
Chapter 5 

Sensitivity Study of Transient Overvoltages using PSCAD 

Models 

The PSCAD software is especially dedicated to transient simulations of power systems. The 

user-friendly graphical user interface (GUI), the numerous control tools, its fast execution 

speed and interactivity make PSCAD a convenient tool for the analysis of behaviour of 

transient overvoltages in distribution network. It is used in planning, design, developing 

new concepts, testing ideas, understanding what happened when equipment failed, 

commissioning, preparation of specification and research. The user can enter the parameters 

of the conductors (resistivity, radius, and bundle information) and geometrical layout of 

conductors on the tower (distances between conductors, sag) [7]. 

5.1 Model for Lightning Surge (Wave Form) 

Lightning, as a physical phenomenon, corresponds to an impulse current source that is a 

series discharge of a quantity of electricity over a short period of time. The actual wave 

form is quite variable and comprises a steep front to the maximum amplitude, followed by a 

long decreasing tail of several tens of microseconds. For the purpose of surge calculations, 

it is only the heavy current flow during the return stroke that is of importance. During this 

period it has been found that the wave form can be represented by a double exponential of 

the form [5] 

hest = I (e-at -e-~t) 

The values of I, a and P of the above equation may be determined for the impulse wave if 

the crest value and time to crest and time to half settle on the tail are known. The standard 

voltage wave form used in the high voltage testing has a 1.2/50 micro sec wave form to take 

into account the most severe conditions. Wave form of a simple lightning surge can be 

represent by [7] 

I= 1.02*11 * [ EXP(-13000 * t)- EXP(-4.4E6 * t)] 
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5.2 Models to Study Transient Overvoltages in Tower Line and 
Pole Line 

For simulation of atmospheric overvoltages it is necessary to create tower models, pole line 

models and their combination characterized by their electrical parameters. The tower and 

conductor geometry is required to calculate the line constants for transmission line models 

in PSCAD. From the Tlines pages in Master Library, configuration closet to the overhead 

distribution line can be selected. The distributed transmission line models operate on the 

principle of traveling waves. A voltage disturbance will travel along a conductor at its 

propagation velocity (near the speed of light) until it is reflected at the end of the line. 

There are three distributed transmission lines available in the Tlines pages of Master 

Library. These are in order of increasing precision as Bergeron model, Frequency 

Dependent (Mode) model and Frequency Dependent (Phase) model. Frequency dependant 

(Phase) model was selected in this research because it represents the full frequency 

dependence of all line parameters and it is useful for studies wherever the transient 

behaviour of the line is important. For each distribution line represented in the network 

diagram dimensions and data required [7]. 

The transmission line data required includes: 

Transmission line conductor diameter and resistance per unit length 

Total length of each transmission line 

Spacing between phase 

Shield wire diameter and resistance per unit length 

Height of each conductor and shield wire at the tower and sag to mid span 

Tower/ pole dimensions 

Ground conductivity 

The simplest representation is a lossless distributed parameter transmission line, 

characterized by surge impedance and a travel time. 

The surge impedance of a line can be calculated as follows. 

Z 
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Where r is the radius of conductor and d is the conductor spacing. 
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But 

1 

\/liDfO 
is velocity of light. 

Substituting the velocity oflight as 3xl 0/\8 m/s and simplifying gives 

Zo = 60 loge (d/r) 0 

The radius of Raccoon conductor r =0.00606m and conductor spacing d =l.lm 

Therefore surge impedance of distribution line can be calculated as 

Zo = 60*loge (1.1/.00606) 

= 312 n 

The \lne termination at each side of the above model needed to avoid reflections that could 

affect the simulated overvoltages around the point of impact is represented by a long 

enough section with its surge impedance. A lightning stroke is represented as an ideal 

current source whose parameters are determined by a model to represent lightning wave 

form as described in the chapter 5.1. 

Models used to study transient over voltages due to lightning surges in tower line (Model 

1 ), pole line (Model 2) are attached in Appendix B.l and Appendix B.2. 

5.3 Sensitivity Study to Analyze Surge and Line Parameters. 

Sensitivity studies can be very useful to analyze the influence of line and stroke parameters, 

and to determine what range of values might be concerned. Although the number of 

parameters involved in lightning calculations is high, only some of them can be simulated 

from the line geometry. The tower, pole and conductor geometry is required to calculate the 

line constants for all distribution line models. Availability of earth wire and its position can 

be edited with these models. Size of the conductors and their electrical properties, details of 

line sags and details of ground properties can be edited as required. When transients are 

being studied, the whole network usually does not need to be modeled. To minimize 

reflection effects if an overhead distribution line is modeled for fast fronts with a shorter 

length, they can be terminated by resisters representing the surge impedance. 
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Transient Overvoltage Variation with Peak Current Magnitude of Surge Current 

Lightning strike on a phase wire was simulated using model 1 and model 2 in Appendix B, 

surge voltage of the phase wire was measured for different peak value of lightning currents 

and shown in the Fig. 5.1. In this case striking distance was adjusted to 0.5 km. 
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Fig. 5.1- TOV variation with magnitude of peak current (Strike on phase wire) 

This figure shows that as magnitude of surge peak current increases, transient overvoltage 

exceeds up to mega volt range. Although there are differences in line parameters, same 

performances are shown in tower and pole lines. Since the designed value of BIL is 200 k V, 

if a direct strike happens on a phase wire, insulators may get damaged and cause earth 

faults. Due to the availability of shield wire, tower lines are well protected from direct 

lightning strokes, but pole lines are vulnerable for them. 

