranging and simplifying gives the equation 

 
  

  
  [  

 

 
 
(    )

 
]
  

  
 

Wave propagation under ideal conditions is written in the form 

 
  

  
  

  

  
 

Thus we see that the wave velocity has decreased below the normal propagation velocity, and that the wave 

velocity of an increment of voltage at e has a magnitude given by 

   
 

  
 
 (
    
 )



Thus the time of travel for an element at   when it travels a distance   is given by 

  
 

  
 
 

 
[  

 

 
*
    
 

+]

      [
 

  
 
 

 
]  

 

 
 
 

 
*
    
 

+

 

(
 

  
 
 

 
) is the time lag    corresponding to the voltage element at e. Thus 
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*  

  
 
+ 

Example II.1 

A transformer has an impulse insulation level of 1050 kV and is to be operated with an insulation margin 

of     under lightning impulse conditions. The transformer has a surge impedance of 1600 S and is connected 

to a transmission line having a surge impedance of 400 S . A short length of overhead earth wire is to be used for 

shielding the line near the transformer from direct strikes. Beyond the shielded length, direct strokes on the phase 

conductor can give rise to voltage waves of the form               ( where t is expressed in μs ). 

If the corona distortion in the line is represented by the expression 
  

 
 
 

 
*  

  

 
+     , where 

B=110m/μs and         , determine the minimum length of shielding wire necessary in order that the 

transformer insulation will not fail due to lightning surges.

 

 

 

 

 

 

Transmission coefficient   
      

        
     

For a B.I.L of 1050 kV, and an insulation margin of 15%,  

Maximum permissible voltage = 1050 x 85/100 = 892.5 kV. 

Since the voltage is increased by the transmission coefficient 1.6 at the terminal equipment, the maximum 

permissible incident voltage must be decreased by this factor. 

Thus maximum permissible incident surge = 892.5/ 1.6 = 557.8 kV 

Thus for the transformer insulation to be protected by the shielding wire, the distortion caused must reduce the 

surge to a magnitude of 557.8 kV. 

Therefore,       
              This gives the delay time t1 = t = 11.6 s. 

Substitution in the equation gives 11.67/x = 1/100 . ( 1 - 200/557.8 ) 

Solution gives x = 2002 m = 2.0 km. 

Thus the minimum length of shielding wire required is 2 km. 

II.6 Surge Protection 

An overhead earth wire provides considerable protection against direct strikes. They also reduce 

induced overvoltages. However, they do not provide protection against surges that may still reach the terminal 

equipment. Such protection may either be done by diverting the major part of the energy of the surge to earth 

(surge diverters), or by modifying the waveform to make it less harmful (surge modifiers). The insertion of a 
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short length of cable between an overhead line and a terminal equipment is the commonest form of surge 

modifier. 

II.6.1 Spark gaps for surge protection 

The simplest and cheapest form of protection is the spark gap. The selected gap spacing should no 

only be capable of withstanding the highest normal power frequency voltage but should flash-over when 

overvoltages occur, protecting the equipment. 

However, this is not always possible due to the voltage-time characteristics gaps and equipment having 

different shapes. Also, once a gap flashes over under a surge voltage, the ionised gap allows a power frequency 

follow through current, leading to a system outage. Thus rod gaps are generally used as a form of back up 

protection rather than the main form of protection. 

Typical values of gap settings for transmission and distribution voltages are as in the following table II.2. 
 

Nominal System Voltage (kV) 66 132 275 400 

Gap setting (mm) 380 660 1240 1650 

Table II.2 

One of the most extensively used protective spark gaps in distribution systems is the duplex rod gap, which 

makes use of 2 rod gaps in series. Typical settings for these gaps are as given in the table. 

Nominal System Voltage (kV) 11 33 

Gap setting (mm) 2 x 31 2 x 63 

Table II.3 

When spark over occurs across a simple rod gap, the voltage suddenly collapses giving rise to a chopped wave. 

This chopped wave may sometimes be more onerous to a transformer than the original wave itself. 

Expulsion Tube Lightning Arrestor 

An expulsion tube arrestor consists essentially of a spark gap arranged in a fibre tube, and another series 

external rod gap. A typical arrangement for a 33 kV expulsion tube, with the external gap of the order of 50 mm 

and the internal gap of about 180 mm is shown in figure II.10. 
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Figure II.10 - Expulsion Tube 

The purpose of the external gap is to isolate the fibre tube from normal voltages thus preventing 

unnecessary deterioration. When an overvoltage occurs, spark over takes place between the electrodes and the 

follow current arc is constrained within the small volume of the tube.  The high temperature of the arc 

rapidly vaporises the organic materials of the wall of the tube and causes a high gas pressure (up to 7000 

p.s.i.) to be built up. The high pressure and the turbulence of the gas extinguishes the arc at a natural current 

zero, and the hot gasses are expelled through the vent in the earthed electrode. The power frequency follow 

current is interrupted within one or two half cycles so that protective relays would not operate causing 

unnecessary interruptions. 

The expulsion gaps, which are comparatively cheap, are suitable for the protection of transmission line 

insulators and for the protection of rural distribution transformers, where other arrestors may be too expensive 

and rod gaps inadequate. However, they are unsuitable for the protection of expensive terminal equipment on 

account of their poor voltage-time characteristics. 

II.6.2 Surge Diverters 

Surge diverters (or lightning arrestors) generally consist of one or more spark gaps in series, together with one 

or more non-linear resistors in series. Silicon Carbide (SiC) was the material most often used in these non- 

linear resistor surge diverters. However, Zinc Oxide (ZnO) is being used in most modern day surge diverters 

on account of its superior volt-ampere characteristic. In fact the ZnO arrestor is often used gapless, as its 

normal follow current is negligibly small. The volt-ampere characteristics of SiC and of ZnO non-linear 

elements are shown for comparison with that of a linear resistor in figure II.11. 
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Figure II.11 - Volt-Ampere characteristics of non-linear elements 

It is seen that while a large current is drawn under overvoltage condition in all three cases, the follow current is 

fairly large in the linear resistor, small in the SiC resistor, and negligibly small in the ZnO resistor. Their 

characteristics may be mathematically expressed as follows. 

v = k1 i for a linear resistor 

v = k2 i
0.2

   for a Silicon Carbide resistor 

v = k3 i
0.03

   for a Zinc Oxide resistor 

If the current were to increase a 100 times, the corresponding increase in voltage would be 100 times for the 

linear resistor, 2.5 times for the SiC resistor, but only 1.15 times for the ZnO resistor. This means that for the 

same residual voltage and the same discharge current, the follow current would be (in the absence of a series 

gap) of the kA for a linear resistor, A for a SiC resistor and just mA for a ZnO resistor. 

When a series spark gap is required for eliminating the follow current, it is preferable to have a number of 

small spark gaps in series rather than having a single spark gap having an equivalent breakdown spacing. This 

is because the rate of rise of the recovery strength of a number of series gaps is faster than that of the single gap. 

However, when spark gaps are connected in series, it is difficult to ensure an even voltage distribution among 

them due to leakage paths (Figure II.11) 
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Figure II.11 - Non-linear Arrestor 

The problem is generally overcome by having high equal resistances shunting the series gaps, ensuring a 

uniform distribution. 

When a surge appears at a surge diverter terminal, within a short time the breakdown voltage of the series gap 

is reached, and the arrestor discharges. Unlike in the rod gap, the voltage does not collapse to zero instantly 

due to the voltage across the non-linear resistor. When the surge voltage increases, there is a corresponding but 

rapid decrease of the resistance discharging the surge energy to earth. Once the surge passes through, the 

power frequency voltage remaining is insufficient to maintain a sufficient current for the arc to continue. Thus 

the arcs extinguish and the gaps reseal. In the case of the ZnO arrestor, due to the negligible continuous power 

frequency current even in the absence of a series gap, the series gap is sometimes eliminated simplifying 

construction. 

II.6.3  Selection of Surge Diverters 

Surge diverters for a particular purpose are selected as follows. 

(a)  Rated Voltage 

The designated maximum permissible r.m.s. value of power frequency voltage between line and earth 

terminals. 

This is generally selected corresponding to 80% of the system phase-to-phase voltage for effectively earthed 

systems and corresponding to 100% of the system phase-to-phase voltage for non-effectively earthed systems. 

Note: A surge diverter of a higher rating may sometimes have to be chosen if some of the other required 

criteria are not satisfied by this diverter]. 

(b)  Discharge Current 

The surge current that flows through the surge diverter after spark over. 
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Nominal discharge current: This is the discharge current having a designated crest value and waveshape, which is 

used to classify a surge diverter with respect to durability and protective characteristics. 

The standard waveform for the discharge current is taken as 8/20 s). 

The nominal value of discharge current is selected from the standard values 10 kA (station type), 5 kA 

(intermediate line type), 2.5 kA (distribution type) and 1.5 kA (secondary type), depending on the application. 

The highest ratings are used for the protection of major power stations, while the lowest ratings are used in 

rural distribution systems. The above nominal discharge currents are chosen based on statistical investigations 

which have shown that surge diverter currents at the station has the following characteristic. 

99 % of discharge currents are less than 10 kA 

95 % of discharge currents are less than 5 kA 

90 % of discharge currents are less than 3 kA 

70 % of discharge currents are less than 1 kA 

50% of discharge currents are less than  0.5 kA 

 (c)  Discharge Voltage (or Residual voltage) 

The Discharge voltage is the voltage that appears between the line and earth terminals of the surge diverter 

during the passage of discharge currents. 

The discharge voltage of the selected arrestor should be below the BIL of the protected equipment by a suitable 

margin (generally selected between 15% and 25%). 

The discharge voltage of an arrestor at nominal discharge current is not a constant, but also depends on the rate 

of rise of the current and the waveshape. Typically, an increase of the rate of rise from 1 kA/s to 5 kA/s 

would increase the discharge voltage by only about 35 %. 

The dependence of the discharge voltage on the discharge current is also small. Typically, an increase of 

discharge current from 5 kA to 10 kA would increase the discharge voltage by about 15% for Silicon Carbide 

arrestors and by about 2% for Zinc Oxide arrestors. {The discharge voltage is more often referred to as the 

residual discharge voltage].Power frequency spark over voltage 

The power frequency spark over voltage is the r.m.s. value of the lowest power frequency voltage, applied 

between the line and earth terminals of a surge diverter, which causes spark-over of all the series gaps. 

The power frequency spark over voltage should generally be greater than about 1.5 times the rated voltage of 

the arrestor, to prevent unnecessary sparkover during normal switching operations. 

(d) Impulse spark over voltage 

The impulse spark over voltage is the highest value of voltage attained during an impulse of a given waveshape 

and polarity, applied between the line and earth terminals of a surge diverter prior to the flow of discharge 
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current. 

The impulse spark over voltage is not a constant but is dependant on the duration of application. Thus it is 

common to define a wavefront impulse sparkover voltage in addition to the impulse spark-over voltage. 

 

Arrestor Rating 

kV rms 

Minimum Power 

frequency 

withstand 

Maximum Impulse 

Spark-over voltage 

(1.2/50 s) kV crest 

Maximum Residual 

Voltage kV crest 

Maximum Wavefront 

Sparkover Voltage kV 

crest 

36 
 

 

1.5 times 

rated voltage 

130 133 150 

50 180 184 207 

60 216 221 250 

75 270 276 310 

 

Table II.4 

Good designs aim to keep (i) the peak discharge residual voltage, (ii) the maximum impulse sparkover voltage 

and (iii) the maximum wavefront impulse sparkover voltage reasonably close to each other. Table II.4 gives a 

typical comparison. 

Example II.2 

A lightning arrestor is required to protect a 5 MVA, 66/11 kV transformer which is effectively earthed 

in the system. The transformer is connected to a 66 kV, 3 phase system which has a BIL of 350 kV. Select a 

suitable lightning arrestor. 

For 66 kV, maximum value of system rms voltage = 72.5 kV Therefore, voltage rating for effectively 

earthed system = 72.5 x 0.8 = 58 kV 

The selected voltage rating is usually higher by a margin of about 5%. 

Selected voltage rating = 1.05 x 58 = 60.9 = 60 kV 

Protective level of selected arrestor (highest of 216, 221 and 250 from table) = 250 kV 

Margin of protection (crest value) = 350 - 250 = 100 kV  

Which is more than the required margin of 15 to 25%. 

= 100/250 x 100 % = 40% 

Check the power frequency breakdown voltage. 

Power frequency breakdown voltage of arrestor = 60 x 15 = 90 kV 

Assuming the dynamic power frequency overvoltage to be limited to 25% above maximum voltage at arrestor 

location, 

Dynamic phase-to-neutral voltage = 1.25 x 72.5 x 0.8 = 72.5 kV 
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This voltage is less than the withstand voltage of the arrestor. In fact the factor of 1.5 automatically ensures that 

this requirement is satisfied. 

Thus the chosen arrestor is satisfactory. 

II.6.4 Separation limit for lightning arrestors 

Best protection is obtained for terminal equipment by placing the arrestor as near as possible to that 

equipment. However, it is not feasible to locate an arrestor adjacent to each piece of equipment. Thus it is usually 

located adjacent to the transformer. However, where the BIL of the transformer permits, the arrestor may be 

located at a distance from the transformer to include other substation equipment within the protected zone. Thus 

it may be worthwhile installing them on the busbars themselves when permissible. 

When arrestors must be separated from the protected equipment, additional voltage components are introduced, 

which add instant by instant to the discharge voltage. The maximum voltage at the terminal of a line as a result of 

the first reflection of a travelling wave may be expressed mathematically as 

       
  

  
 
  

   
 

up to a maximum of 2  Ea. The factor 2 arises from the return length from arrestor to transformer, and the 

factor 300 is based on a travelling wave velocity of 300 m/s in the overhead line. l is the separation between the 

arrestor and the transformer location,  the reflection coefficient at the transformer location, Ea is the discharge 

voltage at the arrestor, and de/dt is the rate of rise of the wavefront. When the value of $ is not known, it may 

generally be assumed as equal to 1 without much loss of accuracy. Figure II.13 shows how the voltage at the 

terminal increases with separation for typical rates of rise. 

