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Abstract: This study deals with the simulation of lightning strokes and their effects on power network
in the southern region of Saudi Arabia. The network consists of main generating stations, substations
and the power transmission lines. The transient performance of the system has been investigated using
the EMTP (Electro Magnetic Transient Program). Some surges were introduced to the network as in
the form of lightning strokes. The power system responses to such surges were monitored and the
results were recorded for studies and more analysis. These results reflect the behavior of the network
under such sever conditions, in which the weak point of the system can be discovered. Then some
protection devices have been suggested to maintain the continuity of the supply and power delivery.
The paper also contains analytical study of the obtained results, which helps in suggesting certain
solutions to avoid excessive high over-voltages in the mentioned power network.
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INTRODUCTION

The cities and suburbs of the southern region of the
Kingdom of Saudi Arabia are located on the Sarawat
mountains chain (east of the Red Sea). The heights of
these mountains are up to 2000m and 3000m above the
sea level, which makes the area liable to yearly rainy
seasons, usually longer in duration than in the other
regions of the country. The power transmission lines of
the Saudi Electric Company (SEC) of the south region
are erected on top of these mountains. The rainy
intervals are accompanied by lightning strokes and
some times by thunderstorms which expose those lines
to frequent lightning strokes. The transmission network
there is of level 132 kV, which makes the over-voltages
produced in the system by the ingression of lightning
strokes higher in magnitude and more hazardous than
the internally produced over-voltages.

The aim of this study is to simulate and analyze the
over-voltage state of the system, when it is subject to
external surges. Then suggestions to improve the
performance of the network are made. The stations and
bus-bars which will experience the highest over-
voltages during lightning strokes have been considered
in more details.

LIGHTNING PHENOMENA AND SURGE
Lightning stroke to ground is composed of: the
leader which is the first visible process in the

development of a discharge to earth; it is a weakly-
luminous column propagating from cloud base to
ground, not continuously but in a series of steps
between which there is a pause of some 50 microsecond
or so. The step length is in the range of 10-200 m and
the mean velocity lies in the range of approximately
0.3% - 7% of the velocity of light. The mechanism of
producing the discharge can be found in many
literatures ' %/,

A lightning surge may take place on the system at any
point and at any time. A lightning surge of the form
shown in Fig. 1 can be represented as > *!:

v(t) =V (e‘””— e‘ﬁ’)

Where: o and B are constants; they determine the
wave shape. V determines the magnitude of the
lightning represented as a voltage surge.

The waveform of the surge voltages impressed on
the insulation of a system due to lightning stroke may
vary rather widely because of the reflection and
deflection phenomenon in the line and mode or position
of the stroke. The front and tail times do nonetheless
tend to fall within reasonably closely defined limits.

The equations that determine the reflection and
deflection phenomena in the transmission lines can be
summarized as: ©'

The characteristic (or surge)
transmission system Z is given by:

impedance of the
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Fig. 1:

Z,=+J(L/C)

Where L is the line inductance in H/m;
line capacitance in F/m.

The Velocity of Propagation is found to be:
u=+(1/LC)

The reflection and transfer coefficients can be given as:
Vie X +V e =(Z 1Z){Vie ™ -V e}
Where Kr is the reflection coefficients and can be
written as:

K, =(Z,-2,)/(Z,+Z,)

V™ is the voltage forward wave;

V' is the voltage backward wave;

and Z; is the termination impedance of the receiving
end.

The transfer coefficient in matrix form for three phase
or higher systems is:

[KT = 2% [Zm]* [Yl] at terminal i of line m.
Where: [Z,] is the surge impedance matrix of line m;
[Y;] is the sum of all surge admittance matrices of the
multi-phase circuits connected to node i;

And the reflection coefficient is:

and C is the

K, ], =l&.],- U]

Where [U] is the unity matrix.

THE TRANSIENT ANALYSIS OF THE
TRANSMISSION NETWORK

The Electromagnetic Transient Program (EMTP)
has been used for simulation and analysis purposes.
EMTP has become widely used in the utility industry
and other applications'®'”’. In this work its capability in
simulating lightning surges and transient over-voltages
calculations are being implemented.

The 132 kV transmission network of the southern
region of Saudi Arabia of year 1995, is shown in Fig. 2.
Lightning current surge of the form 3/50ps  with
amplitude of 4 kA is injected at once into all of the
three phases (one of the phases is at its peak system
voltage). The process is repeated into all of the bus-bars
of the system, one at a time except generator buses.
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Fig. 2: Lay out of power transmission network!"!

The maximum over-voltages all over the system
bus-bars are recorded as shown in Table 1.

