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Introduc7on	  

Dielectric strength of insulating material depends on 
the dielectric stress developed subjected to high 
voltages. 
  

Electric stress = Field intensity 
E = -∇ϕ 

 
Dielectric strength : maximum stress 

which the material can withstand 
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Introduc7on	  
Dielectric breakdown strength depends on : 

Pressure 

Humidity 

Temperature 

Nature 
of 

applied 
voltage 

Surface 
condition 

Imperfections 
in dielectric 

material 

Materials 
of 

electrode 
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Breakdown in Gas 
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Breakdown in Gas 
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	  The process of converting an 
atom or molecule into an ion* 

by adding or removing charged 
particles such as electrons.  

*(total number electron is not equal to proton)  
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Pressure 

Electrode 
configuration 

Heat 

Presence of 
particles in 
initial flow 

Electrode 
surface 

condition 
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Maximum voltage during breakdown is 
known as breakdown voltage 
 
When the voltage is low, a small current 
flows between electrodes and insulation 
criteria do not change 
 
When the voltage is high, a large current 
flows causing sparks between electrodes 

Breakdown in Gas 
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Electric discharge in gas consists of; 
 

• Non-sustaining discharge 
• Self-sustaining discharge 

 
Breakdown in air is the change of non-sustaining discharge 
to self-sustaining discharge 
 
2 theories of gas breakdown; 
 

• Townsend Theory 
• Streamer Theory 

 

Breakdown in Gas 
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Cell with gas pressure of 
few Torr 
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deII α
0=

Io – initial current at cathode 
α	  -‐	  1st Townsend ionization 
coefficient 
d – gap distance 
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At        , I increase, V increase. How? 
-  Some of the electrons emitted by cathode 

diffuse back into it and some lost to the 
wall.  

 
At        , V increase, I saturate. How? 
-  All electrons emitted by cathode are 

collected by anode 
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At        , V increase, I 
increase exponentially. 
How? 

-  Additional productions 
of electron by the 
collision of positive 
ions with the cathode 
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Primary ionization stage 
If n0 is the number of electrons 
emitted by cathode per second , then 
number of electrons reaching anode 
per second is given by :  
                                                            
                                                            
[1] 
Consequently, current inside the tube 
is 
                                                                                                                                    

    [2] 
 
 
 

denn α
0=

d
d eII α

0=

Remarks : d= gap length; α= Towsend’s first ionization coefficient;                             ;                             ; I0 = 
current generated by the u.v at the cathode. Note when I0 = 0; Id = 0 -------- not self sustained. 

enI dd = enI 00 =
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From [2]; 
 
 
 
Plot of ln         as a  
 
function of d will give 

the value of α	            

dd e
I
I α=
0

0I
I d
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Secondary ionization stage 
 
Townsed observed that with increasing voltage, current in 

discharge tube will increase faster than predicted in eq. 
[2] . 

 
 
 
 
 

As the voltage increase, positive ions gain more energy.  
With excess energy, positive ions will start liberating 

electrons from electrode. That’s why current increase 
faster than predicted in eq [2]. 
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Given n+ = number of electrons released from cathode (per second) 
due to positive ion bombardment.  
 
Then from eq.[1] the number of electrons reaching anode (per 
second) , n is 
                                                                                                                         
[3] 
 
After a while,  number of electrons released by the positive ion is given 
by 
 
                                                                                                                          
[4] 
 
γ  = Townsend secondary coefficient 18	  

( ) d
o ennn α

++=

( ){ }γ++ −−= nnnn 0



Substituting [4] into [3]; 
 
 
                                                                                                                            [5] 
 
Since number of electron, n reflects current, I,  hence 
 
                                                                                                                             

[6] 
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Eq. [6] shows that the discharge is non-self sustain. It will go to zero 
when UV source to the cathode is removed, that is I0 = 0.  

As the voltage continue to increase, the discharge will continue to burn 
between electrodes even when UV radiation is removed (I0 = 0).  
 

This is known as non-self sustained discharge to self sustained 
discharge transformation.  

 



The stage of electrical breakdown in small gap 
happened when I          ∞ , i.e. 
 
 
 
 
 

Townsend’s breakdown criteria 
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( ) 011 =−− deαγ



  
 

Electron attachment removes free electrons and thus 
gives gases very high dielectric strengths. The gases 

in which electron attachment occurs are electro-
negative gases. 