 

 

 

 

 

 

 

 

Figure II.13 - Lightning arrestor separation 

Example II.3 

A 500 kV steep fronted wave (rate of rise 1000 kV/s) reaches a transformer of surge impedance 1600 S 

through a line of surge impedance 400 S and protected by a lightning arrestor with a protective spark-over level of 

650 kV, 90 m from the transformer. Sketch the voltage waveforms at the arrestor location and at the transformer 

location. Sketch also the waveforms if the separation is reduced to 30 m. 
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If the separation is 90 m, travel time of line J = 90/300 = 0.3 s  

Transmission coefficient   
      

        
     

Reflection coefficient  = 1.6 - 1 = 0.6 











 

 

The voltage waveforms at the arrestor location and at the transformer location can be sketched as follows. 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

 

(b) 

Figure II.14 Voltage waveforms at the arrestor location and at the transformer location 

If the separation is 30 m, travel time of line J = 30/300 = 0.1 :s 

In this case the voltage waveforms at the arrestor and the transformer location are as follows. 
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(c) 

 

 

 

 

 

 

 

 

(d) 

Figure II.15 Voltage waveforms at the arrestor location and at the transformer location separation is 30 m 

The maximum value of the voltage Et at the terminal for each case can be determined from 

         
  

  
 
  

   
 up to a maximum of 0.6 Ea. 

For 90 m, maximum Et -> 650 + 0.6 x 1000 x 90 x 2 / 300 = 1010 kV > 1.6 x 500 

Therefore maximum Et = 800 kV 

For 30 m, maximum Et -> 650 + 0.6 x 1000 x 30 x 2 / 300 = 770 kV < 1.6 x 500 

Therefore maximum Et = 770 kV 

What would have been the maximum separation permissible between the transformer and the lightning arrestor, if 

the BIL of the transformer was 900 kV and a protective margin of 25 % is required, for the above example ?  

For a protective margin of 25 %, maximum permissible surge at transformer = 900/1.25 = 720 kV 

Therefore 720 = 650 + 0.6 x 1000 x 2 L / 300 

This gives the maximum permissible length L = 17.5 m. 

If the maximum rate of rise was taken as 500 kV/:s, the maximum length would have worked out at 35 m. 
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Characteristics of lightning arrestors and separation limits 

Table II.5 gives the characteristics for station type lightning arrestors and separation distances 

permissible between arrestor location and power transformer. For line type arrestors, the discharge voltages are 

about 10 to 20% higher and the corresponding separation distances are roughly half. When multiple lines meet at a 

busbar, the voltages transmitted are lower (corresponding to 2V/n for n identical lines). It has been suggested 

that in the presence of multiple lines, the separation distances may be exceeded by about 9% for one additional 

line, 21 % for two addition lines and 39% for three additional lines for the same degree of protection. 

 

Nominal 

System 

Voltage 

kV 

Transformer 

BIL kV (peak) 

Line 

Construction 

Line 

Insulation 

kV 

Arrestor 

Rating 

kV 

Discharge Voltage 

(kV) at 

Separation 

distance 

m 

5 kA 10 kA 20 kA 

23 150 wood 500 20 

25 

58 

71 

65 

81 

76 

94 

23 

15 

34.5 200 wood 600 30 

37 

88 

105 

101 

121 

117 

140 

27 

18 

69 350 wood 1020 60 176 201 232 41 

    73 210 241 279 23 

  steel 600 60 176 201 232 47 

    73 210 241 279 29 

138 550 steel 930 109 316 350 418 52 

 550   121 351 401 466 35 

 650   145 420 481 558 47 

230 825 steel 1440 182 528 605 700 44 

 900   195 568 651 756 55 

 1050   242 700 800 930 58 

Table II.5 

A typical co-ordination of insulation in station equipment for some system voltages is given in table 

II.6 together with the corresponding line insulation. 

Rated 

System 

Voltage 

(kV) 

Impulse Withstand Voltage (kV) peak 

 
Transformer 

Circuit 

Breakers 

CTs,CVTs 

Switch 

& Post 

Insulation 

Bus Insulation Line Insulation 

Suspension Tension Steel Wood 

22 150 150 225 255 255 - 500 

33 200 250 250 320 320 - 600 

66 350 350 380 400 470 600 1020 

132 550 650 750 700 775 930 - 

220 900 1050 1050 1140 1210 1440 - 

Table II.6 
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Example II.4 

A lightning arrestor is to be located on the main 132 kV busbar, 30 m away from a 132/33 kV 

transformer. If the BIL of the transformer on the 132 kV side is 650 kV, and the transformer is effectively 

earthed, select a suitable lightning arrestor to protect the transformer from a surge rising at 1000 kV/:s on the 

132 kV side originating beyond the busbar on a line of surge impedance 375 S. (Use the tables given in the 

text for any required additional data). 

 

No. of discs Dry f.o.v. 

kVrms 

Wet f.o.v. 

kVrms 

Impulse f.o.v. 

kVcrest 

1 80 50 150 

2 155 90 255 

3 215 130 355 

4 270 170 440 

5 325 215 525 

6 380 255 610 

7 435 295 695 

8 485 335 780 

9 540 375 860 

10 590 415 945 

11 640 455 1025 

12 690 490 1105 

13 735 525 1185 

14 785 565 1265 

16 875 630 1425 

18 965 690 1585 

20 1055 750 1745 

25 1280 900 2145 

30 1505 1050 2550 

Table II.7 

Maximum system voltage for 132 kV = 138 kV  

Nominal rating of surge diverter = 138 x 0.8 = 110.4 kV  

If this amount is increased by a tolerance of 5% 

Nominal rating = 110.4 x 1.05  = 115.9 kV 

From these two figures, we can see that either the 109 kV or the 121 kV rated arrestor may be used. Let us 
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consider the 109 kV arrestor. 

Line insulation for 138 kV corresponds to 930 kV. Thus this would be the maximum surge that can be 

transmitted by the line. Assuming doubling of voltage at the transformer, and an arrestor residual discharge 

voltage of Ea, the surge current and hence the arrestor discharge current would be given by 

   
     
  

 
        

    

For the 109 kV arrestor, Ea range from 316 kV to 418 kV. For this Ia has the range 4.12 kA to 3.85 kA. 

Thus the 5 kA rated arrestor is suitable. For this Ea = 315 kV. 

Peak value to which the transformer potential would rise on a surge rising at 1000 kV/s is given by 

       
  

  
 
  

   
               

Thus Et = 315 + 2 x 1000 x 30 / 300 = 515 kV 

This gives a protective margin, for the BIL of 650 kV, of = 100 x (650 - 515)/515 = 26.2% 

Thus the arrestor to be selected is the 109 kV, 5 kA one which is found to be completely satisfactory. Flashover 

voltages of standard discs (254 x 146 mm) is given in the table II.8. 

In selecting the number of units, it is common practice to allow one or two more units to allow for a unit 

becoming defective. Thus for lines up to 220 kV, one additional unit; and for 400 kV, 2 unit may be used. 

Rated 

System Voltage 

kVrms 

Tension Insulators Suspension Insulators 

Impulse f.o.v. kV No. of discs Impulse f.o.v. kV No. of discs 

33 320 3 320 3 

66 470 5 400 4 

132 775 9 700 8 

220 1210 15 1140 14 

Table II.8 

Also tension insulator units have their axis more or less horizontal and are more affected by rain. Also a failure 

of tension insulators are more sever than of suspension insulators. Thus one additional disc is used on tension 

insulators. 

Table II.8 shows the number of disc units (254 x 146 mm) used in Busbar Insulation in a typical substation, for 

both tension as well as suspension insulators. 

Further, for the 132 kV and 220 kV systems, if the lines are provided with proper shielding and low tower 

footing resistances (say less than 7 S), the number of disc units may be reduced based on a switching surge 

flashover voltage of 6.5  (rated phase to neutral system voltage) and a power frequency flash-over voltage of   

3  (rated phase to neutral system voltage). 

On this basis, 7 units are recommended for the 132 kV system and 11 units for the 220 kV system. 
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III.1 INTRODUCTION 

The potential at a point plays an important role in obtaining any information 

regarding the electrostatic field at that point. The electric field intensity can be obtained 

from the potential by gradient operation on the potential 

i.e.         (1) 

which is nothing but differentiation and the electric field intensity can be used to 

find electric flux density using the relation 

       (2) 

The divergence of this flux density which is again a differentiation results in volume 

charge density. 

         (3) 

Therefore, our objective should be to evaluate potential which of course can be 

found in terms of, charge configuration. However it is not a simple job as the exact 

distribution of charges for a particular potential at a point is not readily available. Writing 

D=εE in equation (3) we have 

       

or                 

or         

 

or                  
  

 
    (4) 

This is known as Poisson‟s equation. However, in most of the high voltage 

equipments, space charges are not present and hence ρν = 0 and hence equation (4) is 

written as 

        (5) 

Equation (5) is known as Laplace‟s equation 

If ρν = 0, it indicates zero volume charge density but it allows point charges, line charge, 

ring charge and surface charge density to exist at singular location as sources of the field. 

Here   is a vector operator and is termed as del operator and expressed mathematically 

in cartesian coordinates as 
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 ̅  

 

  
 ̅  

 

  
 ̅      ...(6) 

where  ̅   ̅     ̅  are unit vectors in the respective increasing directions. 

Hence Laplace‟s equation in cartesian coordinates is given 


    
   

    
   

    
   

          ...(7) 

Since  .  is a dot produce of two vectors, it is a scalar quantity. Following methods are 

normally used for determination of the potential distribution 

(i)  Numerical methods 

(ii) Electrolytic tank method. 

Some of the numerical methods used are 

(a) Finite difference method (FDM) 

(b) Finite element method (FEM) 

(c) Charge simulation method (CSM) 

(d) Surface charge simulation method (SCSM). 

III.2 FINITE DIFFERENCE METHOD 

 Let us assume that voltage variations is a two dimensional problem i.e. it varies in 

x-y plane and it does not vary along z-co-ordinate and let us divide the interior of a cross 

section of the region where the potential distribution is required into squares of length h on 

a side as shown in Figure III.1. 

 

 

 

 

 

 

 

 

 

Figure III.1 - A portion of a region containing a two-dimensional potential field 

divided into square of side h . 

Assuming the region to be charge free 

30



Chapter III: CONTROL OF ELECTRIC FIELDS 

 

 

               

and for a two-dimensional situation 

   

  
 

   

  
   

And from equation (7) the Laplace equation is 

   

   
 

   

   
        ...(8) 

Approximate values for these partial derivatives may be obtained in terms of the assumed 

values (Here V0 is to be obtained when V1, V2, V3 and V4 are known Figure III.1. 



  

  
|
 

 
     

 
           

  

  
|
 
 

     

 


From the gradients 

   

   |
 

 

  

  
|
 
 

  

  
|
 

 
 

           

       ...(10) 

Similarly  
   

   |
 

 
           

   

Substituting in equation (8) we have 

   

   
 

   

   
 

               

  
   

or       
 

 
                          …(11) 

As mentioned earlier the potentials at four corners of the square are either known 

through computations or at start, these correspond to boundary potentials which are known 

a priori. From equation (11) it is clear that the potential at point O is the average of the 

potential at the four neighbouring points. The iterative method uses equation (11) to 

determine the potential at the corner of every square sub- division in turn and then the 

process is repeated over the entire region until the difference in values is less than a 

prespecified value. 

The method is found suitable only for two dimensional symmetrical field where a 

direct solution is possible. In order to work for irregular three dimensional field so that 

these nodes are fixed upon boundaries, becomes extremely difficult. Also to solve for such 

fields as very large number of V(x, y) values of potential are required which needs very 
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large computer memory and computation time and hence this method is normally not 

recommended for a solution of such electrostatic problems. 

III.3 FINITE ELEMENT METHOD 

This method is not based on seeking the direct solution of Laplace equation as in 

case of FDM, instead in Finite element method use is made of the fact that in an electrostatic 

field the total energy enclosed in the whole field region acquires a minimum value. This 

means that this voltage distribution under given conditions of electrode surface should make 

the enclosed energy function to be a minimum for a given dielectric volume v. 

We know that electrostatic energy stored per unit volume is given as 

  
 

 
     ...(12) 

For a situation where electric field is not uniform, and if it can be assumed uniform for a 

differential volume v, the electric energy over the complete volume is given as 

  
 

 
∫

 

 
 

            ...(13) 

To obtain voltage distribution, our performance index is to minimise W as given 

in equation 

(13). 

Let us assume an isotropic dielectric medium and an electrostatic field without any 

space charge. 

The potential V would be determined by the boundaries formed by the metal electrode 

surfaces. 

Equation (13) can be rewritten in cartesian coordinates as 

  
 

 
  [(

  

  
)
 

 (
  

  
)
 

 (
  

  
)
 

]          ...(14) 

Assuming that potential distribution is only two-dimensional and there is no change in 

potential along z-direction, then 
  

  
   and hence equation (14) reduces to 
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     [
 

 
 {(

  

  
)
 

 (
  

  
)
 

}]        ...(15) 

Here z is constant and WA represents the energy density per unit area and the 

quantity within integral sign represents differential energy per elementary area dA = dxdy. 

In this method also the field between electrodes is divided into discrete elements as 

in FDM. The shape of these elements is chosen to be triangular for two dimensional 

representation and tetrahedron for three dimensional field representation Figure III.2 (a) 

and (b). 

 

 

 

 

 

 

Figure III.2 (a) Triangular finite element (b) Tetrahedron finite element. 

The shape and size of these finite elements is suitably chosen and these are 

irregularly distributed within the field. It is to be noted that wherever within the medium 

higher electric stresses are expected e.g. corners and edges of electrodes, triangles of 

smaller size should be chosen. 

Let us consider an element e1 as shown in Figure III.2 (a) as part of the total field 

having nodes i, j and k in anti-clockwise direction. There will be a large no. of such 

elements e1, e2 .....eN . Having obtained the potential of the nodes of these elements, the 

potential distribution within each elements is required to be obtained. For this normally a 

linear relations of V on x and y is assumed and hence the first order approximation gives 

V(x, y) = a1 + a2x + a3 y ...(16) 

It is to be noted that for better accuracy of results higher order approximation e.g. 

square or cubic would be required. Equation (16) implies that electric field intensity 

within the element is constant and potentials at any point within the element are linearly 

33



Chapter III: CONTROL OF ELECTRIC FIELDS 

 

 

distributed. The potentials at nodes i, j and k are given as 

Vi = a1 + a2xi + 

a3yi Vj = a1 + 

a2xj + a3yj 

Vk = a1 + a2xk + a3yk ...(17) 

Equation (17) can be rewritten in matrix form as 

[

  

  

  

]  [

     

     

     

] [

  

  

  

]    ...(18) 

By using Cramer‟s rules, the coefficient a1, a2, a3 can be obtained as follows 

   
 

   
(              )                     ...(19) 

   
 

   
                 

and         
 

   
                 

where i = xj yk – xk yj, j = xk yi – xi yk , k = xi yj – xj yi 

i = yi – yk , j = yk – yi, k = yi – yj 

i = xk – xj, j = xi – xk, k = xj – xi 

and 2e = i + j + k = ij – ji 

where e represents the area of the triangular element under consideration. As mentioned 

earlier the nodes must be numbered anticlockwise, else e may turn out to be negative. 

