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Department of Electrical Engineering  

UNIT- 3: Lightning and Switching Over Voltages and Protection  

Causes of over voltages and its effect on power system – Lightning – Switching surges and temporary over voltages – 

Protection against over voltages 

PART-A 

1. Why protection of transmission line important? 

It is essential for electrical power engineers to reduce the number of outages and preserve the continuity of service and 

electric supply. 

2. What are the causes of over voltages in electric system? 

 External Cause – Lightning 

 Internal Cause – Switching 

3. What are the causes of power frequency over voltages? 

 Sudden load rejection 

 Disconnection of inductive loads or capacitive loads 

 Ferranti effect 

 Unsymmetrical fault 

 Saturation in the transformers 

 Tap changing operations 

4. Name the source of switching surges. 

 Opening and Closing or switchgears 

 High natural frequency of the system 

 Damped normal frequency voltage components 

 Restriking between the contacts 

5. What is lightning phenomenon? 

Lightning phenomenon is a peak discharge in which charge accumulated in the clouds discharges into a neighbouring 

cloud or to the ground. 

6. How does switching over voltage originate? 

Switching over voltages originate in the system itself by connection and disconnection of circuit breaker contact or 

due to initiation or interruption of faults. 

7. What is Isokeraunic level? 

Isokeraunic level is defined as the number of days in a year when thunder is heard or recorded in particular location. It 

is given by, year-/kmTD/strokes2.01.0 2toNg  
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8. State the different methods of protection against over voltages. 

Overvoltage due to lightning strokes can be avoided or minimized in practice by, 

i. Shielding the overhead lines by using ground wires above the phase wires, 

ii. Using ground rods and counter-poise wires, and 

iii. Including protective devices like expulsion gaps, protector tubes on the lines, and surge diverters at the line 

terminations and substations. 

9.  What is a ground wire or shielded wire? 

 Ground wire is a conductor run parallel to the main conductor of the transmission line supported on the same tower 

and earthed at every equally and regularly spaced towers. It is run above the main conductor of the line. 

10. Define tower footing resistance. 

 It is the effective resistance offered against drainage of the charge and lightning current through the tower structure 

and tower foot. 

11. Define Shielding Angle. 

 Shielding angle or Protective angle of the ground wire is defined as the angle between the vertical line passing 

through the ground wire and the line passing through the outermost power conductor. 

 Protective zone is the zone which is a cone with apex at the location of the ground wire and surface generated by line 

passing through the outermost conductor. 

12. What are the measures to control over voltages due to switching and power frequency? 

a. Energization of transmission lines in one or more steps by inserting resistances and withdrawing them 

afterwards 

b. Phase controlled closing of circuit breakers, 

c. Drainage of trapped charges before reclosing, 

d. Use of shunt reactors, and 

e. Limiting switching surges by suitable surge diverters. 

13. What are the factors that influence the lightning induced voltage on transmission lines? 

i. The ground conductivity 

ii. The leader stroke current 

iii. Corona 

14. How is transmission lines classified? 

i. Lines with no loss or ideal lines 

ii. Line without distortion or distortion less lines 

iii. Line with small losses 

iv. Lines with infinite and finite length defined by all the four parameters 

15. Define attenuation and distortion. 

The decrease in the magnitude of the wave as it propagates along the line is called attenuation. 

The elongation or change of wave shape that occurs is called distortion. 

16. How is attenuation and distortion caused? 

Attenuation is caused due to the energy loss in the line and distortion is caused due to the inductance and capacitance 

of the line. 
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17. What are the causes for the change of induction on transmission line? 

The changes in the inductance are due to the skin effect, the proximity effect and non-uniform distribution effect of 
the currents and the nearness to steel structures. 

18. What are the causes for the change of capacitance on transmission line? 

The variation in capacitance is due to capacitance change in the insulation nearest to the ground structures, etc. 

