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Abstract

Lightning protection system in substation may employ mast, shield wire or both. Calculation of lightning
protection zone (LPZ ) is based on striking distance to ground, object and mast or shield wires. LPZ generated by mast
looks like a tent and is different from that of shield wire. Equipment in substation is safe if it is covered by LPZ.
Calculation of the LPZ is complicated especially when there are more masts or parallel/convergence shield wires
making it more difficult to picture LPZ. This paper proposes Zone Apportionment Algorithm (ZAA) to apportion the
LPZ into two zones corresponding to mast and shield wire, and further sub-apportion in two zones corresponding to
non-overlapped and overlapped zones. The maximum height of protected equipment at each point in substation is then
calculated. Integrating all points, results in a visual roof representing the LPZ. Equipment with its size and height is
then laid in substation. If there is an emerging part above the visual roof, it displays the part that may encounter
lightning strikes. ZAA is tested on five cases: one shield wire, two to three parallel shield wires and two to three
convergence shield wires. Numerical results show that ZAA can produce visual LPZ correctly in all cases and illustrate
verification of protection.
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1. Introduction by Petcharaks (2013). Verification whether an
Lightning protection system (LPS) is object in substation using 1-4 mast(s) is protected
designed to protect equipment in substation against or not, was proposed by Petcharaks (2012a).
lightning strikes. The LPS may employ mast, Determination whether equipment is protected
shield wire or both. Mast generates a lightning against lightning strikes, can be carried out by
protection zone like a cone shaped tent, whereas identifying the critical points and calculating the
shield wire generates a triangular shaped tent. corresponding critical height. If the equipment
Equipment in substation is safe if it is lower than height is higher than the critical height, it will
the virtual tent roof. Calculation protection zone protrude above the LPZ roof and be the risk part.
from mast is complicated. It is more difficult LPS is designed based on the lightning
when more masts are used. Thus, Zone distances to ground, mast and object (Hileman,

Apportionment Algorithms (ZAA) was proposed 1999).  The background and experience of

153


mailto:nit.pes@dpu.ac.th

PETCHARAKS
RJAS Vol. 4 No. 2, pp. 153-161

parameters of lightning current was presented
(Heidler, Zischank, Flisowski, Bouquegneau, &
Mazzetti, 2008). An algorithm to design lightning
protection generated by masts was proposed to
minimize total length of masts (Le Viet &
Petcharaks, 2010). Lightning protection can be
also designed by rolling sphere method (Crispino,
2007) which requires many more parameters such
as surge impedance, basic insulation level (BIL),
etc.

This paper intends to calculate the LPZ
generated by shield wires. However, shield wire
uses masts as their poles. Thus, protection zones
generated by shield wires and masts must be
combined. This results in a sophisticated
calculation. This paper proposes ZAA to create a
three dimension visual roof generated by shield
wire(s) and masts. Equipment is then laid in
substation under the virtual roof. If any part
emerges above the tent, it will risk being subjected
to lightning strike. The correction of the generated
LPZ is carried out by comparing the height of
protruding part above the roof with the
corresponding critical height.

2. Objectives

The objectives of this paper are to create a
visual LPZ generated by shield wire(s) in a
substation and to verify whether equipment in
substation is protected or not. This paper employs
ZAA with LPS using any number of shield wires
both in parallel and convergence. Lightning
magnitude is 10 kA. Young’s equation is used. It
is assumed that there is no shield wire sag.

3. Problem formulation

Lightning may strike to ground, mast or
object depending on the height of mast, object,
magnitude of lightning current, and object
location. Electrogeometric  striking distance
models are proposed by many researchers.
Young’s equations are widely used (Le Viet &
Petcharaks, 2010; Petcharaks, 2012a, 2012b;
Petcharaks, 2013). The lightning striking distance
to ground (ry ), to object (r;), to masts (rg) are
determined by equations (1)-(3), respectively
(Hileman, 1999). The parameter ( y.) is obtained
from (4) depending on the height of an object;
whereas, the parameter (y5) is obtained from (5)
depending on the height of masts and shield wires.
These distances are shown in Figure 1.

154

rg = 271032 (1)
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= for h>18, otherwise y. =1 (6

Vs 462 —h Vs (5)

Lightning protection zone (LPZ) looks
like a tent shape. The height of any part of an
object within substation must not be higher than
Ymax IN Figure 1. The value of y., at each location
is different depending on the distance from mast or
shield wires. The protection zones are divided into
two zones, zone A and zone B corresponding to
mast and shield wire, respectively.
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Figure 1 Lightning striking distance to ground, object
and mast

3.1 Protection zone generated by mast (s)
3.1.1 One mast

The protection zone radius (a,) is
determined from triangle KMN in Figure 1 and
calculated in (6). An object with height, Y. iS
located at distance, a from mast. The distance,
Ry is determined from right triangle PQR in
Figure 1 and calculated in (7) and (8). The value
of Ymax IS calculated in (9).