From equation (16), the partial derivatives of V are 

  

  
     (        )            

  

  
                  ...(20) 

We know that for obtaining the voltage at various nodes we have to minimise the 

energy within the whole system for which derivatives of energies with respect to potential 

distribution in each element is required. For the element e under consideration, let We be 

the energy enclosed in the element, then energy per unit length in the z-direction We /z 

denoted by We can be obtained by using equation (15) as follows 
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 (
  

  
)
 

}
 
    ...(21) 

Here            
 
     

To obtain condition for energy minimisation we differentiate partially equation (21) 

with respect to Vi , Vj and Vk separately. Thus partially differentiating equation (21) with 

respect to Vi and making use of equations (19) and (20). 

We have        
    

   
 

 

 
       

   

   
 

   

   
  

 

 
                

 
 

   
    

    
                                                           ...(22) 

Similarly, finding partial derivatives of equation (21) with respect to Vj and Vk and 

following the procedure outlined above for partial derivative with respect to Vi and 

arranging all the three equation in matrix from we have 
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[

             

           

         

]

 

[

  

  

  

]

 

                   ...(23) 

After considering a typical element e, the next step is to take into account all such 

elements in the region under consideration and the energy associated with all the 

elements will then be 

  ∑   
      

 

 
               ...(24) 

where        [

  

  

 
  

] 

and n is the total number of nodes in the system and N is the no. of elements and [C] is 

called the global stiffness matrix which is the sum of the individual matrices. 

In general  
  

   
 leads to 

∑   
                ...(25) 
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The solution of the above equations gives voltage distribution in the region. Of 

course while seeking the final solution the boundary conditions must be satisfied and 

hence this would require some iterative method for the exact solution. 

The second approach could be to formulate energy function in terms of the 

unknown nodal voltage. This energy function is subjected to certain constraints in terms 

of boundary conditions. The objective then is to min. [W] subject to certain constraints. 

For this various mathematical programming techniques like, Fletcher Powell technique, 

Fletcher technique, direct search techniques, self-scaling variable metric techniques can 

be used. A computer program can be developed and accuracy of the result can be 

obtained depending upon the convergence critsion fed into the computer. A suitable initial 

guess for the solution can always be made depending upon the system configuration and 

during every iteration the voltage can be updated till all the boundary conditions are 

satisfied and the energy function is minimised that is when the change in the energy 

function between two consecutive iterations is less than a prespecified value. 

The finite element method is useful for estimating electric fields at highly curved 

and thin electrode surfaces with composite dielectric materials especially when the 

electric fields are uniform or weakly non-uniform and can be expressed in two 

dimensioned geometrics. The method is normally not recommended for three dimensional 

non-uniform fields. 

III.4 CHARGE SIMULATION METHOD 

As suggested by the name itself, in this method, the distributed charges on the 

surface of a conductor/ electrode or dielectric interfaces is simulated by replacing these 

charges by n discrete fictitious individual charges arranged suitably inside the conductor or 

outside the space in which the field is to be computed. These charges could be in the form 

of point, line or ring, depending upon the shape of the electrode under consideration. It 

could be a suitable combination of these fictitious charges. The position and type of 

simulation charges are to be determined first and then the field on the electrode surface is 

determined by the potential function of these individual charges. In order to determine the 

magnitude of these charges n no. of points are chosen on the surface of the conductor. 

These points are known as “contour points‟‟. The sum of the potentials due to fictitious 
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charge distribution at any contour points should correspond to the conductor potential Vc 

which is known a priori. 

Suppose qi, is one of the fictitious charges and Vi is the potential of any point Pi in space 

which is independent of the coordinate system chosen, the total potential Vi due to all the 

charges is given as 

   ∑   
              ...(26) 

where pij are known as „„potential Co-efficient‟‟ which are to be determined for different 

types of charges by using Laplace‟s equation. We know that potential at a point P at a 

distance „a‟ from a point charge q is given as 

  
 

    
   ...(27) 

So here the potential co-efficient p is. 
 

    
 

Similarly, these coefficients for linear and ring or circular charges can also be 

obtained. It is found these are also dependent upon various distance of these charges from 

the point under consideration where potential is to be obtained and the permittivity of the 

medium as in case of a point charge and hence potential coefficients are constant number 

and hence the potential due to various types of charges are a linear function of charges 

and this is how we get the potential at a point due to various charges as an algebraic sum 

of potential due to individual charges. 

A few contour points must also be taken at the electrode boundaries also and the 

potential due to the simulated charge system should be obtained at these points and this 

should correspond to the equipotentials or else, the type and location of charges should be 

changed to acquire the desired shape and the given potential. Suppose we take „n‟ number 

of contour points and n no. of charges, the following set of equations can be written 
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]     …(28) 

The solution of these equations gives the magnitude of the individual charges and 

which corresponds to electrode potential (V1……Vn) at the given discrete points. Next, 

it is necessary to check whether the type and location of charges as obtained from the 
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solution of equation (28) satisfies the actual boundary conditions every where on the 

electrode surfaces. It is just possible that at certain check points the charges may not 

satisfy the potential at those points. This check for individual point is carried out using 

equation (26). If simulation does not meet the accuracy criterion, the procedure is 

repeated by changing either the number or type or location or all, of the simulation charges 

till adequate charge system (simulation) is obtained. Once, this is achieved, potential or 

electric field intensity at any point can be obtained. 

The field intensity at a point due to various charges is obtained by vector addition 

of intensity due to individual charges at that point. However, it is desirable to obtain the 

individual directional components of field intensity separately. In cartesion coordinate 

system, the component of electric field intensity along x-direction for n number of charges 

is given as 

 
 

  ∑   
   

    

  
   ∑   

               ...(29) 

where (fij)x are known as field intensity coefficients in x-direction. 

In this method it is very important to select a suitable type of simulation charges and 

their location for faster convergence of the solution e.g. for cylindrical electrodes finite 

line charges are suitable, spherical electrodes have point charges or ring charges as 

suitable charges. However, for fields with axial symmetry having projected circular 

structures, ring charges are found better. Experience of working on such problems 

certainly will play an important role for better and faster selection. The procedure for 

CSM is summarised as follows : 

1. Choose a suitable type and location of simulation charges within the electride system. 

2. Select some contour point on the surface of the electrodes. A relatively larger no. of 

contour points should be selected on the curved or corner points of the electrode. 

3. Calculate the pij for different charges and locations (contour points) and assemble in the 

form of a matrix. 

4. Obtain inverse of this matrix and calculate the magnitude of charges (simulation). 

5. Test whether the solution so obtained is feasible or not by selecting some check points 

on the conductor surface. If the solution is feasible stop and calculate the electric field 
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intensity at requisite point. If not, repeat the procedure by either changing the type or 

location of the simulation charges. 

CSM has proved quite useful for estimation of electric field intensity for two and 

three dimensional fields both with or without axial symmetry. It is a simple method and is 

found computationally efficient and provides accurate results. 

The simplicity with which CSM takes care of curved and rounded surfaces of 

electrodes or interfaces of composite dielectric medium makes it a suitable method for 

field estimation. The computation time is much less as compared to FDM and FEM. 

However, it is difficult to apply this methods for thin electrodes e.g. foils, plates or 

coatings as some minimum gap distance between the location of a charge and electrode 

contours is required. Also, it is found difficult to apply this method for electrodes with 

highly irregular and complicated boundaries with sharp edges etc. 

However, as mentioned earlier a good experience of selecting type and location of 

simulation charge may solve some of these problem. 

An improved version of CSM known as surface charge simulation method (SCSM) 

described below is used to overcome the problem faced in CSM. 

III.5 SURFACE CHARGE SIMULATION METHOD 

Here a suitably distributed surface charge is used to simulate the complete equipotential 

surface i.e. the electrode contour since the surface charge is located on the contour surface 

itself. In actual practice the existing surface charge on the electrode configuration is 

simulated by integration of ring charges placed on the electrode contour and dielectric 

boundaries. This results into a physically correct reproduction of the whole electrode 

configuration. 

The electrode contours are segmented as shown in figure III.3 and to each segment 

„S’ a surface charge density is assigned by a given function Sk(x) which could be a first 

degree approximation or a polynomial as follows 

     ∑   
                ...(29) 

n 
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Figure III.3- Segmented Contour path with assigned  

The individual segments along the contour path can be represented as shown in Figure III.4. 

 

 

 

 

 

 

Figure III.4- Representation of a segment Sk(x) 

The value of Sk (x) is zero for x < xk–1 and is unity at x = xk and in between xk–1 and xk is 

given as 

      

       
 

With the representation the contour sarface is reproduced accurately and exactly 

and thus the continuity of charge between the segments is assumed. Surface charges can 

be simulated either by line or ring charges. Ring charge simulation is found to be more 

useful for fields with symmetry of rotation. 

Each contour segment is assigned m no. of charges and the potential due to a charge qj, is 

given by equation (26) and is rewritten here 
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   ∑  

 

   

     

The potential co-efficient pik for a contour point i due to kth contour segment is 

obtained as shown in Figure III.5. 

 

 

 

Figure III.5-Concentrated charges to simulate surface charges 

 and is give as 

p  = ( x) . pix dx     ...(30) 

Now substituting equation (29) in equation (30) we have 

      ∫  
 
∑   

                   ...(31) 

Since each segment is divided into m intervals as shown in Figure III.5, equation 

(31) can be 

rewritten as 

      ∫  
  

    
           ∑   

                ...(32) 

The potential coefficient pil are similar to the coefficients derived from a single 

concentrated charge in CSM. This coefficient, therefore, can be obtained for a line charge 

or by solving elliptical integral for a ring charge. The electric field intensity at any 

contour point i due to kth contour segment 

is given as 

   ∑   
              ...(33) 

where fik are the field intensity co-efficients. 

As discussed this method requires a large number of elements, normally more than 

2500, inde- pendent of the surface shape and thus require large computational efforts. 

Also, due to certain practical difficulties this method is not used as frequently as other 

numerical methods for estimation of electric fields. 
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III.6 COMPARISON OF VARIOUS TECHNIQUES 

Out of the various techniques FDM is the simplest to compute and understand but 

the computation effort and computer memory requirements are the highest. Also, since all 

difference equations are approximation to the actual field conditions, the final solution 

may have considerable error. 

Finite element method is a general method and has been used for almost all fields 

of engineer- ing. The method is suitable for estimating fields at highly curved and thin 

electrode surfaces with different dielectric materials. However, this method is more useful 

for uniform or weakly non-uniform fields and which can be represented by two 

dimensional geometries. This method is recommended for three dimensional complicated 

field configurations. 

Charge Simulation Method (CSM) is considered to be one of the most superior and 

acceptable method for two and three dimensional configuration with more than one 

dielectric and with electrode systems of any desired shape since this method is based on 

minimization of the energy function which could be subjected to any operating constraints 

e.g. environmental condition, it has proved to be highly accurate method. Because of 

inherent features of the technique, this method also helps in optimising electrode 

configuration. In this electrode configuration optimisation problems the objective is to 

have field intensity as low as possible subject to the condition that a constant field 

intensity exists on the complete electrode surface. With this optimisation, a higher life 

expectancy of high voltage equipments can be achieved. 

However, as mentioned earlier this method can not be used for thin electrodes e.g. 

foils, plates or coatings due to the requirement of a minimum gap distance between the 

location of a charge and electrode contour. Also, this method is not suitable for highly 

irregular electrode boundaries. 

The surface charge simulation method even though takes into account the actual 

surface charge distribution on the electrode surface, this method is not normally 

recommended for solution of field problem due to some practical difficulties. 

An important difference between the various method is that the FDM and FEM can 
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be used only for bounded field whereas CSM and SCMS can also be used for unbounded 

fields. 

III.7 ELECTROLYTIC TANK 

For assessing electric field distribution in complex three dimensional situations, 

analytical methods are unsuitable. Two other approaches in use are, experimental analog 

and numbrical techniques. The numerical techniques have already been discussed in the 

previous section. We now study analog techniques especially the use of electrolytic tank. 

The potential distribution in conductive media in current equilibrium condition 

satisfies Laplace‟s equation the same as the electric fields in space-charge-free regions i.e. 

v = 0. This fact makes it possible to obtain solutions to many difficult electrostatic field 

problems by constructing an analyogous 

potential distribution in a conductive medium where the potential and field distributions 

can be meas- ured directly. The conductors and insulation arrangements can be 

represented using an electrolytic tank. Due to its simplicity and accuracy this method has 

been used for decades. 

A scale model of the electrode configuration is set up in a tank with insulating 

walls, filled with suitable electrolyte e.g. tap water. An alternating voltage is the 

appropriate choice of working voltage to avoid polarisation voltage arising in the case of 

direct voltages. The equipotential lines or equipotential areas in the case of the electric 

field are measured by means of a probe which can be fed with different voltages from a 

potential divider via a null indicator. 

Guiding the probe along the lines corresponding to the potential selected on the 

divider as well as their graphical representation, can be undertaken manually or 

automatically in large systems. For the two-dimensional field model, various dielectric 

constants can be simulated by different heights of electrolyte as shown in Figure III.6 for 

a cylinder-plane configuration. 
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Figure III.6- Simulation of a cylinder-plane configuration in the electrolytic tank 

(a) Original (b) Simulation for the case 1 = 22 

Three dimensional fields with rotational symmetry can be readily simulated in a 

wedge shaped tank where as for fields with no rotational symmetry one has to resort to 

much more complex forms of three dimensional simulation. 

Equipotential boundaries are represented in the tank by specially formed sheets of 

metal. For example a single dielectric problem such as a three core cable may be 

represented using a flat tank as shown in Figure III.7. Different permittivities are 

represented by electrolytes of different conductivities separated by special partitions. 

Otherwise, the tank base can be specially shaped. 

 

Figure III.7- Electrolytic tank model of a three-core cable represented at the instant when 

one core is at zero voltage, the same as the sheath. 

III.8 CONTROL OF ELECTRIC FIELD INTENSITY 

It is a common knowledge that if the field in a dielectric material is uniform, the 

material is properly utilised. If it is non-uniform the material is under-utilised. Under 

normal situation an electric field is not uniform due to imperfection in the dielectric 
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material during manufacture or it could be due to undesirable shapes and sizes of 

electrodes. 

Sudden change in shape of electrodes in the form of corners or edges in high voltage 

equipments leads to concentration of electric fields at such locations resulting in higher 

electric stresses on the dielectric. The area around such location becomes highly 

vulnerable to breakdown of insulation. In order to avoid this breakdown, the electrodes 

should be suitably designed and shaped so that concentra- tion of the field is not allowed. 

The electrodes are extended and so shaped that a higher field intensity than the main field 

does not appear anywhere in the dielectric material. To achieve this objective Rogowaski 

suggested a shape by which electrodes should be extended known as Rogowaski profile as 

shown in Figure III.8 (b). 