19. What is the effect of corona on transmission lines? 

The effect of corona is to reduce the crest of the voltage wave under propagation, limiting the peak value to the 

critical corona voltage.  Hence, the excess voltage above the critical voltage will cause power loss by ionizing the 

surrounding air. 

20. What are the principles observed in the lattice diagram? 

i. All waves travel downhill, i.e, into the positive time. 

ii. The position of the wave at any instant is given by means of the time scale at the left of the lattice diagram. 

iii. The total potential at any instant of time is the super position of all the  waves which arrive at that point until 

that instant of time, displaced in position from each other by time intervals equal to the time difference of 

their arrival.  

iv. Attenuation is included so that the amount by which a wave is reduced is taken care.  

v. The previous history of the wave, if desired can be easily traced. If the computation is to be carried out at a 

point where the operations cannot be directly placed on the lattice diagram, the arms can be numbered and the 

quanti9y can be tabulated and computed. 

21. What are the components of switching surges? 

Switching surges may include high natural frequencies of the system, damped normal frequency voltage component 

or the restriking and recovery voltage of the system with successive reflected waves from terminations. 

22. How does switching surges cause damage to circuit breaker? 

In circuit breaking operation, switching surges with a high rate of rise of voltage may cause repeated restriking of the 

arc between the contact of a circuit breaker, thereby causing destruction of the circuit breaker contacts. 

23. Give the factor for over voltages generation in EHV system. 

Over voltages are generated in EHV system when there is sudden release of internal energy stored either in the 

electrostatic form in the electromagnetic form. 

24. What are the different method by which switching over voltages of short duration and long magnitude be 

calculated? 

i. Mathematical modeling of a system using digital computer 

ii. Scale modeling using transient network analyzers 

iii. By conducting field tests to determine the expected maximum amplitude of the over voltages and their duration at 
different points on the line. 

25. Where is surge arrester placed in substation? 

Surge arresters are devices used at substations and at line terminations to discharge the lightning over voltages and 
short duration switching surges.  These are usually mounted at the line end at the nearest point to the substation.  They 

have a flash over voltage lower than that of any other insulation or apparatus at the substation. 
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PART-B 

 

1. Explain the different theories of charge formation in clouds. 

 The charge formation or accumulation in the clouds are depends on too many and uncertain. But during 

thunderstorms, positive and negative charges become separated by the heavy air currents with ice crystals in the 

upper part and rain in the lower parts of the cloud.  

 This charge separation depends on the height of the clouds - from 200 to 10,000 m, with their charge centres 
probably at a distance of about 300 to 2000 m.  

 The volume of the clouds that participate in lightning flashover are uncertain, but the charge inside the cloud may 

be as high as 1 to 100 C.  

 The energies associated with the cloud discharges can be as high as 250 kWh.  

 It is believed that the upper regions of the cloud are usually positively charged, whereas the lower region and the 

base are predominantly negative except the local region, near the base and the head, which is positive.  

 The maximum gradient reached at the ground level due to a charged cloud may be as high as 300 V/cm, while the 

fair weather gradients are about 1 V/cm. 

 
Wilson’s Theory of Charge Separation 

Wilson’s theory is based on the following assumptions: 

 A large number of ions are present in the atmosphere. Many of these ions attach themselves to small dust particles 

and water particles. 

 An electric field exists in the earth’s atmosphere during fair weather which is directed downwards towards the 

earth. The intensity of the field is approximately 1 volt/cm at the surface of the earth and decreases gradually with 

height so that at 9,500 m it is only about 0.02 V/cm.  

 A relatively large rain drop (0.1 cm radius) falling in this field becomes polarized, the upper side acquires a 

negative charge and the lower side a positive charge. Subsequently, the lower part of the drop attracts –ve charges 

from the atmosphere which are available in abundance in the atmosphere leaving a preponderance of positive 

charges in the air.  