8g = "52 —(ry ~h)?
(6) Rpo = x& rc2 _(rg - ymax)2

()

Rpo =3, -a (8)
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Ymax =Tg —\/rc2 —(ap _a)2 ©))

3.1.2 Two masts
LPZ generated by two masts is shown in

Figure 2 (Petcharaks, 2012a), when masts are so Wwire /

close that the protection radius, a,, from each —/

Vmax = T — ‘\-'ITE: — (ap — a)? (12)

Mast

mast, intersects each other. The protection zoneis |
subdivided into two zones, zone Al and A2. Zone

Al is protected by one mast, whereas zone A2 is rg I\ e/
an overlapped zone protected by two masts. ' % w

Calculation LPZ in zone A2 is more complicated. .
Distance d in Figure 2 is calculated from (10), Rpo
whereas distance R, in zone A2 is the distance &

from the intersection point between two circles to ~ Figure 3 LPZ generated by two remote shield wires
object location as shown in Figure 2. More

complicated geometry is used to find Ry,. The i
value of yno is calculated in (11). H re
rs g = Ymax
— = |Te- h
| J P Q
a, Rpo

— |2 — Drast
d J% (10)
5 5
Ymax =15 — ﬂl'-'“c —Rzs (11) Figure 4 Geometry right triangles from Figure 3
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Figure 2 LPZ generated by two masts Rc
Dmast

3.2 Protection zone generated by shield wires

3.2.1 Two parallel shield wires Figure 5 LPZ generated by two adjacent shield wires
LPZ generated by two shield wires in case

of remote distance is shown in Figure 3. An object B B

is protected provided that it is covered by the

virtual protection roof.  Using Pythagoras in % e -RE e Jr2—R?

. . . . . S

triangle HIJ and HPQ in Figure 4, relationships A Re C

among parameters are obtained and identical to E FI

equation (6)-(8). The value of yy, is calculated in

(12). LPZ between two wires in this case, is

identical to the outside area because the distance

between masts is so far that LPZ from each wire

does not overlap.

h - Ymax
Rpc

Figure 6 Geometry right triangles from Figure 5
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In case of close wires, the striking
distance to each mast intersects each other at point
B in Figure 5. Shield wires are so close that their
protection zones overlap. LPZ roof between masts
are lifted up. The minimum height of an object
protected in this zone (yy) is at the midpoint. The
LPZ is subdivided into two zones, zone B1 and
zone B2. Zone B1 is lightning protection zones
outside wires on the left and right, and identical to
that of one shield wire. Zone B2 is zone between
wires. Using Pythagoras in triangle ABC in Figure
6, the height BC is obtained, /%> — RZ , where Rc
is half of distance between wires.  Using
Pythagoras in triangle BEF, relationship among
parameters is obtained from (13). Distance Ry, is
calculated from (14). The value of yma IS
calculated from (15), where a@. is the shortest
distance between object and shield wire.
Ripc=17—[(h—3) + ﬂlf; —R:IF (13
Rpe = ap —ag (14)

T
..,Jl TE - R;f (15)

[

Vmax = h"‘-,JITE_RE_
3.2.2 Two convergent shield wires

Shield wires need not be placed in
parallel. They can be placed like a triangle as
shown in Figure 7. LPZ between two masts is
identical to two shield parallel wires. Then, LPZ
area is reduced whereas the virtual roof is higher
when the two wires get closer. The meeting point
is the highest virtual roof.

Mast /||
wire /|

Dmast

Figure 7 Two convergence shield wires

4. Methodology

First, ZAA is employed to define LPZ,
Al, A2, B1, B2. Then, yuax at each point in each
zone is calculated and drawn in a visual shape.
4.1 Two parallel shield wires

Two parallel shield wires generate the
LPZ depending on the distance between the wires
shown in Figure 8-10. When parallel shield wires
are very close, the roof of LPZ zone B2 is quite
high as shown in Figure 9. When parallel shield
wires are located farther, the roof of LPZ in zone
B2 is lower as shown in Figure 10. In case of far
parallel shield wires, there is only LPZ zone Bl
because LPZ between wires is not influenced by
the overlapped LPZ.

B1 B2

L e"Amessccccccccccccccenac

.............