 

Figure III.8- equipotential and the field (current flow) lines between plane and 

brim field. 

It is clear from the Figure III.7 that the electric field intensity continuously reduces 

beyond the edges of the electrodes. Another profile of electrodes suggested by Borda for 

reducing electric field stresses is shown in Figure III.8(a) . Comparing the two profiles, it is 

found that the Borda profile achieves a lower field intensity beyond the edges as compared 

to Rogowski profile. 

Also, it is found that the space requirements for high voltage equipments is smaller 

with Borda profile electrodes as compared to Rogowski profile. In many situations for 

high voltage equipment 

space requirements become a serious problem and hence electric field optimisation 

techniques have received a great importance. 

A visit to a high voltage laboratory shows that electrodes at high potential are given 

large, smooth shaped dome like shapes to bring down the electric field stress surrounding 
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the area i.e. the atmospheric air. The modern trend is to design segmented electrodes in 

which a number of small, identical, smooth discs are given a desired continuous shapes as 

per requirement. 

Electric stress control shields of various shapes and sizes are used for high voltage 

equipments Figure III.9. Sometimes sharp electrode ends are enclosed by a large diameter 

hemispherical electrode having a smooth aperture. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.9- Extended shapes of electrodes for stress control (a) A bushing with toroids 

(a) Right angle turn of a bus bar in gas insulated switchgear (GIS), 

(b) HV electrode on a condenser, (d) Stress cone on a screened cable end. 

Circular and tubular electrodes are provided with spherical shields at bends. In high 

voltage laboratories tubular electrodes of large diameter are used for connection rather 

than insulated wire thereby electric field intensity is reduced considerably. 

For transmission voltage 400 kV and above we make use of more than one 

conductor which is known as bundling of conductors or these conductors are known as 

bundled conductor. This is done to reduce electric field intensity in the atmospheric air 

thereby the corona loss on the line and radio interference with communication lines is 

reduced. 

The design of high voltage bushing used for large capacity power transformers, 
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potential transformers or cable termination is based on capacitance grading thereby a 

uniform voltage distribution is achieved which results in a uniform electric field 

intensity within the dielectric. This is done by 

interposing concentric sheets of metals of suitable lengths and position. This is known as 

“inter-sheath grading” to control electric field intensity. The inter-sheaths are held at 

suitable potential which enables economic utilisation of the insulating material by evenly 

distributing the equipotential surfaces. 

A simple rule to control electric field intensity in high voltage equipments is to 

avoid sharp points and edges in the electrodes. These electrodes should be large 

symmetrical and should have smooth surface. The surface should not be rough as this 

would lead to higher stresses at high voltages. Micro protrusion on the surface of the 

electrode may penetrate deeper into the dielectric material which may result in high electric 

field intensity at those points and may lead to breakdown of the dielectric material. 

III.9 OPTIMISATION OF ELECTRODE CONFIGURATION 

Various numerical techniques have been used to optimise the electrode configuration 

so that the dielectric material is optimally utilised as a result a considerable improvement 

in dielectric behaviour is achieved and a higher life expectancy of high voltage 

equipments can be anticipated. When we talk of electrode configuration optimisation, we 

really mean the electric field intensity optimisation. Even though some work has been 

dedicated for electrode configurations optimisation by FDM and FEM methods, yet the 

inherent suitability of CSM for optimisation, lot of work has been reported in literature 

using this technique. 

The objective of optimisation is to determine the configuration of electrodes which 

may result into a minimum and constant field intensity on the complete electrode surface. 

The optimisation technique is based on the partial discharge inception electric field 

intensity Epd which depends upon the dielectric material, its pressure (if gas is the 

medium) and the electrode configuration. It is to be noted that if the electric field is 

uniform or weakly non-uniform, the partial discharge or normal breakdown takes place at 

the same electric field intensity. Therefore, it is only the electrode configuration which 
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can be optimised. If Epd is more than the electric field intensity E applied, partial discharge 

can not take place which means the electrode can be said to be optimised, if at a given 

voltage the maximum value of 
 

   
 on its surface is as small as possible. Since the 

maximum value of E/Epd depends upon three parametres the shape, size and position of 

electrodes, three different types of optimisation possibilities exist. The optimum shape of 

an electrode in characterised by 

Min. (E/Epd)max = constant ...(34) 

The optimisation methods are based on iterative process and when equation (34) is 

satisfied, the optimum electrode configuration is obtained. While using CSM, following 

strategies are used for optomisation of electrode configuration. 

(i) Displacement of contour points perpendicular to the surface 

(ii) Changing the position of the „„optimisation charges‟‟ and contour points 

(iii) Modification of contour elements 

A brief view of these methods is given below. 

III.8.1 Displacement of Contour Points 

In this method a constant magnitude of electric field intensity is achieved using an 

iterative process by differential displacement of contour points perpendicular to the surface 

during every iteration. We start with a suitable contour of the electrode and on this we fix 

some contour points, and, electric field intensity is evaluated for this contour. If this field 

intensity is within the permissible value of desired field intensity we stop as the optimal 

configuration is obtained right at the first step. However, it is very unlikely to hit at the 

optimal configuration in the first step itself and hence the curvature of this contour is 

changed step by step depending upon the difference between the calculated electric field 

intensity and the desired field intensity. A good experience in field theory will be quite 

helpful in deciding the new contour points during different iterations. Figure III.10 shows 

the flows chart for the optimisation process. 
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Figure III.10- Flow chart for optimisation by displacement of contour points method 

It is to be noted that for electric field calculation on the electrode surface (assumed 

or updated) is caried out using CSM technique. Since during every iteration the complete 

CSM technique is to be used for calculation of electric field intensity, computer time 

requirement is high and this is its major disadvantage. 

III.8.1 Changing the Position of the Optimisation Charges and Contour Points 

In CSM we start with certain configuration of the electrode and we calculate 

electrode field intensity at various contour points of the electrode and from this we should 

be able to identity which part of the electrode surface needs optimisation (the contour 

points where E > Epd). Normally in CSM, the identified region of electrode 
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configuration is reproduced by a set of contour points and a set of simulation charges at 

fixed locations but of unknown magnitudes. However, in optimisation method, the 

optimisation region is reproduced like in CSM by a suitable „n‟ number of contour 

optimisation points as shown in Figure III.11. 

 

 

 

 

 

 

 

 

Figure III.11- Optimisation region in an electrode configuration 

This optimisation region is then provided with „n‟ optimisation charges which have 

fixed position and known magnitudes. The optimisation charges are obtained 

corresponding to a partial solution of mathematical problem. 

The optimisation procedure proceeds with iterative steps as follows : 

(i) The optimisation charges which affect the field intensity in optimisation region more 

than the simulation charges are shifted in position such that the field intensity in the 

optimisation region is less than a prespecificd value. 

(ii) When we shift the optimisation charges the potential at the contour points in the region 

is changed. In order to bring the known potential (new) at the contour points, the 

magnitude of the simulation charges should be changed to fulfil the new potential 

requirement at the contour points. 

(iii) The new equipotential line having the known potential is calculated with the help of a 

complete new set of optimisation charges. This will be our new optimised contour of 

the electrode. 

(iv) The field intensity in the optimisation region is calculated and compared it with a 

prespecified value of E and this may not satisfy equation (34) or even after changing the 

shape of the electrode and the charge magnitudes in the other region. 
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(v) The optimisation points are now located at the newly obtained contour of the electrode. 

The location of the respective optimisation charges should, therefore, be suitably 

corrected to start the next iteration. 

The iteration procedure is continued with lower magnitude of electric field 

intensity till it con- verges to a prespecified value or instruct to stop the computation 

process if it goes to a very low value which is physically not feasible. 

III.8.2 Modification of Contour Elements 

This method is based on the qualitative correlation between the curvature of an 

electrode sur- face and its electric field intensity. The larger yer the curvature the larger is 

the value E/Epd . Therefore, the radii of the contour element will have to be increased 

for the region where E/Epd is large and decreased where E/Epd is small. The 

optimisation method is explained here for a cylindrical rod and plane electrode 

configuration. It is required to optimise the contour of the rod end. Suppose r is the 

radius of the rod end and „d‟ is its distance from the plane as shown as Figure III.12 (a). 

As an initial approximation, the rod end is assumed to be hemispherical. Since the rod 

end is symmetrical about the vertical axis, the corresponding semicircle is divided into 

segments Figure III.12 (b). Depending upon the accuracy requirements of the final result 

a suitable number of segments are selected. The circular arcs on the periphery are called 

the „contour segment‟. The procedure is explained as follows :  

 

 

 

 

 

 

 

 

 

Figure III.12- Optimisation by contour elements 
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(i) At the outset, mean electric field intensity E on each contour element is calculated 

using any of the numerical techniques mentioned in article 0.8. Contour elements are 

shown separately with their corresponding magnitudes of E/Epd ratio in Figure III.12 

(c). 

(ii) The radius of each element which is same in this case as all elements lie along the 

arc of a circle is multiplied by their respective (E/Epd)n whereas the angles of the 

elements and therefore, the shapes remain unchanged. The exponent which represents 

no. of iterations required to converge, is recommended to be four. As a result of 

multiplication a new set of elements of different sizes is obtained Figure III.12(d). The 

new set of elements are recomposed as shown in Figure III.12(e) thereby a new contour 

is obtained. The radius of the new contour is made equal to r by multiplying the radius 

of the new contour by a suitable scale factor. 

(iii) The new contour is placed at the distance „d’ from the plane as shown in Figure 

III.12(f). The steps (i) and (ii) are repeated until the remaining differences in E/Epd 

ratio are sufficiently small. As seen in Figure III.12(e) during each iteration the surface 

region is flattened where E/ Epd exceeds its mean value whereas the remaining region 

becomes more curved which results into a more uniform distribution of E/Epd  It is to 

be noted that in step (ii) if the Epd depends upon the curvature of the electrode surface, 

then instead of the element radii, the reciprocal of the curvature is multiplied by 

(E/Epd)
n
. It is to be noted with caution that the boundary conditions in terms of 

operating constraints if any must be included during the process of optimisation of 

electrode configuration otherwise it may turn out to an infeasible solution. 
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IV.1 Ionisation of Gases

 
 

Electrical Insulating Materials (or Dielectrics) are materials in which electrostatic fields can remain almost 
indefinitely.  These materials thus offer a very high resistance to the passage of direct currents.  However, 
they cannot withstand an infinitely high voltage.  When the applied voltage across the dielectric exceeds a 
critical value the insulation will be damaged.  The dielectrics may be gaseous, liquid or solid in form. 

 

Gaseous dielectrics in practice are not free of electrically charged particles, including free electrons.  The 
electrons, which may be caused by irradiation or field emission,  can lead to a breakdown process to be 
initiated.  These free electrons, however produced, on the application of an electric field are accelerated 
from the cathode to the anode by the electric stress applying a force on them.  They acquire a kinetic 
energy (½ mu2) as they move through the field.  The energy is usually expressed as a voltage (in electron-
volt, eV, where e is the charge on an electron) as the energies involved are extremely small.  [The energy 
Ei = e Vi  is expressed in  electron volt.  1 e V = 1.6 x 10-19 J].  These free electrons, moving towards the 
anode collide with the gas molecules present between the electrodes.  In these collisions, part of the 
kinetic energy of the electrons is lost and part is transmitted to the neutral molecule.  If this molecule gains 
sufficient energy (more than the energy Ei necessary for ionisation to occur), it may ionise by collision.  
The (mean) number of ionising collisions by one electron per unit drift across the gap is not a constant but 
subject to statistical fluctuations.  The newly liberated electron and the impinging electron are then 
accelerated in the field and an electron avalanche is set up.  Further increase in voltage results in 
additional ionising processes.  Ionisation increases rapidly with voltage once these secondary processes 
take place, until ultimately breakdown occurs. 

 

It is worth noting that in uniform fields, the ionisation present at voltages below breakdown is normally too 
small to affect engineering applications.  In non-uniform fields, however, considerable ionisation may be 
present in the region of high stress, at voltages well below breakdown, constituting the well known corona 
discharge. 

 

.1.1  Ionisation processes in gas discharges

 
 

The electrical breakdown of a gas is brought about by various processes of ionisation.  These are gas 
processes involving the collision of electrons, ions and photons with gas molecules, and electrode 
processes which take place at or near the electrode surface [Electrons can be emitted from the cathode if 
the stress is around 100 - 1000 kV/cm due to field emission]. 

 

Ionisation is the process by which an electron is removed from an atom, leaving the atom with a nett 
positive charge (positive ion).  Since an electron in the outermost orbit is subject to the least attractive 
force from the nucleus, it is the easiest removed by any of the collision processes.  The energy required to 
remove an outer electron completely from its normal state in the atom to a distance well beyond the 
nucleus is called  the  first ionisation potential.   

 

The reciprocal process of an electron falling from a great distance to the lowest unoccupied orbit is also 
possible.  In this case, a photon will be emitted having the same energy as previously absorbed. 

IV
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2  Relevant gas ionisation processes   
 
(i) Ionisation by simple collision 
 
When the kinetic energy of an electron (½ mu²), in collision with a neutral gas molecule exceeds 
the ionisation energy (Ei  = e Vi ) of the molecule, then ionisation can occur. 
(i.e. when  ½ mu² > Ei) 
 
  M  +  e- (½ mu²)  → M+ + 2 e- 
 
In general, a positive ion and 2 slow moving electrons will result.  The probability of this process is zero 
for electron energies equal to the ionisation energy Ei, but increases almost linearly at first, and then 
gradually with electron energy up to a maximum. 
 
When the gas molecules are bombarded with electrons, other electrons bound to atoms may be freed by 
the collision with the high energy electron.  The ratio of the electrons given by collision to the primary 
electrons depend, mainly on the energy of the primaries.  This is maximum at primary electron energies of 
about 200 - 500 eV.  For lower energy values, the energy transferred may not be sufficient to cause 
electrons to escape from the surface of the molecules, and thus the probability of ionisation is small.  For 
much higher values of primary energies, the energy of the impinging electron would be sufficient for this 
electron to penetrate the surface deeper into the molecule, so that again the chance of escape of other 
electrons decreases. 
 
Thus the variation of the ionisation probability in air with increase of electron energy is as shown in figure 
IV.1. 

Figure .1 - Ionisation probability curve in air 
(ii) Excitation 
 
In the case of simple collision, the neutral gas molecule does not always gets ionised on electron impact.  
In such cases, the molecule will be left in an excited state M*, with energy Ee . 
 
   M  +  e- (½ mu²)  →   M*  +  e- 
 
This excited molecule  can subsequently give out a photon of frequency v with energy emitted h v.  The 
energy is given out when the electron jumps from one orbit to the next. 
 