 The upwards motion of air currents tends to carry up the top of the cloud, the +ve air and smaller drops that the 

wind can blow against gravity. Meanwhile the falling heavier raindrops which are negatively charged settle on the 

base of the cloud. It is to be noted that the selective action of capturing –ve charges from the atmosphere by the 

lower surface of the drop is possible. No such selective action occurs at the upper surface. Thus in the original 

system, both the positive and negative charges which were mixed up, producing essentially a neutral space 
charge, are now separated. Thus according to Wilson’s theory since larger negatively charged drops settle on the 

base of the cloud and smaller positively charged drops settle on the upper positions of the cloud, the lower base of 

the cloud is negatively charged and the upper region is positively charged. 
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Fig.1.1. a.Capture of negative ions by large falling drop; b.Charge separation in a thunder cloud according to Wilson’s 

theory. 

Simpson’s theory 

 Simpson’s theory is based on the temperature variations in the various regions of the cloud.  

 When water droplets are broken due to air currents, water droplets acquire positive charges whereas the air is 

negatively charged. Also when ice crystals strike with air, the air is positively charged and the crystals negatively 

charged.  

 The theory is explained with the help of Fig. 1.2. 

 
Fig.1.2. Charge generation and separation in a thunder cloud according to Simpson’s theory 

 Let the cloud move in the direction from left to right as shown by the arrow. The air currents are also shown in the 

diagram.  

 If the velocity of the air currents is about 10 m/sec in the base of the cloud, these air currents when collide with 

the water particles in the base of the cloud, the water drops are broken and carried upwards unless they combine 

together and fall down in a pocket as shown by a pocket of positive charges (right bottom region in Fig.1.2). 

 With the collision of water particles we know the air is negatively charged and the water particles positively 

charged. These negative charges in the air are immediately absorbed by the cloud particles which are carried away 
upwards with the air currents. The air currents go still higher in the cloud where the moisture freezes into ice 

crystals.  

 The air currents when collide with ice crystals the air is positively charged and it goes in the upper region of cloud 

whereas the negatively charged ice crystals drift gently down in the lower region of the cloud. 

 This is how the charge is separated in a thundercloud. Once the charge separation is complete, the conditions are 

now set for a lightning stroke. 

2. What are the mechanisms by which lightning strokes develop and induce over voltages on over head power lines? 

Lightning phenomenon is the discharge of the cloud to the ground. The cloud and the ground form two plates of a 

gigantic capacitor and the dielectric medium is air. Since the lower part of the cloud is negatively charged, the earth is 

positively charged by induction. Lightning discharge will require the puncture of the air between the cloud and the earth. 

For breakdown of air at STP condition the electric field required is 30 kV/cm peak.  
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But in a cloud where the moisture content in the air is large and also because of the high altitude (lower pressure) it is seen 

that for breakdown of air the electric field required is only 10 kV/cm. The mechanism of lightning discharge is best 

explained with the help of Fig.1. 

 

Figure 1.3. Lightning Mechanism 

After a gradient of approximately 10 kV/cm is set up in the cloud, the air surrounding gets ionized. At this a streamer 

(Fig. 1.3(a)) starts from the cloud towards the earth which cannot be detected with the naked eye; only a spot travelling is 

detected. The current in the streamer is of the order of 100 amperes and the speed of the streamer is 0.16 m/μsec. This 

streamer is known as pilot streamer because this leads to the lightning phenomenon. Depending upon the state of 

ionization of the air surrounding the streamer, it is branched to several paths and this is known as stepped leader (Fig. 

1.3(b)). The leader steps are of the order of 50m in length and are accomplished in about a microsecond. The charge is 

brought from the cloud through the already ionized path to these pauses. The air surrounding these pauses is again ionized 

and the leader in this way reaches the earth (Fig. 1.3(c)). 