Figure 8 LPZ generated by two adjacent parallel shield
wires

Figure 9 Virtual LPZ generated by two adjacent
parallel shiel wires

Figure 10 Virtual LPZ generated by two remote parallel
shield wires
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4.2 Three parallel shield wires

For a large substation, more shield wires
are used. LPZ generated by the three shield wires,
compose of four subzones: Al, A2, Bl and B2,
shown in Figure 11. The corresponding visual
LPZ is shown in Figure 12 in the case of close
shield wires. If the distance between the shield
wires is so far that there is no overlapping zone.
The LPZ for each shield wire will look like the
LPZ generated from one shield wire.

e N

SOA AT eTAT T,
! A2 A2 i
iB1{ B2 B2 Bt
-. A2 A2 ;
NOAT Al Al

................

Figure 11 LPZ generated by three parallel shield wires
in case of close shield wires

Figure 12 Virtual LPZ generated by three parallel close
shield wires

4.3 Two convergence shield wires

Two convergence shield wires generate
LPZ zones as shown in Figure 13. The visual LPZ
is shown in Figure 14 in the case of closed shield
wires. The LPZ area is reduced as the shield wires
move from the starting masts to the ending mast.
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Figure 13 LPZ generated by two convergence shield
wires

Figure 14 Virtual LPZ generated by two convergence
shield wires

4.4 Three convergence shield wires

The three convergence shield wires
generate LPZ zones shown in Figure 15. The
visual LPZ is shown in Figure 16 in case of close
shield wires at the beginning. LPZ area is reduced
along the way to the end mast.

Figure 15 LPZ generated by three convergence shield
wires

Figure 16 Virtual LPZ generated by three convergence
shield wires

5. Numerical results

ZAA is tested on 5 cases, one shield wire,
two and three parallel shield wires, two and three
convergence shield wires.  These cases are
modified from (Petcharaks, 2012a). Mast height is
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20.3 m. Lightning current is 10 KA. Thus, striking
distance to ground (rg) is 56.4 m. Since mast
height is higher than 20 m, the parameters ¥, is
calculated from (5), whereas . is calculated from
(4) depending on the object height. The obtained
value of y¢ is 1.0052. Striking distance to mast
(rs) is 56.69 m obtained from (3). In each case,
LPZ is generated, the critical height at the critical
points is calculated (Petcharaks, 2012a) and
compared with the protruding part in each LPZ.
Thus, it is verified the correction of the generated
LPZ.

Case A: One shield wire with two masts is used in
a substation 80 m wide and 120 m long. Masts are
located inside substation 10 m from the left and
right fence, and 40 m from the top and bottom
fence. Equipment with size 20 m x 20 m and 15 m
high, is located under the shield wire as shown in
Figure 17. Striking distance to object, (r.) is 56.4
m obtained from (2) since object height is lower
than 18 m, ». =1. The part of equipment emerges

above the visual roof of LPZ shown in Figure 18.
Thus, LPZ cannot protect the whole equipment.
The critical height of equipment at the critical
points must be less than 11.18 m (Petcharaks,
2012a). To improve LPZ, more or higher shield
wire is needed.

¢ critical point

40 m

Je A
Mast T T Shield Wire Mast
Equipment o

?lzmn
B

>

10m 20m

120 m

80 m

Figure 17 Case A, one shield wire
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Figure 18 Case A, one shield wire, the equipment
height is 15 m, the critical height is 11.8 m.

Case B: Two parallel shield wires with four masts
are used in a substation 170 m wide and 200 m
long. Masts are located along with the length of
substation, inside substation 10 m from the left and
right fence, and 40 m from the top and bottom
fence. Equipment with size 50 m x 20 m and 14 m
high, is located between shield wires as shown in

Figure 19 )
40m || Mast Shield Wire Mast
- 20 m )
Wm 10m
50 m
50m |3
S 7 120m
Mast 20m Shield Wire Mast
—
40 m I o 10m
Y
200 m

Figure 19 Case B, two parallel shield wires

Figure 20 Case B, LPZ generated by two parallel
distant shield wires, the equipment height is 14 m, the
critical height is zero.

The corresponding visual LPZ is shown
in Figure 20. LPZ does not cover whole
equipment since distance between shield wires is
so far that the LPZ roof in zone A2 and zone B2
touches earth. It means that there is no protection
in this area. If shield wires are located close to
each other, 50 m instead of 90 m, LPZ roof is
higher and the area between wires is an overlapped
zone, defined as B2. This results in a much higher
roof and the whole equipment is covered and
protected. Thus, no part of the equipment is above
the LPZ roof. The critical point is at the center of

170 m
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the object. The height of protected equipment at
the critical point must be less than 14.78 m
(Petcharaks, 2012a). The visual LPZ looks like
Figure 9. If the equipment is higher than the
critical height i.e. 16.5 m, the protruding part
appears above LPZ roof as shown in Figure 21.