   M*   →   M  +  h v 
 
where  h  =  Planck's constant = 6.624 x 10-34 J s 
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(iii) Ionisation by Double electron impact 
 
If a gas molecule is already raised to an excited state (with energy Ee) by a previous collision, then 
ionisation of this excited molecule can occur by a collision with a relatively slow electron.  This electron 
would need less energy than the ionisation energy, but the energy must exceed the additional energy 
required to attain the ionisation energy.   
 
(i.e. ½ mu² > Ei - Ee)  
 
 M*  +  e- (½ mu²)  → M+ + 2 e- 
 
(iv) Photo-ionisation 
 
A molecule in the ground state can be ionised by a photon of frequency v provided that the quantum of 
energy emitted h v (by an electron jumping from one orbit to another), is greater than the ionisation energy 
of the molecule. 
 
(i.e.  h v  >  Ei ,  where  h = Plank's constant = 6.624 x 10-34 joule) 
 
 M  + h v  →  M+ + e- 
 
(v) Electron Attachment 
 
If a gas molecule has unoccupied energy levels in its outermost group, then a colliding electron may take 
up one of these levels, converting the molecule into a negative ion M-. 
 
 M  + e-  →  M- 
 
The negative ion thus formed would be in an excited state, caused by the excess energy. 
 
Note:  Electron attachment decreases the number of free electrons, unlike ionisation which increases the 
free electrons. 
 
(vi) Electron detachment 
 
This occurs when a negative ion gives up its extra electron, and becomes a neutral molecule. 
 
 M-  →  M + e- 
 
(vii) Other Processes 
 
The above processes are the most important in relation to the gas discharge phenomena.  Other possible 
gas processes include ion-atom collisions, excited atom-molecule collisions, and atom-atom collisions.  It 
should be noted that collisions between ions and atoms rarely result in ionisation, due to the relatively 
slow interaction time, which allows the internal motion of the atomic system to adjust itself gradually to 
the changing condition without any energy transition occurring. 
 
In order to cause ionisation of a neutral unexcited atom of its own kind, a positive ion must possess energy 
of at least 2 eV.  Normally ions and atoms having such energies are encountered only in high current arcs 
and thermonuclear discharges. 
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IV.2 Breakdown Characteristic in gases 
 
Two mechanisms of breakdown in gasses is known.  These are the avalanche and streamer mechanisms
 
IV.2.1  Electron Avalanche Mechanism (Townsend Breakdown Process) 
 
One of the processes which are considered in breakdown is the Townsend breakdown mechanism.  It is 
based on the generation of successive secondary avalanches to produce breakdown. 
 
Suppose a free electron exists (caused by some external effect such as radio-activity or cosmic radiation) 
in a gas where an electric field exists.  If the field strength is sufficiently high, then it is likely to ionize a 
gas molecule by simple collision resulting in 2 free electrons and a positive ion.  These 2 electrons will be 
able to cause further ionization by collision leading in general to 4 electrons and 3 positive ions.  The 
process is cumulative, and the number of free electrons will go on increasing as they continue to move 
under the action of the electric field.  The swarm of electrons and positive ions produced in this way is 
called an electron avalanche.  In the space of a few millimetres, it may grow until it contains many 
millions of electrons.  This is shown in Figure IV.2.�

 

IV.2.1.1 Mathematical Analysis 
 

When the voltage applied across a pair of electrodes is increased, the current throughout the gap increases 
slowly, as the electrons emitted from the cathode move through the gas with an average velocity 
determined by their mobility for the field strength existing for the particular value of voltage.  Impact 
ionization by electrons is probably the most important process in the breakdown of gasses, but this 
process alone is not sufficient to produce breakdown. 

Let  n0 = number of electrons/second emitted from the cathode, 

  nx = number of electrons/second moving at a distance x from the cathode 
    [nx > n0  due to ionising collisions in gap] 

  � = number of ionising collisions, on average, made by one electron per unit drift in the 
direction of the field. [Townsend's first ionisation coefficient] 

then 1/� = average distance traversed in the field direction between ionising collisions. 

Consider a laminar of thickness dx at a distance x from the cathode.  The nx electrons entering the laminar 
will traverse it in the presence of the applied field E.  The ionising collisions generated in the gas gap will 
be proportional to both dx and to nx.  

Thus 

    dnx ∝  nx 

     ∝  dx 

Therefore  dnx = � . nx . dx (from definition of �) 
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� Figure IV.2  - Electron Avalanche 
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Rearranging and integrating gives 

If the anode is at a distance  x = d  from the cathode, then the number of electrons nd  striking the anode 
per second is given by 
     nd  =  n0 . e

�d 
 

Therefore, on the average, each electron leaving the cathode produces (nd - n0)/n0 new electrons (and 
corresponding positive ions) in the gap. 
 

In the steady state, the number of positive ions arriving at the cathode/second must be exactly  equal to 
the number of newly formed electrons arriving at the anode.  Thus the circuit current will be given by 
 
     I = I0 . e

�d 
 

where  I0 is the initial photo-electric current at the cathode. 
 

In the actual breakdown process, the electron impact ionization is attended by secondary processes on the 
cathode, which replenish the gas gap with free electrons, with every newly formed avalanche surpassing 
the preceding one in the number of electrons. 
 

Consider now the current growth equations with the secondary mechanism also present. 
 

Let � = number of secondary electrons (on average) produced at the cathode per ionising collision in 
the gap. [Townsend's second ionisation coefficient] 

 n0 = number of primary photo-electrons/second emitted from the cathode 

 n0' = number of secondary electrons/second produced at the cathode 

 n0" = total number of electrons/second leaving the cathode 
 
Then    n0'  =  n0  +  n0" 
 

On the average, each electron leaving the cathode produces  [e�d - 1] collisions in the gap, giving the 
number of ionising collisions/second in the gap as n0" (e�d - 1).  Thus by definition  
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Similar to the case of the primary process (with � only), we have 

Thus, in steady state, the circuit current I will be given by 

This equation describes the growth of average current in the gap before spark breakdown occurs. 
 

As the applied voltage increases, e�d and  � e�d  increase until  � e�d → 1 , when the denominator of the 
circuit current expression becomes zero and the current  I → ∞ .  In this case, the current will, in practice, 
be limited only by the resistance of the power supply and the conducting gas.   
 

This condition may thus be defined as the breakdown and can be written as 
 

 � (e�d - 1)  =  1 
 
This condition is known as the Townsend criteria for spark breakdown. 
 

The avalanche breakdown develops over relatively long periods of time, typically over 1 �s and does not 
generally occur with impulse voltages. 
 

IV.2.1.2 Determination of Townsend's Coefficients � and � 
 
Townsend's coefficients are determined in an ionisation chamber which is first evacuated to a very high 
vacuum of the order of 10-4 and 10-6 torr before filling with the desired gas at a pressure of a few torr.  
The applied direct voltage is about 2 to 10 kV, and the electrode system consists of a plane high voltage 
electrode and a low voltage electrode surrounded by a guard electrode to maintain a uniform field.  The 
low voltage electrode is earthed through an electrometer amplifier capable of measuring currents in the 
range 0.01 pA to 10 nA.  The cathode is irradiated using an ultra-violet lamp from the outside to produce 
the initiation electron.  The voltage current characteristics are then obtained for different gap settings.  At 
low voltage the current growth is not steady.  Afterwards the steady Townsend process develops as shown 
in figure IV.3.  

From the Townsend mechanism, the discharge current is given by 
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This can be written in logarithmic form as 

 
   ln I  = � d  + ln I0 
 

     y  = m x  +   c 

 
From a graph of ln I vs d, the constants �  and I0  can be determined from the gradient and the intercept 

respectively, as in figure IV.4. �

Once I0 and � are known, �can be determined from points on the upward region of the curve.  The 
experiment can be repeated at different pressures if required. 
 
IV.2.1.3 Breakdown in electronegative gases 
 
In the above analysis, electron attachment to neutral molecules was not considered.  Electron attachment 
removes free electrons and thus gives gases very high dielectric strengths.  The gases in which electron 
attachment occurs are electro-negative gases. 
 
An attachment coefficient � can be defined, analogous with �, as the number of attachments per electron 
per unit drift in the direction of the field.  Under these conditions, the equation for the average current 
growth in a uniform field can be shown to be as follows. 

The corresponding criteria for spark breakdown is 

 
IV.2.2  Paschen's Law 
 
When electrons and ions move through a gas in a uniform field E and gas pressure p, their mean energies 
attain equilibrium values dependant on the ratio E/p; or more precisely 
 
  �/p  =  f1(E/p)  and   �  =  f2(E/p) 
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For a uniform field gap, the electric field   E = V/d.  Thus applying Townsend's criterion for spark 
breakdown of gases gives 

which may be written in terms of the functions as 

This equation shows that the breakdown voltage V is an implicit function of the product of gas pressure p 
and the electrode separation d. 
 
That is   V  =  f (p.d) 
 
In the above derivation the effect of temperature on the breakdown voltage is not taken into account.  
Using the gas equation  pressure . volume = mass . R . absolute Temperature, we see that  pressure = 
density . R . absolute Temperature.  Thus the correct statement  of the  above  expression  is   V = 
f(��������������������	����
�����
��	�������������	����	�	���
	����Paschen's Law. 
 
Under constant atmospheric conditions, it is experimentally found that the breakdown voltage of a uniform 
field gap may be expressed in the form 
 
 V  =  A . d  +  B . √d            where  d is the gap spacing 
 
For air, under normal conditions,  A = 24.4 kV/cm  and  B = 6.29 kV/cm1/2. 
 
[The breakdown voltage gradient is about 30 kV/cm in uniform fields for small gaps of the order of 1 cm, 
but reduces to about 6 kV/cm for large gaps of several meters] 
 
Figure IV.5 shows a typical breakdown vs spacing characteristic. 

This variation with spacing can be modified using Paschen's Law to include the variation with gas density 
as follows. 

where  �  =  relative density (or gas density correction factor). 
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This equation is true for gap spacings of more than 0.1 mm at N.T.P.  However, with very low products of 
pressure x spacing, a minimum breakdown voltage occurs, known as the Paschen's minimum.  This can 
be explained in the following manner. 
 

Consider a gap of fixed spacing, and let the pressure decrease from a point to the right of the minimum 
(Figure IV.6). 

The density therefore, decreases and an electron moving in the field consequently makes fewer collisions 
with gas molecules as it travels towards the anode.  Since each collision results in a loss of energy, it  
follows that a lower electric stress suffices to impart to electrons the kinetic energy (½ m u2) required to 
ionize by collision. 
 

Gas Vmin 
(V) 

p.d at Vmin 
(torr-cm) 

Air 327   0.567 

Argon 137 0.9 

Hydrogen 273  1.15 

Helium 156 4.0 

Carbon dioxide 420  0.51 

Nitrogen 251  0.67 

Nitrous oxide 418 0.5 

Oxygen 450 0.7 

Sulphur dioxide 457  0.33 

Hydrogen Sulphide 414 0.6 

 
 Table IV.1 - Minimum sparking voltages 
 

Near the minimum of the characteristic, the density is low and there are relatively few collisions.  It is 
necessary now to take into account the fact that an electron does not necessarily ionize a molecule on 
collision with it, even if the energy of the electron exceeds the ionisation energy.  The electrons have a 
finite chance of ionizing, which depends upon its energy.  If the density and hence the number of collisions 
is decreased, breakdown can occur only if the chance of ionising is increased, and this accounts for the 
increase in voltage to the left of the minimum. 
 

It is worth noting that if the density is fixed, breakdown to the left of the minimum occurs more readily 
(i.e. at lower voltage) at longer distances.  Typically the voltage minimum is 300 V and occurs at a 
product or p.d of 5 torr mm, or at a gap of about 0.06 mm at N.T.P. 
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� Figure IV.6  - Breakdown characteristic 
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At very low pressures, and at very high pressures (compared with atmospheric), Paschen's Law fails.  
Also, Paschen's Law is valid for temperatures below about 11000C.  A further increase in temperature 
ultimately results in the failure of Paschen's Law because of thermal ionisation. 
 
It can be seen from the breakdown characteristic, that for a constant gap spacing, the breakdown voltage, 
and hence the breakdown stress required, is very much higher than at atmospheric conditions, under very 
high pressure and under very low pressures (high vacuum) conditions.  Thus both high vacuum as well as 
high gas pressure can be used as insulating media.  [The vacuum breakdown region is that in which the 
breakdown voltage becomes independent of the gas pressure]  Under normal conditions, operation is well 
to the right of Paschen's minimum. 
 

The table 1.1 gives the minimum sparking potential for various gases. 
 

IV.2.3  Streamer Mechanism 
 

This type of breakdown mainly arises due to the added effect 
of the space-charge field of an avalanche and photo-electric 
ionization in the gas volume.  While the Townsend 
mechanism predicts a very diffused form of discharge, in 
actual practice many discharges are found to be filamentary 
and irregular.  The Streamer theory predicts the development 
of a spark discharge directly from a single avalanche.  The 
space charge produced in the avalanche causes sufficient 
distortion of the electric field that those free electrons move 
towards the avalanche head, and in so doing generate further 
avalanches in a process that rapidly becomes cumulative.  As 
the electrons advance rapidly, the positive ions are left behind 
in a relatively slow-moving tail.The field will be enhanced in 
front of the head.  Just behind the head the field between the 
electrons and the positive ions is in the opposite direction to 
the applied field and hence the resultant  field  strength  is  less.  Again between the tail and the cathode the field 
is enhanced.  (Figure IV.7) 

Due to the enhanced field between the head and the anode, the space charge increases, causing a further 
enhancement of the field around the anode.  The process is very fast and the positive space charge extends 
to the  cathode  very  rapidly  resulting  in the  formation  of  a streamer .  Figure  IV .8 shows  the 
breakdown process. 
 

IV.2.4  Factors affecting the breakdown voltage a Vacuum gap 
 

Vacuum is ideally the best insulator, with breakdown strengths of the order of 104 kV/c.  The breakdown 
voltage of a high vacuum is the voltage which when increased by a small amount will cause the 
breakdown of the gap that was held at that voltage for an infinite time.  However, this definition is not 
always practicable as the breakdown is affected by many factors. 
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 Figure IV.7 - Streamer Mechanism
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(i) Electrode Separation 
 
For vacuum gaps less than about 1 mm, the breakdown voltage is approximately proportional to the length, 
all other parameters remaining constant.  This gives a constant breakdown strength.  For these small gaps, 
the breakdown stress is relatively high, being of the order of 1 MV/cm.  Field emission of electrons 
probably plays an important part in the breakdown process. 
 