 
 

 
A gas which captures free electrons and forms negative 

ions, so arresting the formation of electrical 
discharges e.x SF6, CH3I, dry air, O2 
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 Breakdown criteria (considering electron 
attachment) 

 
 
 
 
 
In air : 26 kV/cm (~ 30 kV / cm) 
In SF6 : 88.4 kV/cm 

23	  



 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. 

24	  

Time lags of Spark breakdown 



  The average time required for an electron to appear in the gap 
in order that breakdown may be initiated. It depends upon: 

 
•  The amount of pre-ionization present in between the gap  
•  Size of the gap  
•  The amount of over voltage applied to the gap 

 
 
 
 

The additional time lag required for the breakdown process to form. 
•  increases with increase in gap length and field non-

uniformity,  
•  decreases with increase in over voltage applied. 
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  Statistical time lag, ts 

Formative time lag, tf 
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• Arises due to the added effect of the space-
charge field of an avalanche and photo-electric 
ionization in the gas volume.  
 
• Predicts the development of a spark discharge 
directly from a single avalanche 
 
• 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 



Electron Avalanche 
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A	  –	  Photon	  triggers	  
avalanche	  

B	  –	  Posi7ve	  ions	  strikes	  
cathode	  and	  starts	  avalanche	  

C	  –	  Electron	  avalanche	  

D	  –	  Avalanche	  7p	  
reaches	  anode	  

E –	  Photon	  from	  
avalanche	  produce	  fee	  
electrons	  

F	  –	  Posi7ve	  charges	  close	  
to	  anode	  increase	  the	  
electric	  field	  
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G	  –	  Plasma	  of	  posi7ve	  
ions	  and	  electrons	  forms	  
the	  streamer	  channel	  

H	  –	  Streamer	  7p	  

I –	  Produc7on	  of	  free	  
electrons	  by	  photon	  

J	  –	  Streamer	  propaga7ng	  
close	  to	  cathode	  



Formative time 
lags of <= 50 ns 

Depends on primary 
avalanche reaching 

a critical size 

Local electric field high 
enough to generate 
‘streamers’ which 
propagate towards 

electrode 
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Breakdown criterion; 
 

Er = 4/3πrNε 
 

where N – ion density 



 Given α = pf1(E/p) and γ = f2(E/p). Under uniform field 
distribution, E = V/d. According to Townsend breakdown 
criteria; 

 γ (eαd – 1) = 1 
f2(V/dp)(epdf1(V/dp)-1)=1 

So the break down voltage can be written as  
 
     

    V= f(pd) ; p= pressure while d=gap distance 
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Breakdown voltage is 
an implicit function of 

‘pd’ 



	  Under	  constant	  atm.	  condi7on,	  breakdown	  voltage	  for	  uniform	  
field	  is	  given	  as:	  

V	  =	  A.d	  +	  B√d  
where  A= 24.4kV/cm and B = 6.29kV/cm1/2  

 

Since	  breakdown	  voltage	  can	  vary	  depending	  on	  the	  gap	  distance,	  
a	  correc7on	  factor	  has	  to	  be	  considered.	  	  

	  
V=	  A(ρd) + B√(ρd) 

 
Where ρ = gas density correction factor	  
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0.3kV 

10-2 bar.mm 

Paschen’
s 

minimum 
in air 

Consider fixed spacing, pressure 
decrease from a point to the right of 
the minimum 

Density decreases and an 
electron makes fewer collisions 

Each collision results in a loss of energy,  
a lower electric stress suffices to impart to  
electrons the kinetic energy 

If	  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 



Valid for 
temperatures below 

about 11000C – above 
that  thermal 

ionization takes 
place. 

At very low 
pressures, and at 

very high pressures 
(compared with 
atmospheric), 

Paschen's Law fails 

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 
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It was found in an experiment that a steady state current in a gas is 60 µA 
at 10 kV when the plane electrode separation is 0.5 cm. When the 

separation is reduced to 0.25 cm and the field is the same, the current is 
reduced to 6 µA. Determine the Townsend first ionization coefficient α. 
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In an experiment in a certain gas it was 
found that the steady state current is 5.5 x 

10-8 A at 8 kV at a distance of 0.4 cm 
between the plane electrodes. Keeping the 
field constant and reducing the distance to 
0.1 cm results in a current of 5.5 x 10-9 A. 

