
Chapter 4 

Transient Overvoltage Stress in Distribution Substations 

rhe MV /LV substation takes major part in electric power distribution system. High 

reliability of system requires knowledge of the propagation of surges in major points of it. 

Distribution transformers may fail for a variety of reasons. Lightning surges continue to be 

the major cause of premature transformer failures. Fast rise time surges that generate 

excessive voltage through the primary arrester and connecting leads may affect the surge 

performance of distribution transformers. 

4.1 Calculation of Impulse Resistance 

Earth resistance of substations, earth rod resistance of pole line and soil resistivity was 

measured in different geographical areas. Relevant data is attached in the Appendix B.4. 

Measured values of soil resistivity vary from 17 ohm-m (Low altitude area) to high values 

such as 792 ohms- m in high altitude areas. Average value of earth rod resistance in 

substations was found as around 45 ohms, but high values as 90 ohms were also observed. 

Average value of earth rod resistance in pole lines was observed as 40 ohms and high values 

as 260 ohms were also found. Because of considerable lightning current rise (to 100 

KA/11s), the effectiveness of earthing system is often determined by inductive voltage drop 

[ 14]. 

Impulse resistance of an earth electrode is much less than the normal power frequency 

resistance (i.e. Measured or calculated resistance). This is due to the ionization and partial 

discharge taking place at high current densities when the lightning surges flow through the 

earth electrode to the surrounding earth. 

Therefore Impulse resistance is given as 
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Where RT is the Impulse resistance (Transient resistance) 

Rg is earth resistance at low current and low frequency (ohm) 

I is surge current into ground (kA) 

Ig is limiting current initiating soil ionization (kA) 
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Where pis soil resistivity (0-m) 

Eo is soil ionization gradient (about 300 kV/m) [7] 

Example 

Calculation of impulse resistance for measured value of earth rod resistance= 40 ohms, soil 

resistivity = 100 ohm-m and for 10 kA surge current; 

From equation (4), 

lg = (1/2n)x ((300x100)/402
) 

= 2.98 kA 

Substituting in equation (3), 

Impulse resistance can be calculated as 

RT = 40/ ~1+(10/2.98) 

=19.180 

Considering soil resistivity as 100 0-m, calculated impulse resistance for different lightning 

peak current is shown in the Table 4.1. These data shows that with the increase of surge 

current, impulse resistance decreases. 

i Impulse Resistance -Ohm 
Rg=10 Rg=20 Rg=30 Rg=40 Rg=50 Rg=100 Rg=200 

I [kA] ohm ohm ohm ohm ohm ohm ohm 

1 9.02 14.43 17.11 18.48 19.23 20.40 20.72 

10 9.09 14.75 17.66 19.18 20.02 21.35 21.72 

30 7.84 10.67 11.63 12.03 12.23 12.52 12.59 

70 6.37 7.63 7.96 8.09 8.15 8.23 8.25 

100 5.68 6.53 6.73 6.81 6.84 6.89 6.91 

200 4.39 4.75 4.82 4.85 4.86 4.88 4.88 

Table 4.1- Impulse resistance variation with lightning current 
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4.2 Calculation of Arrester Lead Length 

Arrester lead length can be defined as any section of the arrester leads that are electrically in 

parallel with protected insulation and conduct impulse current during the lightning strike. 

Arrester lead length becomes critical during a lightning discharge because the arrester 

impedance becomes extremely low. The current through the lead generates a voltage due to 

the wire inductance and the rate-of-rise of the current. 

The inductive voltage drop in lead wire carrying surge current is a function of lead wire 

inductance. 

L (Typically 0.4 JlHI ft) 

Then voltage across lead length 

di 
VI=L-

dt 

The lead voltage drop V1 is in series with the arrester discharge voltage ( V arr) and voltage 

across the earth rod resistance [10]. 

Case Study 

Three common construction practices were identified in the system and are shown in the 

Fig. 4.1 as Case1, Case2 and Case 3. Two separate earthing circuits are used in substation 

construction. One earth electrode is used to ground the transformer neutral. Another earth 

electrode is used to connect surge arrester, transformer tank, cross arms and line earth wire. 

But different practices were observed in grounding of transformer tank. Most common 

practice is connecting the tank with a separate earth wire to the second earth electrode. 

Connecting of tank earth directly to the line earth lead was also observed. 

Case 1 

This is the most common practice and arrester is mounted on the transformer tank. 

Transformer tank earth is connected parallel to the arrester earth. Surge current pass through 

points A,B and C to the ground. In this system, lead length can be taken as zero. 

Case 2 

Due to some practical difficulties, HT cables are connected directly to the transformer HT 

bushing and then to the arrester. Earth connection is same as in case 1. Surge current passes 

through A, D, Band C to the earth. Lead length can be considered as the distance between 

B and 0 and average value is about 0.5m. 
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( ·ase 3 

I IT connection is same as in the case 1. But in this system, earth wire is connected only to 

the arrester bottom and transformer tank is not grounded. Surge current passes through A,B 

and C to the ground. But lead length can be considered as the distance between B and C. 

!'his value can be considered as 6m in this case. 
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Fig. 4.1- Common practices in substation construction 

ln this case, for 3 KA, 1.2/50 ~s surge current 

5_!_ = 3/1.2 = 2.5 kA/ liS 
c:~ r 

!hen the voltage across the lead length, 

cU L - = 0.4x 19.7x 2.5 = 19.7 kV 
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dt 
Impulse resistance for measured value of 20 ohms can be considered as 18 ohms at 3 kA 

surge. 

Therefore voltage across the earth rod is 

I.R = 3 X 18 =54 kV 

If we take the voltage across the arrester Yarr as 104 k V, 

Then the total voltage stress at the transformer HT Bushing is 

di 
J R + L - + V arr = 54 + 19.7 + 1 04 = 177.7 k V. 

dt 
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But, transformer BIL level is 200 kV. Therefore, even at a very low range of surge currents, 

distribution transformer is at a risk for insulation failure. 

f otal voltage stress at HT bushing was calculated for each case and the results are given in 

the Table 4.2. 

Surge Voltage Stress kV 
Surge kA 3 10 30 70 100 200 
Case 1 (kV) 104 110 118 129 139 170 
Case 2 (kV) 144.6 244.5 435.4 687.3 843.7 1198.3 
Case 3( kV) 177.7 337.4 714.2 1337.8 1773.0 3057.0 

Table 4.2- Voltage stress at transformer HT bushing 

This variation can be illustrated as in the Fig. 4.2 BIL level of transformer is also presented 

in this figure. 

3500 

3000 

2500 

2000 

1500 

1000 

500 

a 

T/F Surge Voltage Stress Vs Surge Current 

3 10 

--11- Case 1 

30 70 

Case 2 -case 3 

100 

BIL 

200 KA 

Fig. 4.2- Variation of transformer surge voltage stress with surge current 

These data reveals that transformer constructed as in case 1 (Zero lead length) is well 

protected under designed BIL. But in case 2 (lead length =0.5m), voltage stress exceeds BIL 

level of transformer at about 10 kA of surge current. Therefore, it is recommended to 

construct substation with zero lead length to minimize damage by transient overvoltages. 
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