   V  =  k . d  for d < 1 mm 
 
For gaps greater than about 1 mm, the breakdown voltage does not increase at an equal rate and the 
apparent breakdown stress for longer gaps is much reduced, being about 10 kV/cm at a spacing of 10 cm. 
 [Apparent stress is defined as the voltage required to cause breakdown divided by the distance between 
the electrodes]. Figure IV.9. 

Cranberg has shown theoretically that for longer gaps, it is the product of breakdown voltage and 
breakdown stress that remains constant. 
 
 V . E   =   k1   for  d > 1 mm. 
 
where the constant k1 depends on the material and surface conditions of the electrodes. 
 
For an Uniform field gap,   E = V/d, so that 
 
 V  =  k2 d

1/2 
 
Or in a more general form, both regions can be expressed by the equation 
 
 V  =  k dx         where  x = 0.5 for long gaps > 1 mm 
           = 1   for gaps < 1mm 
 
(ii) Electrode Effects 
 
Conditioning   
 
The breakdown voltage of a gap increases on successive flashovers, until a constant value is reached.  
The electrodes are then said to be conditioned.  This increase in voltage is ascribed to the burning off by  
sparking of microscopic irregularities or impurities which may exist on the electrodes.  When investigating 
the effect of various factors on breakdown, the electrodes must first be conditioned in such a way that 
reproducible results are obtained. 
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The effect of conditioning is shown in figure IV.10.  The breakdown voltage of conditioned electrodes 
or gaps  is very  much  reproducible  than  otherwise , and hence  breakdown  values  that  are normally 
obtained  experimentally  are those of conditioned  electrodes .  Unconditioned  electrodes  may have 
breakdown values a low as 50% of the breakdown voltage with conditioned electrodes. 
 
(iii) Material and Surface Finish 
 

Electrode Material Voltage across 1 mm gap 
(kV) 

Steel 122 

Stainless Steel 120 

Nickel  96 

Monel metal  60 

Aluminium  41 

Copper 37 

 
 Table IV.2 - Effect of electrode material on breakdown 

The electrode surfaces form the physical boundaries between which the breakdown finally takes place.  
Thus it is not surprising to find that the breakdown strength of a given size of gap is strongly dependant on 
the material of the electrodes.  In general, the smoother the surface finish, the greater the breakdown 
voltage. 
 
(iv) Surface contamination 
 
Presence of contamination in the test cell reduces the breakdown voltage sometimes by as much as 50% 
of the clean electrode value. 
 
(v) Area and configuration of electrodes 
 
Increasing the area of the electrodes makes it more difficult to maintain a given breakdown voltage.  Thus 
breakdown voltage decreases slightly with increase in surface area.  For example, electrodes of 20 cm2 
area gives the breakdown voltage across a 1 mm gap of 40 kV, whereas electrodes of the same material of 
area 1000 cm2 gives a breakdown voltage across the same 1 mm gap as 25 kV. 
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� Figure IV.10 - Breakdown characteristics 

Chapter IV: IONIZATION PHENOMENA IN GASES

65



Up to 1 mm gap, the more convex electrodes have higher breakdown voltage than the more nearly plane 
electrodes even though at the same voltage they carried a higher electric field at the surface. 
 
(vi) Temperature 
 
The variation of the breakdown voltage with temperature is very small, and for nickel and iron electrodes, 
the strength remains unchanged for temperatures as high as 5000C.  Cooling the electrodes to liquid 

Nitrogen temperature increases the breakdown voltage. 
 
(vii) Frequency of applied voltage 
 
It is known that a given gap stands a higher impulse voltage than an alternating voltage, and a higher 
alternating voltage than a direct voltage.  However, it has been shown that for a small gap (2 mm) there is 
no dependence of the breakdown voltage on the frequency in the range 50 Hz to 50 kHz. 
 
(viii) Vacuum Pressure 
�

 
For small gaps, increasing the degree of vacuum increases the breakdown voltage until below a certain 
pressure there is no change.  The vacuum  breakdown region is the region in which the breakdown voltage 
becomes independent of the nature of the pressure of the gap between the electrodes. 
 
However, for large gaps (about 200 mm spacing) it is found that below a certain pressure the breakdown 
voltage starts decreasing again, so that the breakdown stress at this stage could in fact be improved by 
actually worsening the vacuum. 
 
For example, using a 1.6 mm diameter sphere opposite a plane cathode and a gap of 200 mm, the 
characteristics shown in figure 1.11 was obtained.  The breakdown voltage was constant for pressure less 
than 5 x 10 - 4  torr, but rose with increasing pressure to a maximum at 5 x 10 - 4  torr, with further increase 
in pressure the voltage fell sharply. 
 
IV.2.5  Time lags of Spark breakdown 
 
In practice, particularly in high voltage engineering, breakdown under impulse fields is of great 
importance.  On the application of a voltage, a certain time elapses before actual breakdown occurs even 
though the applied voltage may be much more than sufficient to cause breakdown. 

 

  breakdown    �                breakdown voltage (kV) if caused 
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� Figure IV.11 - Breakdown characteristic 
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In considering the time lag observed between the application of a voltage sufficient to cause breakdown 
and the actual breakdown the two basic processes of concern are the appearance of avalanche initiating 
electrons and the temporal growth of current after the criterion for static breakdown is satisfied. 

In the case of slowly varying fields, there is usually no difficulty in finding an initiatory electron from 
natural sources (ex. cosmic rays, detachment of gaseous ions etc).  However, for impulses of short 
duration (around 1 �s), depending on the gap volume, natural sources may not be sufficient to provide an 
initiating electron while the voltage is applied, and in the absence of any other source, breakdown will not 
occur.  Figure IV.12 shows the time lag for an impulse voltage waveform.  
 
The time ts which elapses between the application of a voltage greater than or equal to the static 
breakdown voltage (Vs) to the spark gap and the appearance of a suitably placed initiatory electron is 
called the statistical time lag of the gap, the appearance being usually statistically distributed. 
 
After such an electron appears, the time tf  required by the ionisation processes to generate a current of a 
magnitude which may be used to specify breakdown of the gap is known as the formative time lag.  The 
sum  tf + ts = t  is the total time lag, and is shown in the diagram.  The ratio V/Vs, which is greater than 
unity, is called the impulse ratio, and clearly depends on ts + tf and the rate of growth of the applied 
voltage. 
 
The breakdown can also occur after the peak of the voltage pulse, (i.e. on the wavetail).  Depending on 
the time lag, the breakdown may occur in the wavefront or the wavetail of the impulse waveform. 
 
(i) Statistical Time lag ts 
 
The statistical time lag is the average time required for an electron to appear in the gap in order that 
breakdown may be initiated. 
 
If  � = rate at which electrons are produced in the gap by external irradiation 
 P1 = probability of an electron appearing  in a region of the gap where it can lead to a spark 
 P2 = probability that such an electron appearing in the gap will lead to a spark 
 

then, the average time lag   
P P 

1
  =  t

21
s β

 

 
If the level of irradiation is increased, � increases and therefore  ts decreases.  Also, with clean cathodes 
of higher work function � will be smaller for a given level of illumination producing longer time lags. 

               � 
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� Figure IV.12 - Time lag of impulse breakdown 
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The type of irradiation used will be an important factor controlling P1, the probability of an electron 
appearing in a favourable position to produce breakdown.  The most favourable position is, of course near 
the cathode. 
 
If the gap is overvolted, then the probability of producing a current sufficient to cause breakdown rapidly 
increases.  P2 therefore increases with overvoltage and may tend to unity when the overvoltage is about 
10%.  As P2  →  1  with increasing overvoltage, ts  →  1/�P1. 
 
(ii) Formative time lag 
 
After the statistical time lag, it can be assumed that the initiatory electron is available which will 
eventually lead to breakdown.  The additional time lag required for the breakdown process to form is the 
formative time lag.  An uninterrupted series of avalanches is necessary to produce the requisite gap 
current (�A) which leads to breakdown, and the time rate of development of ionisation will depend on the 
particular secondary process operative.  The value of the formative time lag will depend on the various 
secondary ionisation processes.  Here again, an increase of the voltage above the static breakdown voltage 
will cause a decrease of the formative time lag tf. 
 �
������������	
���	
	���
������
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

�

�

The time lag characteristic is the variation of the breakdown voltage with time of breakdown, and can be 
defined for a particular waveshape.  The time lag characteristic based on the impulse waveform is shown 
in figure IV.13. 

�
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The time lag characteristic is important in designing insulation.  If a rod gap is to provide secondary 
protection to a transformer, then the breakdown voltage characteristic of the rod gap must be less than that 
of the transformer at all times (gap i) to protect it from dangerous surge voltages.  This will ensure that the 
gap will always flashover before the protected apparatus.  This is shown in figure IV.14. 
 

However, with such a rod gap, the gap setting will be low, as the sharpness of the two characteristics are 
different.  Thus it is likely that there would be frequent interruptions, even due to the smallest 
overvoltages which would in fact cause no harm to the system.  Thus it is usual to have the rod gap 
characteristic slightly higher (gap ii) resulting in the intersection of the characteristics as shown.  In such a 
case, protection will be offered only in the region where the rod gap characteristic is lower than that of the 
transformer.  This crossing point is found from experience for a value of voltage which is highly unlikely 
to occur.  The other alternative is of course to increase the transformer characteristic which would 
increase the cost of the transformer a great deal.  [This decision is something like saying, it is better and 
cheaper to replace 1 transformer a year due to this decision than have to double the cost of each of 100 
such transformers in the system.]  
 

IV.2.6  Corona Discharges 
 

In a uniform electric field, a gradual increase in voltage across a gap produces a breakdown of the gap in 
the form of a spark without any preliminary discharges.  On the other hand, if the field is non-uniform, an 
increase in voltage will first cause a localised discharge in the gas to appear at points with the highest 
electric field intensity, namely at sharp points or where the electrodes are curved or on transmission line 
conductors.  This form of discharge is called a corona discharge and can be observed as a bluish 
luminance.  This phenomena is always accompanied by a hissing noise, and the air surrounding the corona 
region becomes converted to ozone.  Corona is responsible for considerable power loss in transmission 
lines and also gives rise to radio interference. 
 
IV.2.6.1 Mechanism of Corona formation on a 2 conductor line 
 

When a gradually increasing voltage is applied across two conductors, initially nothing will be seen or 
heard.  As the voltage is increased, the air surrounding the conductors get ionised, and at a certain voltage 
a hissing noise is heard caused by the formation of corona.  This voltage is known as the disruptive 
critical voltage (dcv).  A further increase in the voltage would cause a visible violet glow around the 
conductors.  This voltage is the visual corona inception voltage. 
 

If the applied voltage is direct, the glow observed will be uniform on the positive conductor, while the 
negative conductor will be more patchy and often accompanied by streamers at rough points.  In the case 
of alternating voltages, both conductors appear to have a uniform glow, but when observed 
stroboscopically the effect is seen to be similar to the direct voltage case. 
 

If the voltage is further increased, the corona increases and finally spark over would occur between the 
two conductors.  If the conductors are placed quite close together, corona formation may not occur before 
the spark over occurs.  The condition for this will be considered later. 
 

The formation of corona causes the current waveform in the line, and hence the voltage drop to be non-
sinusoidal.  It also causes a loss of power. 
 

There is always some electrons present in the atmosphere due to cosmic radiation etc.  When the line 
voltage is increased, the velocity of the electrons in the vicinity of the line increases, and the electrons 
acquire sufficient velocity to cause ionisation. 
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To prevent the formation of corona, the working voltage  under fair weather conditions should be kept at 
least 10% less than the disruptive critical voltage. 
 

Corona formation may be reduced by increasing the effective radius.  Thus steel cored aluminium has the 
advantage over hard drawn copper conductors on account of the larger diameter, other conditions 
remaining the same.  The effective conductor diameter can also be increased by the use of bundle 
conductors. 
 

Corona acts as a safety valve for lightning surges, by causing a short circuit.  The advantage of corona in 
this instance is that it reduces transients by reducing the effective magnitude of the surge by partially 
dissipating its energy due to corona. 
 

The effect of corona on radio reception is a matter of some importance.  The current flowing into a corona 
discharge contains high-frequency components.  These cause interference in the immediate vicinity of the 
line.  As the voltage is gradually increased, the disturbing field makes its appearance long before corona 
loss becomes appreciable.  The field has its maximum value under the line and attenuates rapidly with 
distance.  The interference fails to about a tenth at 50 m from the axis of the line. 
 

IV.2.6.2 Waveform of Corona Current �

The shunt current in a line is almost purely capacitive under normal conditions, and leads the applied 
voltage by 900, and there is no power loss in the line under no-load conditions.  When the applied voltage 
is increased and corona is formed, the air is rendered conducting, and power loss occurs.  The shunt 
current would no longer be leading the voltage by 900.  Thus the current waveform would consist of two 
components.  The lossy component would be non-sinusoidal and would occur only when the disruptive 
critical voltage is exceeded in either polarity.  This resultant waveform is shown in figure IV.15. The 
corona current can be analysed and shown to possess a strong third harmonic component. 
 

IV.2.6.3 Mechanism of corona formation 
 

The stress surrounding the conductor is a maximum at the conductor surface itself, and decreases rapidly 
as the distance from the conductor increases.  Thus when the stress has been raised to critical value 
immediately surrounding the conductor, ionisation would commence only in this region and the air in this 
region would become conducting.  The effect is to increase the effective conductor diameter while the 
voltage remains constant.  This results in two effects.  Firstly, an increase in the effective sharpness of the 
conductor would reduce the stress outside this region, and secondly, this would cause a reduction of the 
effective spacing between the conductors leading to an increase in stress.  Depending on which effect is 
stronger, the stress at increasing distance can either increase or decrease.  If the stress is made to increase, 
further ionisation would occur and flashover is inevitable. 

      voltage
                                   ← applied voltage         d c v  

    
                                                         
                                        sine wave →    
                                                         
                                                                     t 
                                                         
                                                      ← corona current 
                                                         
                 
        - d c v  
                                                  
�

� Figure IV.15  Waveform of corona current  
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Under ordinary conditions, the breakdown strength of air can be taken as 30 kV/cm.  Corona will of course 
be affected by the physical state of the atmosphere.  In stormy weather, the number of ions present is 
generally much more than normal, and corona will then be formed at a much lower voltage than in fair 
weather.  This reduced voltage is generally about 80% of the fair weather voltage. 
 
The condition for stable corona can be analysed as follows. 

The electric stress � at a distance x from a conductor of radius x, and separated from the return conductor 
by a distance d is given by 

where q is the charge on each conductor in length l. 
 