Figure 21 Case B, LPZ generated by two parallel
adjacent shield wires, the equipment height is 16.5 m,
the critical height is 14.78 m.

Case C: Three parallel shield wires with six masts
are used in a substation 180 m wide and 200 m
long. Shield wires are located along with the
length of substation, whereas masts are located
inside substation 10 m from the left and right
fence, and 40 m from the top and bottom fence.
Distance between masts is 50 m. Equipment with
size 120 m x 20 m and 17 m high, is located under
shield wires as shown in Figure 22. Protruding
part of equipment is shown in Figure 23. Thus,
equipment is not safe. In this case, there are six
critical points. The critical height at C, is 14.78 m
whereas that of C; is 11.18 m (Petcharaks, 2012a).
Thus, equipment must not be higher than 11.18 m.

40m I Mast ’f T1om Shield Wire  Mast
10 m =
ke 3
10m
om
P Y critical point 50 m
Cz
Mast Shield Wire Mast | y
<—>' :ﬁ
10 m ‘CIEJ 100 m 10m
.S—i‘f 50 m
>
&
Mast
- Shield Wire Mast ) |
40 m M' 10m ;
10 m —— (4 10m
20m
200 m

Figure 22 Case C, three parallel shield wires

180 m
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Case D: Two convergence shield wires with three
masts are used in a substation 130 m wide and 180
m long. Masts are located inside substation as
shown in Figure 24. Distance between masts is 50
m. Equipment with size 70 m x 20 m and 10 m
high, is located between shield wires as shown in
Figure 24. There is a risk part of equipment
emerging above the visual roof as shown in Figure
25. The critical height at the critical points is 8.04
m (Petcharaks, 2012a). Thus, equipment in this
case must not be higher than 8.04 m.

Figure 23 Case C, LPZ generated by three parallel
shield wires, the equipment height is 17 m, the critical
height is 11.18 m.

40 m I Y critical point

\ Shield Wire

Mast
50 m

1=
(<5}
1S
[=%
5
o
]
|_— Shield Wire

40 m —

-
al
3

160 m
Figure 24 Case D, two convergence shield wires

Figure 25 Case D, LPZ generated by two convergence

shield wires, the equipment height is 10 m, the critical

height is 8.04 m.

130 m
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Case E: Three convergence shield wires with four
masts are used in a substation 180 m wide and 200
m long. Masts are located inside substation as
shown in Figure 26. Distance between masts is 50
m. The length of the center mast is 160 m.
Equipment with size 80 m x 50 m and 13 m high,
is located under the shield wires as shown in
Figure 26.

The exposed part of equipment emerges
above the visual roof as shown in Figure 27. The

critical height is 12.14 m (Petcharaks, 2012a).
Equipment in this case must be moved forward to
the left by 10 m so that the whole part will be
covered. The new critical height will be 14.8 m
(Petcharaks, 2012a). However, if the height of
equipment in the new location is higher than 14.80
m i.e. 16 m, it will emerge above the LPZ roof as
shown in Figure 28.

A
40 m l
Mast Y\ critical point
10m .
10
50 m 10 m m — [
50 m Shield Wire
Mast
Mast 80 m i i
A Shield Wire 180 m
1= ) )
10m 10m o Shield Wire
2
p=}
50m = |
Mast e
v e—l10m
40 m I 10m 10m
A,
160 m

Figure 26 Case E: Three convergence shield wires

Figure 27 Case E: Three convergence shield wires, in
case that the equipment height is 13 m, the critical
height is 12.14 m.

6. Discussion

Lightning with a current magnitude of 10
KA is used in the paper. If the magnitude is higher,
the striking distance will be longer. This will result
in a higher visual roof which could be used to
protect higher equipment. Thus, only magnitude 10
KA is applied. Equipment must not be higher than
the LPZ roof. In addition, there should be some
margin between shield wires and equipment. In
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the long term, wire sag or landslide may cause a
lower virtual roof. This may result in an
unprotected part of the equipment.

Figure 28 Case E: Three convergence shield wires, in
case that equipment is moved forward by 10 m and the
equipment height is 16 m, the critical height is 14.80 m.

7. Conclusion

ZAA can be employed to build a visual
roof representing LPZ in all cases properly and
correctly.  Verification of unprotected part in
substation is shown obviously. This could help
engineers to understand the complicated LPZ
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thoroughly and to locate equipment appropriately
in case of replacing old ones.
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