Calculate the Townsend’s primary 
ionization coefficient α. 
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The followings data are given for two 
parallel plates while E is kept constant. 
i) I = 1.2I0 when d = 0.5 cm 
ii) I = 1.6I0 when d = 1.3 cm 
iii) I = 2.3I0 when d = 2 cm 
 
Find the values of α and γ. 
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Distance 
(cm) 

Pressure 
(mbar) 

Temperature 
(ºC) 

Breakdown 
Voltage (kV) 

2.3 500 21 35 

2.9 800 25 60 

Measurement of breakdown voltage under a uniform field pressurized gas is shown in 
Table Q2 below.  

Assume that the Paschen curve for pd > 5 mm is represented by  
                                    	  

	  

1. Determine A and B 	  
2. Calculate the breakdown voltage for the distance 1.5 cm at a pressure of 250 mbar and 
temperature 25ºC	  

Table Q2	  
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Breakdown in Liquid Dielectrics 

Used for filling transformers, circuit 
breakers and as impregnates in high 
voltage cables and capacitors 

Transformer  
Insulate the live parts of the transformer 
and the grounded parts, carrying out the 

heat from the transformer to the 
atmosphere thus providing cooling effect 

Circuit breaker  
Insulate the live parts and the 

grounded parts, quench the arc 
developed between the breaker 

contacts 

Petroleum oils, synthetic hydrocarbons and 
halogenated hydrocarbons and for very 

high temperature applications silicone oils 
and fluorinated hydrocarbons 
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Standard used : IEC 60256 (oxidation, viscosity etc.) and IEC60156 (for 
determining breakdown voltage in insulating oils) 

Breakdown in Liquid Dielectrics 

Mineral oils 
(petroleum 

based) 

Synthetic 
ester Biodegradable 
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Breakdown in Liquid Dielectrics 
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Breakdown in Liquid Dielectrics 
• Liquid dielectric must free from moisture, 
oxidation products and contamination 

• Factor that affect liquid dielectric 
strength is the presence of fine water 
droplets suspended in oil 
 
• The presence of 0.01% water in 
transformer oil reduces it’s dielectric 
strength by 20% of the dry oil value, 
increase loss (tan δ) and speed up ageing 
process. 

PRECAUTION !!!!! 
Whenever these oils are used for providing electrical 
insulation, these should be free from moisture, products 
of oxidation and other contaminants.  
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Breakdown in Liquid Dielectrics 

ü Increased temperature causes an 
increase in kinetic energy.  

ü The higher kinetic energy causes more 
motion in molecules which break 
intermolecular bonds and escape from 
solution. 

Among factors that will effect breakdown in liquid dielectrics is  
temperature, pressure and viscosity. 
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Breakdown in Liquid Dielectrics 

v If the pressure is increased, the gas 
molecules are "forced" into the solution.  
 
v The number of gas molecules is 
decreased.  
 
v The number of gas molecules dissolved 
in solution has increased  
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Breakdown in Liquid Dielectrics 
Source	  :	  R.	  Kurniato,	  Z.	  Nawawi,	  M.	  Nagao,	  N.	  Hozumi.	  ‘Breakdown	  
Strength	  of	  Biodegradable	  Dielectric	  Liquid:	  The	  effect	  of	  temperature	  
and	  viscosity,	  IEEE	  Publica7on.	  	  

As	  the	  temperature	  is	  increased,	  the	  fat	  contents	  in	  liquid	  would	  
be	  decrease.	  	  
	  
The	  decrease	  of	  fat	  content	  in	  liquid	  would	  result	  in	  higher	  
breakdown	  field	  strength	  and	  lower	  viscosity.	  
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Breakdown in Liquid Dielectrics 

ü The electrostatic forces on the bubble cause it to get elongated in the 
direction of the electric field.  

ü When sufficient electric field is applied, and at a critical length the gas 
inside the bubble (which has a lower breakdown strength) breaks down.  

ü This discharge causes decomposition of the liquid molecules and leads to 
total breakdown. 

What happened? 
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Due to liquid globules 

Breakdown due to instability of the globule in the electric field. HOW??? 
The electrostatic forces cause the globule to elongate and take the shape of a 
prolate spheroid. As the field is increased, the globule elongates so that the ratio 
γ of the longer to the shorter diameter of the spheroid increases.  

Breakdown in Liquid Dielectrics 

Prolate spheroid	  

Liquid globules elongating as the  
field increase.  When it bridge the  
electrodes, breakdown will occur. 	  