Once the stepped leader has made contact with the earth it is believed that a power return stroke (Fig. 1.3(c)) moves 

very fast up towards the cloud through the already ionized path by the leader. This streamer is very intense where the 

current varies between 1000 amps and 200,000 amps and the speed is about 10% that of light. It is here where the –ve 

charge of the cloud is being neutralized by the positive induced charge on the earth (Fig. 1.3(d)). It is this instant which 

gives rise to lightning flash which we observe with our naked eye. There may be another cell of charges in the cloud near 

the neutralized charged cell. This charged cell will try to neutralize through this ionised path. This streamer is known as 

dart leader (Fig. 1.3(e)). The velocity of the dart leader is about 3% of the velocity of light. The effect of the dart leader is 

much more severe than that of the return stroke. 
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The discharge current in the return streamer is relatively very large but as it lasts only for a few microseconds the 

energy contained in the streamer is small and hence this streamer is known as cold lightning stroke whereas the dart leader 

is known as hot lightning stroke because even though the current in this leader is relatively smaller but it lasts for some 

milliseconds and therefore the energy contained in this leader is relatively larger. 

It is found that each thunder cloud may contain as many as 40 charged cells and a heavy lightning stroke may occur. 

This is known as multiple stroke. 

3. Give the mathematical models for lightning discharges and explain them. 

Let I0 – Current of lightning stroke. 

 Z0 – Source impedance 

 Z – Impedance of an Object 

The Voltage across the object, V=IZ 

 

     

 

Source impedance: Estimated to be about 1000 to 3000   

Objects Considered: 

 Transmission Lines or Towers – Surge impedances less than 500   

 OH lines: 300-500   

 Ground wires: 100-150   

 Towers: 10-50 ) 

Therefore,  

   

where, I0 – Current of lightning stroke and  Impedance of a line 

 If the lightning current as low as 10,000A strikes on a transmission line having 400  surge impedance, then 

the over voltage may be 4000kV. 

 This voltage is heavy enough to cause flashover on the insulators. 

 If a direct stroke occurs over an unshielded line, the current wave tries to divide into two and travels in both 

the directions. 

 Hence the effective surge impedance of the line as seen by the wave is Z0/2. Therefore the overvoltage caused 

as above may be only 2000kV.  

4.  Explain the different characteristics of lightning strokes. 

 Direct strokes of a given polarity produce surges of the same polarity whereas induced surges are of opposite 

polarity 

 Lightning strokes are predominantly of negative polarity. But surges on transmission lines can be of negative as 

well as positive polarity depending on whether they are caused by direct lightning stroke or by induction 

 Percentage of positive to total surges reported are, 

o Strokes on transmission lines: 7 to 18% 

o Distribution lightning arrester surges: 37% 

o Station lightning arrester surges: 12% 

 Time to first peak is between zero and 10 Sec. Time to half the peak value on its tail is between 5 to 90 Sec.  
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  The peak current in lightning stroke may be from 1kA to 200kA. The actual current delivered depends on the 

terminating impedance and surge impedance of the lightning channel. 

 The last portion of the lightning current is normally responsible for damages (thermal damages). 

5. Give a brief note on protection of transmission line using surge diverters. 

 Surge diverters are devices that provide low resistance paths for overvoltages through an alternate ground path. 

 Spark gap inside the diverter acts as a fast acting switch while non-linear diverter elements provide the low 

impedance ground path. 

 The arrester voltage at its terminal when connected to a line of surge impedance Z to ground, is given as  

 

 

where,  

Z - Line surge impedance, 

R - Resistance of the non-linear element, 

r - Ground to earth resistance, and 

u(t) - Surge voltage. 

 

Fig.1.4. Surge Diverter Modelling 

 The Thevenin’s equivalent circuit for the diverter is shown in Fig.  

 S is open for voltages less than the sparkover voltage of the surge diverter VS.  

 It is closed only for voltage magnitudes greater than VS.  

 The closing of the switch is represented by injecting a voltage cancellation wave having a negative amplitude 

equal to the potential difference between the voltage that appears when the switch is open Voc, and the voltage 

developed across the impedance of the device after the switch is closed.  

 ZTH is the impedance of the system viewed from the terminals of the protective device. 