Thus the potential V can be determined from  V = ∫ � dx 

Since both charges (+q and -q) produce equal potential differences, the total potential difference between 
the two conductors is double this value.  Thus the conductor to neutral voltage, which is half the 
difference would be equal to this value.  Thus the conductor to neutral voltage is  

Therefore the electric stress at distance x is given by 

[Note; �x and V can both be peak values or both rms values] 
 
For three phase lines, with equilateral spacing, it can be shown that the stress is still given by the same 
expression when V is the voltage to neutral and d is the equilateral spacing. 

                                     d 
 
      corona 
     envelope →      →r    �                             effective 
                                                          radius 
                       x              conductor 
                     
 Figure IV.16 - Electric Stress in two conductor system 
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For air, �max  =  30 kV/cm,  so that  �rms  = 30/√2 = 21.2 kV/cm. 
 
Since there is no electric stress within the conductor, the maximum stress will occur when x is a minimum, 
that is at x = r. 
 
Thus if E0,rms is the rms value of the disruptive critical voltage to neutral, 

When the surface of the conductor is irregular, it is more liable to corona.  Thus an irregularity factor m0 
is introduced to account for this reduction.  Typical values of this factor are 
 
  m0 =  1.0   for smooth polished conductors, 

   =  0.98 to 0.93 for roughened conductors, 

   ≈  0.90   for cables of more than 7 strands, and 

   =  0.87 to 0.83 for 7 strand cables. 

Since the corona formation is affected by the mean free path, and hence by the air density, a correction 
factor � is introduced.  This air density correction factor is given by the usual expression, with p being the 
pressure expressed in torr and t being the temperature expressed in 0C.  

The disruptive critical voltage can then be written as in the following equation. 
 
 E0,rms  =  21.2 � m0 r loge (d/r) kV to neutral 
 
IV.2.6.4 Visual Corona 
 
Visual corona occurs at a higher voltage than the disruptive critical voltage.   For the formation of visual 
corona, a certain amount of ionization, and the raising of an electron to an excited state are necessary.  The 
production of light by discharge is not due to ionisation, but due to excitation, and subsequent giving out 
of excess energy in the form of light and other electromagnetic waves.  To obtain the critical voltage for 
visual corona formation, the disruptive critical voltage has to be multiplied by a factor dependant on the 
air density and the conductor radius.  Further the value of the irregularity factor is found to be different.   
 
The empirical formula for the formation of visual corona is 

The values of the irregularity factor mv for visual corona is given by 
 
  mv =  1.0  for smooth conductors, 

   =  0.72 for local corona on stranded wires (patches) 

   =  0.82 for decided corona on stranded wires (all over the wire) 
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IV.2.6.5 Stable Corona formation 
 
Consider two conductors, just on the limit of corona formation.  Assume that there is a thin layer �r of 
ionised air around each conductor, so that the effective radius becomes (r + �r).  The change in electric 
stress �� due to this layer can be determined using differentiation.  
Thus 

When loge > 1, the above expression is negative.  i.e. d/r > e (=2.718) 
 

Under this condition, the effective increase in diameter lowers the electric stress and no further stress 
increase is formed, and corona is stable.  If on the other hand, d/r < e, then the effective increase in the 
diameter raises the electric stress, and this causes a further ionisation and a further increase in radius, and 
finally leads to flash-over. 
 

In practice, the effective limiting value of d/r is about 15 and not e (=2.718).  For normal transmission 
lines, the ratio d/r is very much greater than 15 and hence stable corona always occurs before flashover. 
 

For example, in a 132 kV line with a spacing of 4 m and a radius of conductor of 16 mm, the ratio has a 
value  d/r = 4/16x10-3 = 250 >> 15. 
 
IV.2.6.6 Power Loss due to Corona 
 

The formation of corona is associated with a loss of power.  This loss will have a small effect on the 
efficiency of the line, but will not be of sufficient importance to have any appreciable effect on the voltage 
regulation.  The more important effect is the radio interference. 
 

The power loss due to corona is proportional to the square of the difference between the line-to-neutral 
voltage of the line and the disruptive critical voltage of the line.  It is given by the empirical formula 

where E0,rms =  disruptive critical voltage (kV) 
  f  =  frequency of supply (Hz) 
  E  =  Phase Voltage (line to neutral)  (kV) 
 

For storm weather conditions, the disruptive critical voltage is to be taken as 80% of disruptive critical 
voltage under fair weather conditions. 
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Example 
 
Determine the Disruptive Critical Voltage,the Visual Corona inception voltage, and the power loss in the 
line due to corona, both under fair weather conditions as well as stormy weather conditions for a 100 km 
long  3 phase, 132 kV line consisting of conductors of diameter 1.04 cm, arranged in an equilateral triangle 
configuration with 3 m spacing.  The temperature of the surroundings is 400 C and the pressure is 750 torr. 

 The operating frequency is 50 Hz. [The irregularity factors may be taken as mo = 0.85, mv = 0.72] 
 
The Air density correction factor � is given by 

                    

50. =  . 
760

750
  =   

t + 273

p 0.386
 = 

t+ 273

20 + 273
 . 

760

p
  =   

92
313

293δ

δ
 

∴  Disruptive critical voltage  =  21.2 ���0 r loge (d/r) kV to neutral 
       =  21.2 x 0.925 x 0.85 x 0.52 x loge (3/0.0052) 
       =  55.1 kV 
 
Similarly,  
Visual corona voltage  =  21.2 x 0.925 x 0.72 x 0.52 x loge (3/0.0052) x [ 1 + 0.3/(0.895 x 0.52)½] 
      =  67.2 kV 
 
Power loss under fair weather condition is given by 

Similarly, power loss under stormy weather condition is given by 
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V.1.5 Regulation of dc Voltages
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Ratings: Regulator: 10 – 100 kVA

  

Excitation transformer: 10 – 100 kVA with an 

output voltage of about 10 kV

  

Reactor voltage — each unit up to 300 kV
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(a) Analysis of Impulse Generator Circuit of Series R-L-C Type 
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.M.D! djsdvju!
! DS!>!81/7!boe!MD!>!22/7!gspn!Ubcmf!V.

3tjodf! D!>!2!mG
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1
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11.6

1
!>!22/7!mI

Uif!wpmubhf!fgÝdjfodz!pg!uif!djsdvju! jt!:9/9&!boe!ifodf!uif!pvuqvu!wpmubhf!jo!

:99!¥!21!>!:/99!lW

! )c*! Sfgfssjoh!up!Gjh/!9/31b!boe!Ubcmf!V.3
-! ! ! gps!9031!m!tfdpoe!epvcmf!fyqpofoujbm!xbwf!MD!>!76
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65

1
!>!76!mI!Bmtp-!a!>!
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!>!1/1646
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MULTIPLE-CHOICE QUESTIONS 

! 2/! Qfbl!up!qfbl!sjqqmf!jt!efÝofe!bt

! )b*! uif!ejggfsfodf!cfuxffo!bwfsbhf!ed!wpmubhf!boe!qfbl!wbmvf

! )c*! uif!ejggfsfodf!cfuxffo!nbyjnvn!boe!njojnvn!ed!wpmubhf

! )d*! uif!ejggfsfodf!cfuxffo!nbyjnvn!bd!boe!bwfsbhf!ed!wpmubhft

! )e*! uif!ejggfsfodf!cfuxffo!bd!)snt*!boe!bwfsbhf!ed!wpmubhft

! 3/! Jo!b!wpmubhf!epvcmfs!djsdvju!qfbl!up!qfbl!sjqqmf! jt!|jg!D;!dbqbdjubodf-!J! ;! mpbe!

dvssfou-!boe!g!>!gsfrvfodz*

! )b*! >!)4Jg0D*!! )c*! >!3Jg0gD

! )d*! >!4J0gD! )e*! >!J0gD

! 4/! Pqujnvn!ovncfs!pg!tubhft!gps!Dpdldspgu!Xbmupo!wpmubhf!nvmuj!qmjfs!djsdvju!bsf!

)jg!Wnby!>!tvqqmz!wpmubhf-!g!>!gsfrvfodz-!J!>!mpbe!dvssfou-!D!>!tubhf!dbqbdjubodf*

! )b*! V IfC !! )c*! IfC V

! )d*! Vf IC ! )e*! VfC I

! 5/! B! Wbo! ef! Hsbbgg! hfofsbups! ibt! b! cfmu! tqffe! pg! 3/6! n0t-! dibshf! efotjuz! pg!!

21!md0n3!boe!b!cfmu!xjeui!3!n/!Uif!nbyjnvn!dibshjoh!dvssfou!jt

! )b*! 61!mB! )c*! 6!mB!

! )d*! 3!mB! )e*! 23/6!mB

! 6/! Uif! opnjobm! sbujoh! pg! b! uftujoh! usbotgpsnfs! jo! lWB! jt! hjwfo! cz!

)jg!w!>!tvqqmz!gsfrvfodz-!D!>!dbqbdjubodf!mpbejoh!boe!W!>!pvuqvu!wpmubhf*

! )b*! 1/6!W3!w D! )c*! W3!w D

! )d*! 2/6!W3!w D! )e*! 21!W3!w D

! V.! Jo!uftujoh!xjui!b!sftpobou!usbotgpsnfs-!uif!pvuqvu!wpmubhf!jt
!! )b*! sfdubohvmbs!xbwf! )c*! usjbohvmbs!xbwf

! )d*! usbqf{pjebm!xbwf! )e*! qvsf!tjof!xbwf

! 8/! Qbsfmmfm!sftpobou!usbotgpsnfs!uftu!tztufn!jt!vtfe!xifo

! )b*! mbshf!uftu!wpmubhft!bsf!offefe

! )c*! tubcmf!pvuqvu!wpmubhf!xjui!ijhi!sbuf!pg!sjtf!pg!wpmubhf!jt!offefe

! )d*! mbshf!dvssfou!jt!offefe

! )e*! xifo!ijhi!gsfrvfodz!uftu!wpmubhf!jt!offefe

! 9/! Uftmb!dpjm!jt!vtfe!gps

! )b*! hfofsbujpo!pg!tjovtpjebm!pvuqvu!wpmubhft

! )c*! hfofsbujpo!pg!wfsz!ijhi!wpmubhft

! )d*! hfofsbujpo!pg!sfdubohvmbs!wpmubhft

! )e*! hfofsbujpo!pg!ijhi!gsfrvfodz!bd!wpmubhft

! :/! Ujnf!up!gspou!pg!b!jnqvmtf!wpmubhf!xbwf.gpsn!jt!efÝofe!bt

! )b*! 2/36!ujnft!uif!joufswbm!cfuxffo!1/2!up!1/:!pg!qfbl!wbmvf

! )c*! ujnf!joufswbm!cfuxffo!1/2!up!1/:!pg!qfbl!wbmvf

Chapter V: HIGH VOLTAGE GENERATORS

133



! )d*! 2/78!ujnft!uif!joufswbm!cfuxffo!1/2!up!1/:!pg!qfbl!wbmvf

! )e*! 2/36!ujnft!uif!joufswbm!cfuxffo!1/4!up!1/:!pg!qfbl!wbmvf/

!21/! Uif!bqqspyjnbuf!wbmvf!pg!ujnf!up!gspou!jo!bo!jnqvmtf!wpmubhf!hfofsbups!jt

! )b*! 4!S2!D2! )c*! 3/4!S2!D2

! )d*! 4/1!S2!
( )1 2

1 2

C C

C C+
! )e*! )1/8*!)S2!,!S3*!)D2!,!D3*

!22/! Bo! jnqvmtf! wpmubhf! hfofsbups! ibt! b! hfofsbups! dbqbdjubodf! pg! 1/12! mG-! mpbe!

dbqbdjubodf!pg!2!oG-!gspou!sftjtubodf!pg!S2!>!221!W!boe!ubjm!sftjtubodf!pg!S3!>!

511!W/!Uif!ubjm!ujnf!jt

! )b*! 51!mt! )c*! 66!mt

! )d*! 61!mt! )e*! 21!mt

!23/! Uif!wbmvf!pg!dibshjoh!wpmubhf!vtfe!jo!b!nfejvn.tj{f!jnqvmtf!hfofsbups!jt

! )b*! 21!up!61!lW! )c*! 61!up!211!lW

! )d*! 611!lW! )e*! boz!wbmvf

!24/! Uif!wpmubhf!fgÝdjfodz!pg!b!opsnbm!jnqvmtf!hfofsbups!gps!hfofsbujpo!pg!txjudijoh!

jnqvmtft!jt

! )b*! mftt!uibo!41&! )c*! 91!up!:1&

! )d*! 51!up!71&! )e*! 21!up!:1&

!25/! B!27.tubhf!jnqvmtf!wpmubhf!hfofsbups!ibt!tubhf!dbqbdjubodf!pg!1/236!mG!boe!b!

dibshjoh!wpmubhf!pg!311!lW/!Uif!fofshz!sbujoh!jo!lK!jt

! )b*! 51! )c*! 61

! )d*! 91! )e*! 751

!26/! Jo!bo!jnqvmtf!dvssfou!hfofsbups!uif!dbqbdjupst!bsf!dpoofdufe!jo

! )b*! tfsjft!

! )c*! qbsbmmfm

! )d*! dpoofdufe!jo!qbsbmmfm!xijmf!dibshjoh!boe!jo!tfsjft!xijmf!ejtdibshjoh

! )e*! dpoofdufe!jo!tfsjft!xijmf!dibshjoh!boe!qbsbmmfm!xijmf!ejtdibshjoh

!2V.! Nvmuj!uftu!ljut!vtfe!jo!ijhi.wpmubhf!mbcpsbupsjft!dpotjtu!
pg! )b*! bd-!ed!boe!jnqvmtf!wpmubhf!uftu!vojut

! )c*! bd!boe!ed!uftu!vojut

! )d*! ed!boe!jnqvmtf!uftu!vojut

! )e*! bd-!ed!jnqvmtf!wpmubhf!boe!dvssfou!uftu!vojut

!28/! Jnqvmtf!dvssfou!hfofsbups!pvuqvu!xbwf.gpsn!jt

! )b*! ebnqfe!ptdjmmbupsz!xbwf

! )c*! pwfsebnqfe!xbwf

! )d*! dsjujdbmmz!ebnqfe!xbwf

! )e*! dbo!cf!ebnqfe!xbwfe!ps!ebnqfe!ptdjmmbupsz!xbwf
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!29/! Up!njojnjtf!uif!joevdubodf!jo!jnqvmtf!dvssfou!hfofsbups!djsdvjut

! )b*! dbqbdjups!bsf!dpoofdufe!jo!qbsbmmfm

! )c*! dbqbdjupst!bsf!tvcejwjefe!joup!tnbmmfs!vojut

! )d*! bjs!dpsf!joevdupst!bsf!vtfe!jo!tfsjft

! )e*! ejtdibshf!qbui!jt!nbef!joup!b!sfdubohvmbs!qbui

!2:/! B!usjhfuspo!hbq!jt!vtfe!xjui

! )b*! dbtdbef!usbotgpsnfs!vojut! )c*! jnqvmtf!dvssfou!hfofsbups

! )d*! jnqvmtf!wpmubhf!hfofsbups! )e*! ed!wpmubhf!epvcmf!vojut

31/! B!ptdjmmbupsz!jnqvmtf!xbwfgpsn!jt!sfqsftfoufe!cz

! )b*! fÏbu!dpt!cu! )c*! f,bu!dpt!cu

! )d*! fÏbu!Ï!fÏcu! )e*! fbu!Ï!fcu

!32/! Xjuijo! uif! mjnjut! pg! sfhvmbujpo! boe! sjqqmf-! uif! nbyjnvn! wpmubhf! boe! dvssfou!

sbujoh!up!xijdi!b!ÓedÔ!wpmubhf!nvmujqmjfs!dbo!cf!cvjmu!jo!