Strike on earth wire was simulated with same models and measured the voltage in phase 

wire. Results are shown in the Fig. 5.2. This figure also shows that, increase of surge peak 

current result in increase of transient overvoltage in phase wire, but these values are limited 

at designed BIL level. Hence it is revealed that the introduction of shield wire reduces the 

risk of flashovers because the grounded conductor reduces the voltage stress across the 

insulation through capacitive coupling. Adding the grounded wire below the phase 

conductors reduces the performance than the over overbuilt shield wire. A grounded 

overhead shield wire will reduce the voltage across the insulation by a factor which depends 
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on grounding and proximity of the grounded conductor to the phase conductor. Since the 

shield wire is grounded, it will suppress the voltages on the phase conductors through 

capacitive coupling. The closer the phase wire, the better the coupling, and smaller the 

induced voltages will be (although this may reduce the CFO). Note that adding a grounded 

wire below the phase conductors will have approximately the same effect as an overhead 

shield wire. This factor is typically between 06 and 0.9. The grounded circuit has fewer 

flashovers for given CFO because the grounded conductor reduces the voltage across the 

insulation [6]. 

TOV variation with Surge Current (Strike on EW) 
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Fig. 5.2- TOV variation with magnitude of peak current (Strike on earth wire) 

Transient Overvoltage Variation with Earth Rod Resistance and Soil Resistivity 

For properly designed lines, having well located shield wires, most lightning strikes to the 

line will terminate on the shield wire. The current surge will travel along the shield wire 

until it reaches a structure where it will be conducted down into the ground. The grounding 

of structures is never perfect and causes a voltage rise of the structure above ground voltage. 

At the same time, voltage is induced on the phase conductors through capacitive coupling. 

The model 2 (pole line) was checked for strike on earth wire by varying earth wire 

grounding resistance (impulse resistance) and obtained peak values of transient voltage 

waveforms on phase wires. Data are shown in the Fig. 5.3. 
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Induced Voltage Vs EW Grounding Resistance 
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Fig. 5.3- TOV variation with EW grounding resistance 

This graph clearly shows that voltage stress increases with high resistance values. Reduction 

of voltage stress by grounded wire depends on value of earth rod resistance and soil 

resistivity in the location. Measured values of soil resistivity (Appendix B.4) shows that 

high values such as 792 0-rn is available in high altitude areas. Variation of voltage stress 

with increase of soil resistivity is shown in the Fig 5.4. 
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Transient Overvoltage Variation with Striking Distance. 

In this study four different striking point distances were studied with surge current of 30 kA. 

Adjusting the length of feeder line in each model, we can simulate lightning surge at 

different striking distances. For each distance, corresponding overvoltage was measured and 

peak values of obtained waveforms are plotted in the Fig. 5.5. These results show that 

transient overvoltage is higher as the measuring point is closer to the striking point. 
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Fig. 5.5- TOV variation with striking distance 

5.4 Analysis of Performance of Surge Arresters 

Metal oxide surge arresters (MOVS) are used in distribution networks to reduce the system 

voltage stresses due to transient overvoltages. 

For IEEE arrestor model (Fig. 5.6), there is two sections of non linear resistance designated 

AO and AI each comprised of the surge arrester model used for switching surge transients 

[7]. 

If dis the height of the arrester (0.385 m) 

Then L1 = 15d = 15*.385= 5.777 flH 

R1 = 65d = 65*0.385= 25 n 
LO = 0.2d = 0.2*0.385= 0.077 flH 

C = 100/d = 1 00/0.385= 259 pF 
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Figure 5.6- IEEE surge arrester model 

CEB specification for surge arrester is as follows 

Rated Voltage- 36 kV 

Maximum continuous operating voltage (MCOV)- 29 kV 

MCOV is defined as the maximum power frequency voltage that an arrester is designed to 

withstand continuously. Our model is based on a surge arrester having 10 kA discharge 

voltage of 89 KV at 1.6 per unit (crest value). Then the arrester voltage rating was 

considered as 89/1.6, i.e. 55kV. 