Table 1: Maximum over-voltages on the system produced by the lightning stroke without any protection devices. (The column to the most left

indicates the buses under surge)

BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUSBUS BUS

01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19
BUS02 389 7.06 3.83 285 282 261 385 3.80 370 445 382 259 235 246 159 1.72 2.09 1.33 1.89
BUS0O3 242 381 7.14 498 491 3.18 4.05 3.83 428 432 421 284 387 386 212 262 3.152.15 243
BUSO4 192 282 497 510 502 325 286 3.71 338 3.17 320 289 331 356 211 271 3.14 2.18 2.32
BUSO5 266 279 489 502 712 273 275 405 334 268 270 262 329 3.04 191 245 2.74 1.87 2.09
BUSO6 1.80 258 3.17 325 273 278 264 327 270 273 275 250 281 298 157 1.89 2.03 143 1.75
BUSO7 244 384 406 287 277 265 713 694 661 636 602 241 268 261 1.72 197 2.12 143 1.56
BUSO8 239 376 381 371 404 326 692 7.17 683 654 643 3.05 3.09 3.62 210 230 3.151.75 2.00
BUS09 234 3.65 426 337 332 269 658 682 7.18 688 6.77 3.15 299 325 2.17 2.02 330 1.81 2.06
BUSIO 254 441 430 3.16 267 272 634 654 688 7.16 7.06 296 275 322 197 162 228 1.70 2.07
BUS11 235 378 419 3.19 269 274 6.00 643 6.77 7.07 7.13 247 276 295 157 198 2.07 143 1.74
BUS12 188 256 282 289 262 250 240 3.05 3.16 297 247 3.65 411 448 199 198 283 1.77 234
BUS13 1.67 232 386 331 329 281 266 3.09 3.00 276 276 4.11 472 509 2.16 223 323230 2.6l
BUSIS 130 156 210 211 191 157 171 211 219 198 157 199 216 230 451 446 7.60 3.79 5.82
BUSI6 143 168 260 270 244 188 195 230 202 163 198 197 222 248 446 10.73 188 4.13 5.78
BUS17 156 204 313 312 273 202 209 3.14 330 228 207 281 321 348 759 1885 19.8 642 10.39
BUSI9 144 188 244 234 212 178 157 203 209 211 1.77 236 264 302 585 581 104 5.09 648
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Table 2: Maximum over-voltages on the system, produced by lightning stroke when surge arresters are connected to every bus in the network
BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS
01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19
BUS02 1.94 1.83 1.67 1.63 1.66 1.62 1.67 1.65 1.62 162 160 155 148 180 122 123 136 1.15 1.28
BUS03 1.49 1.63 183 1.70 1.65 1.67 157 152 1.64 1.67 1.63 1.63 169 186 126 151 156 128 1.31
BUSO4 1.26 149 1.68 182 1.66 159 1.56 1.57 1.61 1.65 163 1.65 171 205 154 155 1.61 156 1.63
BUSO5 1.50 149 1.70 1.70 1.83 1.66 148 1.63 1.66 159 160 1.65 1.69 182 140 1.50 158 1.50 1.52
BUSO6 1.65 1.68 1.71 1.74 1.69 180 1.63 1.69 1.69 1.67 169 173 173 2.18 148 1.52 158 1.37 1.58
BUSO7 1.49 1.63 161 150 1.52 135 1.83 1.72 1.69 170 1.68 134 146 149 1.14 126 124 1.11 1.18
Uso8 139 158 139 156 1.58 149 1.72 183 1.72 170 1.68 1.58 155 1.61 131 132 153 123 1.23
BUS09 1.31 151 1.58 1.59 1.57 1.64 169 172 183 1.72 1.69 1.62 154 155 136 120 155 1.19 1.30
BUSIO0 1.36 158 1.65 1.63 1.52 147 169 170 1.72 183 1.72 156 161 1.62 125 121 140 1.18 1.24
BUSII 1.29 155 1.64 162 1.60 153 170 1.68 1.69 1.72 183 1.60 1.68 1.76 130 131 138 125 1.28
BUSI2 1.51 1.62 1.66 1.68 1.63 1.72 146 1.67 1.66 1.67 163 1.82 177 274 154 155 1.62 1.66 1.64
BUS13 1.32 155 1.68 1.69 1.66 171 146 1.62 1.63 1.63 164 178 182 328 141 159 1.64 1.72 1.69
BUS15 1.23 136 155 145 156 145 137 149 1.60 159 136 149 1.64 181 1.84 1.68 1.71 243 1.76
BUS16 1.08 1.10 1.27 135 1.31 125 1.12 1.20 1.35 125 1.17 134 156 159 1.66 1.85 1.69 1.73 1.66
BUS17 1.01 1.09 151 150 135 135 1.05 1.16 145 144 128 135 146 138 1.64 1.65 184 1.66 1.64
BUS19 1.17 136 152 1.60 149 136 1.22 135 143 142 123 145 164 1.65 1.78 1.64 1.68 256 1.82
Table 3: Maximum over-voltages on the system, produced by lightning stroke when surge arresters are connected to bus 2, 3, 5, 7, 9, 11, 15,
16, 17, and 19 only
BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS BUS
01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19
BUSO2 14 18 167 180 170 170 167 202 164 18 163 159 15 18 123 125 139 LI5 130
BUSO03 148 163 18 221 167 18 162 165 165 230 163 18 216 230 132 150 153 133 147
BUS0O4 180 170 179 510 179 263 168 250 169 228 171 238 28 300 154 161 161 154 162
BUSO05 153 153 170 223 183 18 153 197 18 179 162 19 216 227 142 157 157 151 149
BUSO6 180 171 173 320 172 278 168 267 169 238 172 250 278 2% 154 152 161 140 159
BUSO7 149 163 161 155 152 142 18 280 172 258 172 134 166 167 120 135 136 114 123
BUSO8 149 163 162 18 164 168 18 717 18 279 172 18 18 184 133 129 158 118 133
BUS09 137 157 162 200 15 175 171 278 18 280 172 179 172 168 148 134 160 127 139
BUS10 148 163 167 18 161 171 173 278 18 716 18 173 197 194 134 131 152 12 140
BUSII 133 156 165 18 16l 155 169 252 172 28 18 175 197 195 129 136 137 12 130
BUS12 167 160 171 272 171 250 163 252 171 25 170 365 411 448 160 160 165 161 167
BUS13 167 168 175 301 175 279 16 249 160 241 172 411 472 50 172 166 167 197 167
BUS15 123 137 14 146 15 146 139 14 160 175 136 152 180 18 184 168 171 243 176
BUSI16 108 110 128 134 131 125 112 120 135 126 L17 134 161 162 166 18 169 173 166
BUS17 101 109 151 152 135 135 105 116 146 145 129 135 147 139 164 165 18 16 164
BUS19 1.18 137 152 172 149 136 12 136 148 142 123 152 18 18 178 164 168 25 18