 There are three classes of lightning arresters available: 

1. Station type:  

o Voltage ratings: 3 kV to 312 kV  

o Discharge currents: not less than 100,000 amps.  

o Applications: 

o Protection of substation and power transformers. 

2. Line type:  

o Voltage ratings: 20 kV to 73 kV  

o Discharge currents: 65,000 amps and 100,000 amps 

o Applications: 

o Protection of distribution transformers, small power transformers and sometimes small 

substations. 
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3. Distribution type:  

o Voltage ratings: 8 kV to 15 kV  

o Discharge currents: upto 65,000 amperes.  

o Applications: 

o Protection of pole mounted distribution transformers upto and including the 15 kV. 

6.  Explain the various methods to control switching over voltages. 

Following are some of the techniques currently in use to control the magnitudes of switching surges: 

a. Resistor Switching: 

This is one of the most common methods for reducing energization overvoltages. It is effected by initially 

applying the supply voltage to the line through a resistor. After a suitable period of time, normally between onethird and 

one-half of a cycle, the preinserted resistor is short circuited, allowing the full supply voltage to be applied to the line. By 

the end of the preinsertion period, the magnitude of the energization surge is usually much reduced by the effect of system 

damping. This effect is evident from equation (14.4), which describes the voltage surge waveform. The initial amplitude 

of the energization surge when a preinsertion resistor of value R is used will be only Z0/(R+Z0) of that reached in the 

absence of the resistor, where Zo is the surge impedance of the line. 

When the resistor is shorted at the end of the preinsertion period, another surge will develop. If R is too small, 

control of the first surge becomes ineffective; if it is too large, the second surge becomes dangerous. An optimal value of 

R would normally be a fraction of Z0, and depends on transmission-line length 

b. Phase-Controlled Closure 

 
Referring to the above equation, it can be seen that the amplitude of the Energization surge depends on the 

switching phase angle ωT. By properly timing of the closing of the circuit breaker poles, the resulting switching 

overvoltage can be greatly reduced. Phase-controlled switching should be carried out successively for the three poles to 

accomplish a reduction in the initial voltages on all three phases. This is extremely difficult with conventional circuit 

breakers but is quite possible with solid-state circuit breakers. 

c. Use of Shunt Reactors 

Shunt reactors are used on many high-voltage transmission lines as a means of shunt compensation to improve the 

performance of the line, which would otherwise draw large capacitive currents from the supply. They have the additional 

advantage of reducing energization surge magnitudes. This is accomplished mainly by the reduction in temporary 

overvoltages, as will be seen in the next section. 

d. Drainage of Trapped Charges 

When lines are suddenly switching off, "electric charge" may be left on capacitors and line conductors. This 

charge will normally leak through the leakage path of the insulators, etc. Conventional potential transformers (magnetic) 

may also help the drainage of the charge. An effective way to reduce the trapped charges during the lead time before 

reclosing is by temporary insertion of resistors to ground or in series with shunt reactors and removing before the closure 

of the switches. 

7. Write short notes on: (a) Rod gaps used as protective devices (b) Ground wires for protection of over head lines. 

a. Rod Gaps used as protective devices: 

 This type of surge diverter is the simplest, cheapest and most rugged one.  
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 Fig.1.5 (a) shows one such gap for a breaker bushing. This may take the form of arcing ring. Fig. 1.5 (b) shows 

the breakdown characteristics (volt-time) of a rod gap.  

 For a given gap and wave shape of the voltage, the time for breakdown varies approximately inversely with the 

applied voltage. 

 The time to flashover for positive polarity is lower than for negative polarities.  

 Also it is found that the flashover voltage depends to some extent on the length of the lower (grounded) rod. For 

low values of this length there is a reasonable difference between positive (lower value) and negative flashover 

voltages. Usually a length of 1.5 to 2.0 times the gap spacing is good enough to reduce this difference to a 
reasonable amount. 