Electrodes	  
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Breakdown in Liquid Dielectrics 

When ε2 >> ε1 (generally when ε2/ε1 > 20), and the field 
exceeds a critical value, no stable shape exists, and the 
globule keeps on elongating eventually causing bridging 
of the electrodes, and breakdown of the gap.  
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Breakdown in Liquid Dielectrics 

Due to solid particles 

In commercial liquids, solid impurities 
cannot be avoided and will be present as 
fibers or as dispersed solid particles.  
 
If permittivity of impurities ε2 is larger than 
permittivity of liquid dielectric ε1 , then ……	  

A force would move the particle towards 
the regions of stronger field and will line up 
in the direction of the field 

A stable chain of particles would be 
produced,  which at a critical length 
may cause breakdown 
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Purification Process 
 

1. Removal of dust – Small dust particles can become charged and cause local 
stresses which can initiate breakdown. Filtration can remove dust particles 
greater in size than 1µm. The strength of the liquid then increases and greater 
stability is achieved. 
 
2.  Removal of dissolved gasses - to control the amount of oxygen and C02    
through degassing and distillation 
 
3.  Removal of ionic impurities – Ionic impurities in the liquid (ex. water) leads 
to abnormal conductivity and heating of the liquid. Water can be removed by 
drying agents, vacuum drying, and by freezing out in low temperature 
distillation.  

Breakdown in Liquid Dielectrics 
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Breakdown in Solid Dielectrics 

SOLID DIELECTRICS 

Breakdown strength is 
of the order of 10 MV/

cm 

The highest 
breakdown strength 

under controlled 
condition is known as 
‘intrinsic strength’ of 

the dielectric 

Organic matter – paper, 
wood, rubber 
Non-organic matter – 
mica, glass, porcelain, 
Perspex, PVC, epoxy 
resins 
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Breakdown in Solid Dielectrics 
Failure of solid 

dielectrics below 
intrinsic strength Breakdown due 

to internal 
discharge 

Electromechanical 
breakdown 

Surface 
breakdown – 
tracking and 

erosion 

Thermal 
breakdown 

Electrochemical 
breakdown 

Chemical 
deterioration 
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Breakdown in Solid Dielectrics 

• When the voltage Vv across the void exceeds the critical voltage Vc, a discharge is 

initiated and the voltage collapses. 

• The voltage across the void again builds up and the discharges recur 

• During the discharges, heat is dissipated in the voids which cause carbonization of 

the surface of the voids and erosion of the material.  

• The gradual erosion of the material and consequent reduction in the thickness of 

the insulating material eventually leads to breakdown. 

• Slow and may occur in a few days or may take a few years 
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Breakdown in Solid Dielectrics 

• When an electric field is applied to a dielectric between two electrodes, a 

mechanical force will be exerted on the dielectric due to the force of attraction 

between the surface charges.  

• This compression decreases the dielectric thickness , thus increasing the effective 

stress 

• When the field is increased, the thickness of the material decreases  
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Breakdown in Solid Dielectrics 

• When the heat generated increases rapidly with temperature, at certain values of 
electric field no stable state exists (stable state : the heat lost is equal to the heat 
generated)  - hence material breaks down thermally.  

• For the field E2, a stable temperature θA exists. 
 
• For the field E1, the heat generated is always greater than the heat lost so that the 
temperature would keep increasing until breakdown occurs. 
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Breakdown in Solid Dielectrics 

• Chemical changes due to consistent electric stress by 
the reaction of air & gas 
• Reaction that occurs– Oxidation, Hydrolysis, Chemical 
Reaction 
• Can be reduce by carefully checking the material 
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Breakdown in Solid Dielectrics 

In the presence of air or oxygen, especially ozone, 
materials such as rubber and polyethylene undergo 
oxidation giving rise to surface cracks, particularly if 
stretched and exposed to light 

When moisture or water vapour is present on the 
surface of a solid dielectric, hydrolysis occurs and the 
materials lose their electrical and mechanical 
properties. Ex. Polyethylene film may lose its 
mechanical strength in a few days if kept at 100 % 
relative humidity. 

Note: Hydrolysis is a process of splitting the 
chemical bond of the insulating material by 
addition of water 
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Breakdown in Solid Dielectrics 

Progressive chemical degradation of 
insulating materials. For instance 
cellulose degrades much more rapidly 
in the presence of traces of acidic 
substances 
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Breakdown in Solid Dielectrics 

Treeing & Tracking 
 

• Two effects of electric stress for a long period 
of time; 
• Presence of conductive paths across surface 
• Effects of sparks due to leakage current that 
flow through the paths that produce sparks 
• The spread of a spark channel during the 
tracking process in the form of branches is 
called treeing 