! )b*! 2!NW-!21!nb! )c*! 3!NW-!31!nb

! )d*! 2!NW-!211!nb! )e*! op!mjnjubujpo

!33/! Uif!fofshz! sbujoh!pg!ejggfsfou! sftjtupst! jo! jnqvmtf!hfofsbupst!pg!nfejvn!boe!

mbshf!tj{f!jt

! )b*! mftt!uibo!2!lK! )c*! 21!up!31!lK

! )d*! 2!up!3!lK! )e*! 3!up!6!lK

!34/! Jnqvmtf!hfofsbupst!offefe!up!uftu!hbt.jotvmbufe!tztufnt!bsf!sfrvjsfe!up!qspevdf!

jnqvmtf!wpmubhft!xbwft!pg

! )b*! 1/202!ps!1/404!m!tfdpoe! )c*!
1

10
!boe!

1

50
!m!tfdpoe

! )d*! 2/3061!boe!360361!m!tfdpoe! )e*! 5031!boe!9031!m!tfdpoe

!35/! Wpmubhf!tubcjmj{fst!vtfe!gps!sfhvmbujoh!ijhi!ed!wpmubhft!bsf

! )b*! tfsjft!uzqf! )c*! tivou!uzqf

! )d*! cpui!tfsjft!boe!tivou!uzqf! )e*! tivou!ps!tfsjft!ps!efhfofsbujwf

!36/! Uzqjdbm!dbqbdjujwf!mpbejoh!po!b!uftujoh!usbotgpsnfst!sbufe!gps!211!lWB-!361!lW!

xjmm!cf!bcpvu

! )b*! mftt!uibo!2!oG! )c*! 4!up!6!oG

! )d*! 21!up!61!oG! )e*! 61!up!211!oG

Botxfst!up!Nvmujqmf.Dipjdf!Rvftujpot

! 2/! )c*! 3/! )d*! 4/! )e*! 5/! )b*! 6/! )d*! V.! )e
*! 8/! )c*! 9/! )e*! :/! )b*! 21/! )d*! 22/! )b*! 23/! )c*

!24/! )d*! 25/! )b*! 26/! )c*! 2V.! )b*
!

28/! )e*! 29/! )c*

!2:/! )d*! 31/! )b*! 32/! )c*! 33/! )e*! 34/! )b*! 35/! )d*

!36/! )c*
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REVIEW QUESTIONS

! 2/! Fyqmbjo!xjui!ejbhsbnt-!ejggfsfou!uzqft!pg!sfdujÝfs!djsdvjut!gps!qspevdjoh!ijhi!

ed!wpmubhft/

! 3/! Xibu!bsf!uif!tqfdjbm!gfbuvsft!pg!ijhi.wpmubhf!sfdujÝfs!wbmwft@!Ipx!jt!qspqfs!

wpmubhf!ejwjtjpo!cfuxffo!uif!wbmwft!fotvsfe-!jg!b!ovncfs!pg!uvcft!bsf!vtfe!jo!

tfsjft@

! 4/! Xiz! jt!b!DpdldspguÏXbmupo!djsdvju!qsfgfssfe! gps!wpmubhf!nvmujqmjfs!djsdvjut@!

Fyqmbjo!jut!xpsljoh!xjui!b!tdifnbujd!ejb!hsbn/

! 5/! Hjwf! uif! fyqsfttjpo! gps! sjqqmf! boe! sfhvmbujpo! jo! wpmubhf! nvmujqmjfs! djsdvjut/!

Ipx!bsf!uif!sjqqmf!boe!sfhvmbujpo!njojnj{fe@

! 6/! Eftdsjcf-!xjui!b!ofbu!tlfudi-!uif!xpsljoh!pg!b!Wbo!ef!Hsbbgg!hfofsbups/!Xibu!

bsf!uif!gbdupst!uibu!mjnju!uif!nbyjnvn!wpmubhf!pcubjofe@

! V.! Fyqmbjo! uif! ejggfsfou! tdifnft! gps! dbtdbef! dpoofdujpo! pg! usbotgpsnfst! gps

! qspevdjoh!wfsz!ijhi!bd!wpmubhft/
! 8/! Xiz!jt!ju!qsfgfsbcmf!up!vtf!jtpmbujoh!usbotgpsnfst!gps!fydjubujpo!xjui!dbtdbef!

usbotgpsnfs!vojut-!jg!uif!qpxfs!sfrvjsf!nfou!jt!mbshf@

! 9/! Xibu! jt! uif! qsjodjqmf! pg! pqfsbujpo! pg! b! sftpobou! usbotgpsnfs@! Ipx! jt! ju!

bewboubhfpvt!pwfs!uif!dbtdbef!dpoofdufe!usbotgpsnfst@

! :/! Xibu! jt!b!Uftmb!dpjm@!Ipx!bsf!ebnqfe!ijhi.gsfrvfodz!ptdjmmb!ujpot!pcubjofe!

gspn!b!Uftmb!dpjm@

! 21/! EfÝof! uif! gspou!boe! ubjm! ujnft!pg!bo! jnqvmtf!xbwf/!Xibu!bsf! uif! upmfsbodft!

bmmpxfe!bt!qfs!uif!tqfdjÝdbujpot@

! 22/! Hjwf! ejggfsfou! djsdvjut! uibu! qspevdf! jnqvmtf! xbwft! fyqmbjo!joh! dmfbsmz! uifjs!

sfmbujwf!nfsjut!boe!efnfsjut/

! 23/! Hjwf! uif! Nbsy! djsdvju! bssbohfnfou! gps! nvmujtubhf! jnqvmtf! hfofsbupst/! Ipx!

jt! uif! cbtjd! bssbohfnfou! npejÝfe! up! bddpnnpebuf! uif! xbwf! ujnf! dpouspm!

sftjtubodft@

! 24/! Ipx!bsf! uif!xbwf.gspou!boe!xbwf.ubjm! ujnft!dpouspmmfe!jo! jnqvmtf!hfofsbups!

djsdvjut@

! 25/! Fyqmbjo! uif! ejggfsfou! nfuipet! pg! qspevdjoh! txjudijoh! jnqvmt!ft! jo! uftu!

mbcpsbupsjft/

! 26/! Fyqmbjo! uif! fggfdu! pg! tfsjft! joevdubodf! po! txjudijoh! jnqvmtf! xbwftibqft!

qspevdfe/

! 2V.! Eftdsjcf!uif!djsdvju!bssbohfnfou!gps!qspevdjoh!mjhiuojoh!dvssfou!xbwfgpsnt!

jo! mbcpsbupsjft/
! 28/! Ipx! jt! uif! djsdvju! joevdubodf! dpouspmmfe! boe! njojnj{fe! jo! jnqvmtf! dvssfou!

hfofsbupst@

! 29/! Ipx! bsf! sfdubohvmbs! dvssfou! qvmtft! hfofsbufe! gps! uftujoh! qvsqptft@! Ipx! jt!

uifjs!ujnf!evsbujpo!dpouspmmfe@

! 2:/! Fyqmbjo! pof! nfuipe! pg! dpouspmmfe! usjqqjoh! pg! jnqvmtf! hfofsb!upst/! Xiz! jt!

dpouspmmfe!usjqqjoh!ofdfttbsz@

! 31/! Xibu!jt!b!usjhbuspo!hbq@!Fyqmbjo!jut!gvodujpot!boe!pqfsb!ujpo/
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PROBLEMS

!2/!Bo!jnqvmtf!hfofsbups !ibt!23!dbqbdjupst !pg!1/23!mG-!boe!311!lW!sbujoh/!Uif!

xbwf.gspou!boe!xbwf.ubjm!sftjtubodft!bsf!2/36!lW!boe!5!lW!sftqfdujwfmz/!Jg!uif

! mpbe!dbqbdjubodf !jodmvejoh !uibu!pg!uif!uftu!pckfdu !jt!2111!qG-!Ýoe!uif!xbwf.

gspou!boe!xbwf.ubjm!ujnft!boe!uif!qfbl!wpmubhf!pg!jnqvmtf!xbwf!qspevdfe/

!3/!Bo!9.tubhf!jnqvmtf!hfofsbups!ibt!2/3!mG!dbqbdjupst!sbufe!gps!278!lW/!Xibu!jt!jut

!nbyjnvn!ejtdibshf!fofshz@!Jg!ju!ibt!up!qsp!evdf!b!2061!mt!xbwfgpsn!bdsptt!

b!mpbe!dbqbdjups!pg!26-111!qG-!Ýoe!uif!wbmvft!jg!uif!xbwf!gspou!boe!xbwf!ubjm

!sftjtubodft/

!4/!Dbmdvmbuf!uif!qfbl!dvssfou!boe!xbwftibqf!pg!uif!pvuqvu!dvssfou!pg!uif!gpmmpxjoh!

hfofsbups/!Upubm!dbqbdjubodf!pg!uif!hfofsbups!jt!64!mG/!Uif!dibshjoh!wpmubhf!jt!

311!lW/!Uif!djsdvju!joevdubodf!jt!2/58!nI-!boe!uif!ezobnjd!sftjtubodf!pg!uif

!uftu!pckfdu!jt!1/162!pint/

!5/!B!tjohmf.qibtf!uftujoh!usbotgpsnfs!sbufe!gps!3!lW0461!lW-!4611!lWB-!61!I{!po!

uftujoh!zjfmet!uif!gpmmpxjoh!ebub;!)j*!Op.mpbe!wpmubhf!po!IW!tjef!>!3&!ijhifs!

uibo!uif!sbufe!wbmvf!xifo!uif!joqvu!wpmubhf!jt!3!lW!po!uif!MW!tjef!)jj*!Tipsu

!djsdvju ! uftu !xjui !IW!tjef !tipsufe -! sbufe !dvssfou !xbt !pcubjofe !xjui !21&!

sbufe!wpmubhf!po!uif!joqvu!tjef/!Dbmdvmbuf!uif!tfmg.dbqbdjubodf!po!uif!IW!tjef!

boe!uif!mfblbhf!sfbdubodf!sfgfssfe!up!uif!IW!tjef/!Ofhmfdu!sftjtubodf/

!6/!Efufsnjof ! uif!sjqqmf!wpmubhf!boe!sfhvmbujpo !pg!b!21!tubhf!Dpdldspgu .Xbmupo!

uzqf!ed!wpmubhf!nvmujqmjfs!djsdvju!ibwjoh!b!tubhf!dbqbdjubodf!>!1/12!mG-!tvqqmz

!wpmubhf!>!211!lW!bu!b!gsf!rvfodz!pg!511!I{!boe!b!mpbe!dvssfou!>!21!nB/

6.!B!wpmubhf!epvcmfs !djsdvju !ibt!D2!>!D3!>!1/12!mG!boe!jt!tvqqmjfe !gspn!b!wpmubhf 
tpvsdf!pg!W!>!211!tjo!425!u!lW/!Jg!uif!ed!pvuqvu!dvssfou!jt!up!cf!5!nB-!dbmdvmbuf!

uif!pvuqvu!wpmubhf!boe!uif!sjqqmf/

!8/!Uif!qsjnbsz!boe!tfdpoebsz!xjoejoh!joevdubodft!pg!b!Uftmb!dpjm!bsf!!1/1:4!I!

boe!1/122!I!sftqfdujwfmz !xjui!b!nvuvbm ! joevdubodf !cfuxffo !uif!xjoejoht !

frvbm! up!1/137!I/!Uif!dbqbdjubodf ! jodmvefe !jo! uif!qsjnbsz !boe!tfdpoebsz !

djsdvjut!bsf!sftqfdujwfmz!2/6!mG!boe!29!oG/!Jg!uif!Uftmb!dpjm!jt!dibshfe!uispvhi!

b!21!lW!ED!tvqqmz-!efufsnjof!uif!pvuqvu!wpmubhf!boe!jut!xbwfgpsn/!Ofhmfdu

!uif!xjoejoh!sftjtubodft/

!9/!Bo!jnqvmtf!dvssfou!hfofsbups! jt!sbufe!gps!71!lX!tfdpoet/!Uif!qbsbnfufst !pg!

uif!djsdvju!bsf!D!>!64!mG-!M!>!2/58!mI!boe!uif!ezobnjd!sftjtubodf!>!1/1267

!pin/!Efufsnjof!uif!qfbl!wbmvf!pg!uif!dvssfou!boe!uif!ujnf.up.gspou!boe!uif!

ujnf.up.ubjm!pg!uif!dvssfou!xbwfgpsn/

!:/!B!ijhi!wpmubhf!uftujoh!mbcpsbupsz!jt!sfrvjsfe!up!uftu!bqqbs!buvt!xjui!b!dbqbdjubodf

! pg !uif !psefs !pg !3111 !q/G/!vtfe !jo !b!341 !lW !tztufn /!Jg!uif !uftu !wpmubhf !

sfrvjsfnfou!jt!3/3!ujnft!uif!tztufn!sbufe!wpmubhf-!efufsnjof!uif!sbujoh!pg!uif!

uftu!usbotgps.nfs!bu!61!I{!pqfsbujpo/
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(a) Principle of Operation Uif!dibshf!tupsfe!jo!b!dbqbdjups!pg!dbqbdjubodf!

D! jt!hjwfo!cz!r!>!DW/! Jg! uif!dbqbdjubodf!pg! uif!dbqbdjups!wbsjft!xjui! ujnf!xifo!

dpoofdufe!up!uif!tpvsdf!pg!wpmubhf!W-!uif!dvssfou!uispvhi!uif!dbqbdjups!

! j!>! =
dq dC dV

V C
dt dt dt

+ ! )VI. 2*
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Measurement of Ripple with CRO
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Table VI.6 Relation between correction factor k and air density factor d
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VI.3.1 Measurement of High Direct Currents
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Figure.  VI.53  Rogowski  coil  for  high  impulse  current  measurements
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