 
Fig.1.5(a).Rod gap, (b).Volt-time characteristics 

 The gap setting normally chosen is such that its breakdown voltage is not less than 30% below the voltage 

withstand level of the equipment to be protected. 

Disadvantage: 

 It does not interrupt the power frequency follow current. Therefore, in every operation, the breaker senses as L-G 

fault and trips. Hence it is preferable for back-up protection. 

b. Groundwires for protection of overhead lines: 

 Ground wire is a conductor run parallel to the main conductor of the transmission line supported on the same 

tower and earthed at every equally and regularly spaced towers. It is run above the main conductor of the line.  

 The ground wires protect the transmission line from direct and indirect strokes. 

 
Fig.1.6. Ground wire protection of overhead lines 
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 The above figure shows the protection of transmission lines by ground wires. The cloud above the line is assumed 

to be positively charged, it induces a negative charge on the transmission line below it. The line conductor also 

gets charged in addition to ground wires. 

 But the regularly earthed ground wire drains the induced charges to the earth potential; the potential difference 

between the ground wire and the cloud and that between the ground wire and the transmission line will be in the 

inverse ratio of their respective capacitances. 

 Thus the ground wire reduces the induced charges and potential rise in the transmission line. 

 The effective protection of the ground wires depends on, 

o Height of the ground wire above the ground (h) 

o Shielding angle (θs). 

 The shielding angles and tower heights are fixed based on flashover rates and failure probabilities.  

8. What are the causes of power frequency overvoltages? How are they controlled in power systems? 

Overvoltages of power frequency harmonics and voltages with frequencies nearer to the operating frequency are 

caused during tap changing operations, by magnetic or ferro-resonance phenomenon in large power transformers and by 

resonating overvoltages due to series capacitors with shunt reactors or transformers. 
The duration of these overvoltages may be from one to two cycles to a few seconds depending on the overvoltage 

protection employed. 

The main causes of power frequency over voltages are listed in the following table: 

Type Description 

Load rejection Ferranti effect 

Generator loss of load 

Earth fault occurrence Voltage increase due to method of neutral 

grounding. 

Line energizing and autoreclosing Travelling waves, trapped charge 

Resonance effects Resonance at fundamental frequency or 
harmonic frequency. 

Non-linear resonance between line capacitance 

and transformer magnetising reactance. 

Load Rejection: 

The disconnection (shedding) of a large load leads to voltage increases on the system as the series resistive and 

reactive voltage drops disappear. 

 
1.7. Circuit and phasor diagrams for Ferranti Effect (Note: V0 > E) 

The capacitance of an unloaded cable, in combination with a transformer or generator inductance may lead to an 
increase of the voltage at the end of the line, as is shown in Fig.1.7. If the cable capacitance and the series inductance are 

in near resonance, the output voltage can be much higher than the input voltage, as can be seen in the phasor diagram. 

This phenomenon is known as the Ferranti effect and can also be explained, using a distributed parameter model of a 
transmission line, resulting in the following equation: 
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with V0 and V1 the sending end and receiving end voltages of the line, respectively, l the line length and β the phase 

constant of the line (usually 6° per km). 

Earth Fault Occurrence: 
If a ground fault occurs in a network with a non-earthed neutral, the healthy phases will adopt a √3 times higher 

voltage until the fault is cleared. If the system is earthed through an impedance, the overvoltage depends on the 

transformer neutral earthing impedance, as indicated in Fig.1.8. 

 
Fig.1.8. The effect off neutral earthing on overvoltages 

A system is classed as an effectively earthed system if R0/X0 < 1 and X0/X1 < 3, wherein 
R0: zero sequence resistance 

X0: zero sequence reactance 

X1: positive sequence reactance 

The overvoltage factor for earth faults (whereby the voltage prior to the fault occurrence has to be multiplied) is given by: 

 
In the above equation it was assumed that the system resistance can be ignored. 

Control of Power Frequency over voltages: 

(Refer Q&A.6) 

 