Lightning arresters are used in 33 kV network to protect distribution transformers from 

lightning effect. The Model 3 in Appendix B.3 is used to simulate a distribution transformer 

protected by lightning arresters and DDLO fuses. In fast front studies transformers are 

represented by capacitance coupling. Parameters like arrester current, voltage and energy 

absorption were studied by injecting a lightning current to the distribution line at a distance 

of0.5 km. 

The magnitude of peak surge current increase and resultant arrester performance values are 

shown in the Fig. 5.7. This figure shows that, with the increase of surge current, the peak 

voltage, arrester current and energy absorption increases simultaneously. The amount of 

energy that an arrester can absorb reliably in a lightning flash without suffering irreversible 

damage or overheating is specified by the manufacturer. This value is generally specified in 

kJ per kV of MCOV. Approximate value is 2.2 kJ/kV. Hence energy absorption in 10 kA 

arrester is 63.8 kJ (2.2 x 29). High surge currents (over 10 kA) cause very high energy 

dissipation across the arrester causing arrester failure. 
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Effect of Lightning Current (Rg = 40ohms) 
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Fig. 5. 7-- Arrester performance with the magnitude of surge current 

All of the surge arresters are designed for the effective grounding. But it is found that earth 

resistance in substations in various places varies from about 12 0 to high values such as 

900 (Appendix B.4). Therefore, using this model surge current (10 kA) was simulated to 

check the arrester performance with different earth rod resistances and results are shown in 

the Fig. 5.8. 
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Fig. 5.8- Arrester performance with earth rod resistance 
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Voltage stress at the transformer HT side was measured with reference to the earth 

potential. This simulation shows that with the increase of earth rod resistance, current 

through the arrester decrease and simultaneously reduces the energy absorption. But voltage 

across the arrester keeps same level but increases voltage stress at transformer (reference to 

the earth potential). These data reveals that, for earth resistance of 12 ohms, voltage stress 

obtained at transformer is 194 kV. Therefore it is recommended to maintain low earth rod 

resistance (below 12 Q) to achieve expected protection for distribution transformer. 

5.5 Analysis of Nuisance Fuse Blows 
The amount of energy required to melt high voltage expulsion fuses is a constant for all 

current of short duration, such as lightning surges. 

Whether or not a fuse will be blown by a lightning surge can be determined by measuring 

the ampere-square second (r2t) of the surge current and comparing it with the r2t level 

required to melt the fuse [9]. 

With the use of product block (Ixl) and integral block (t) in the model 3, this r2t value can 

be calculated for different surge currents. 

For a surge current of 6 kA, obtained r2t value is 1136 A2s, But details given by the Cooper 

Power Systems [9] for 6K fuse has its ft value of 500 A2s. And 6T fuse has 1500 A2s. 

Therefore 6K fuse may blow with that surge current and 6 T fuse can withstand it. 

5.6 Surge Durability in Surge Arrester and DDLO Fuse Connection 

In the CEB distribution sub stations, DDLO Fuse link is fixed at the source side and arrester 

is fixed at the transformer side (load side). If the arrester is on source side, surge arrester 

failure could cause loss of a large part of the system. Traditionally, the concern for fuses 

being damaged by lightning has been addressed by connecting the arrester to the source side 

of the cutout. This way, the bulk of the surge current is bypassed before it reaches the 

cutout. These two arrangements in connecting arresters and DDLO fuses in distribution 

substation can be simulated by Model 3. Circuit in Model 3 represents the connection of 

arrester at load side. By shifting the position of breaker in between arrester and transformer 

the second arrangement can be simulated. Model of the DDLO fuse was developed by using 

a breaker and its time current characteristic. 
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These simulations show that, when the arrester is connected at source side, no fuse blowing 

happens. But when the connection of DDLO is at source side, fuse failures can be observed 

according to the rating and severity of the surge current. 

Table 5.1 gives data obtained from the simulation. 

Surge current kA Fuse 3A Fuse SA Fuse SA 

10 Fused No No 

50 Fused Fused Fused 

100 Fused Fused Fused 
~-

Table 5.1- Data obtained from simulation of fuse blowing 

Simulations were done for the following combinations and observed results are: 

-Connection with DDLO fuse only (Without surge arrester) 

If fuse is not blown, TOV at source side is 4659 kV 

If fuse is blown, TOV at source side is 10991 kV 

-Connection with DDLO fuse at source side and arrester at load side 

If fuse is not blown, TOV at source side is 263kV 

If fuse is blown, TOV at source side is 1 0390k V 

-Connection with arrester at source side and DDLO fuse at load side 

If fuse is not blown, TOV at source side is 263kV 

If fuse is blown, TOV at source side is 263kV 

Fig. 5.9 shows the wave forms obtained from simulations for transient overvoltages at 

source side and load side. These figures show that as the fuse is blown, surge stress 

increases at the source side. The results of above simulations prove that the best method of 

connection is to have the surge arrester at striking side and DDLO fuse fixed at load side. 
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Fig. 5.9- Waveforms obtained from simulation of fuse blowing 
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