The same above simulation is repeated once more
with surge arresters (zinc-oxide gapless and 238kV
threshold voltage). The results are recorded in Table 2.
For a reduced cost scheme, a third simulation test has
been made with surge arresters present on some bus-
bars; those who experienced the highest over-voltages
in Table 1; (they are 2, 3, 5,7, 9, 11, 15, 16, 17, and
19). The over-voltage results of this condition are
posted in Table 3.

The results obtained show that the system is not
secure against direct high current lightning strokes.
Some of the buses show extremely high over-
voltages during the simulation, as in bus 16,
bus 17 and bus 19. That is obvious since all
protection means are ignored, and those
terminals are remote and floating. This outcome is also
an indicator, pointing to those weak buses in the
system.
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Fig. 10: Maximum over-voltages on the generator bus
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Figures 3—7 show the results as bar-chart of some
selected buses. These Figures are drawn to compare
between the over-voltages with and without the
protective surge arresters.

Figures 8-10, show a comparison between the

maximum over-voltages on the generator buses.
The use of surge arrestors all over the network has
reduced the produced over-voltages to an acceptable
levels (less than 2 pu) sustaining for a duration of time
less than or equals 3ps.

However, the use of surge arrestors at some
selected buses in the network (those which experienced
the highest over-voltage level) has improved the
network protection against direct lightning strokes,
even though, some buses still have slightly high over-
voltages.

CONCLUSION

The network of the southern region of the
Kingdom of Saudi Arabia has been studied for the
problem of over-voltages occur during lightning
strokes. When a lightning stroke hits one of the three
phases of the transmission system at its system peak
voltage, it will experience the highest over-voltage with
respect to the other phases. Radial branches suffer
higher over-voltages than the loop circuits. Bus-bars
with higher number of branch circuits will experience
lower over-voltages.

The simulation that has been carried out using the
EMTP software determined the network over-voltages
at different buses with and without protective surge
arresters. The process has been repeated for different
lightning stroke locations. It is found that for secure and
reliable power system, surge arresters should be
installed on the transmission networks at the nodes that
are more susceptible to lightning strokes.

Also, the results show that the remote buses on the
power transmission systems are vulnerable to high
over-voltages produced by sudden surges. The other
bus-bars, whom are tightly linked to other circuits in the
network, are having a lower over-voltages. This
indicates that the remote bus-bars must be -either
connected to some other nodes in the system, in order
to close their loop circuits, or at least they should be
equipped with satisfactory protection devices against
any sudden surges.
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