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Lightning  is the  major  cause  of  interruptions  in  power  transmission  lines.  Ultra-high  voltage  (UHV)  AC
transmission  line  has  been  put  into  operation  in China.  Due  to the large  tower  height  up to  90  m  and
the  high  operation  voltage  up  to 1000  kV,  the  shielding  failure  probability  increase  obviously.  Nowadays
the  leader  progression  model  is an advanced  method  to evaluate  the shielding  failure  probability  of
HV
ransmission lines
eader progression model
harge simulation method

transmission  lines.  The  surface  electric  field  is  the  key  issue  for  lightning  failure  analyzing,  because  the
upward  leader  inception  mainly  depends  on the surface  electric  field. In  this  paper,  the  lightning  leader
model  is  introduced.  A charge  simulation  method  based  piecewise  linear  function  is adopted  to  analyze
the  surface  electric  field  on phase  conductors  and  ground  wires.  The  influence  factors,  such  as  operation
voltage,  lightning  peak  current,  lightning  down  leader  position,  protection  angle, on  surface  electric  field
were analyzed.
. Introduction

The shielding failure is the major cause of interruptions in power
ransmission systems. The rational design to improve the shield-
ng effect of transmission line against lightning is one of the key
roblems of transmission line design. Now 1000-kV ac ultra-high
oltage transmission line has been put into operation in China.
he transmission tower reaches about 70–90 m high, and 30–60 m
ide, thus, the lightning attraction area of 1000-kV transmission

ine is much wider. Meanwhile, with the increment of opera-
ion voltage of the long-distance transmission lines, proportion of
hielding failure rises [1].  Due to the high insulation level of the
000-kV transmission line, the threaten of direct lightning stroke

s very small, but the probability of shielding failure increases obvi-
usly due to very high towers.

According to the statistical results of power system failure clas-
ification, above 50% of power system failures were caused by

ightning in Japan [1]; about 40–70% of the total tripping numbers
f transmission lines in high voltage power system were caused
y lightning in China [2].  According to the operation experiences

∗ Corresponding author. Tel.: +86 13611013023/10 62795423;
ax:  +86 10 62795423.

E-mail address: yzq@tsinghua.edu.cn (Z. Yu).
1 Fellow, IEEE.

378-7796/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.epsr.2012.05.015
© 2012 Elsevier B.V. All rights reserved.

of 1150-kV ac transmission lines in Russia, the lightning trip-out
rate was  84.4%, its length is 493.2 km.  The first double circuit UHV
transmission line which has a length of approximate 490 km was
completed in Japan in 1999, and it has being operated in 500 kV [3].
Field observation of the characteristics of direct lightning strokes
to the double circuit UHV transmission line was carried out by The
TEPCO during 1998–2004 [4].

The Electro-geometry Method (EGM) [5–7] treats the light-
ning strike process as a geometry drawing, the effect of conductor
dimension cannot be considered, so for 1000-kV transmission line
with the tower height taller than 70 m, this effect would have
strong influence on the upward leaders from tower, shield wires
and phase conductors, certainly on the downward lightning leader,
too.

With the progress of the long air gap discharge research, leader
progress model (LPM) has become the new approach to analyze
the shielding failure of transmission line. Many researchers had
studied LPM [8–11] and proposed different models. LPM considers
the variation of space electric field and its effect on the lightning
developing progress during the lightning striking the conductor. It
is much more approaching to the physics of lightning, is able to
overcome the difficulty of EGM.
The LPM proposed a description of the whole developing process
of descending leader to upward leader. An assessment model is pro-
posed here in the conception of LPM, based on the lightning survey
data and the physics of leader discharge. The LPM is an advanced

dx.doi.org/10.1016/j.epsr.2012.05.015
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
mailto:yzq@tsinghua.edu.cn
dx.doi.org/10.1016/j.epsr.2012.05.015
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Fig. 1. Lightning leader progress model.

ethod for evaluating shielding failure probability of transmission
ines nowadays.

It is a key issue to calculate the surface electric field on phase
onductors and ground wires, because the upward leader inception
ainly depends on the surface electric field. The charge simulation
ethod has developed rapidly in the recent years and has emerged

s a very efficient and accurate method for electric field calculations
12,13]. In this paper, a charge simulation method based piecewise
inear function is applied. The surface electric field on different
hase conductors and ground wires is analyzed. The influence of
ritical radius of a conductor on the surface electric field is tak-
ng into account. The influence factors, such as operation voltage,
ightning peak current, lightning down leader position, protection
ngle, on surface electric field were analyzed.

. Method for surface electric field calculation under
ightning stroke

.1. Method for surface electric field calculation

In the lightning LPM, the downward and upward leader, trans-
ission line and ground are considered as charged structure. The

lectric fields of these objects are calculated simultaneously. When
he surface electric field on an object exceeds the critical value,
hen an upward leader generates from this object. When the aver-
ge electric field between the downward leader and upward leader
ips exceeds the critical breakdown one, then the downward leader
merges with the upward leader, and lightning strikes this object
5–7]. Fig. 1 shows the lightning leader progress models.

The cloud is represented by a mono-polar surface charge model,
he amount of charge is 8 C, and the diameter of the surface is 10 km
8]. For the relationship between lightning peak current I (kA) and
otal charge Qc (C) in leader channel, different researchers gave dif-
erent formulas [8,11,14,15]. Formula in [11] is significant different
rom others when lightning peak current is large, the others have

 good agreement. In this paper, the formula in [8] is used.

c = 76 × 10−3 · I0.68 (1)

Several distributions, such as uniform distribution, linear distri-
ution, and exponential distribution are considered for total charge

n lightning channel [3,8,11]. Observations show that the charge
ensity in lightning channel head is quit larger than in other parts.
herefore, one reasonable model is that charge in the lightning

hannel is considered as uniform distribution, and concentrate
harge is used to simulate the head of the lightning channel, the
elationship between the concentrate charge and the charge den-
ity can be establish by Gauss’ law. In this paper, the lightning
Fig. 2. Image of charge above the ground.

channel head is considered as a semi-sphere with radius rs, and
the channel is a cylinder with the same radius. Then the concen-
trate charge in the head and charge density in the channel can be
represented as:

qc = Qc

l
(2)

Qh = 2�ε0r2
s Es (3)

where qc is the charge density in the lightning channel, C/m. l is
the lightning channel length, usually is taken as 2 km.  Qh is the
concentrate charge in the head, C. Es is minimum field strength
to keep lightning developing itself in the channel and head. For
positive leader, it is 5 kV/cm, for negative leader, it is 10 kV/cm [14].
The radius of the semi-sphere tip of the downward leader rs (cm)
is calculated by [5]

rs = 3.0 log(I + 20) (4)

The electric field is treated as electrostatic field or quasi-
electrostatic field, when analyzing the lightning strike the objects
on the ground. Lightning leader can be simulated by charge source.
Therefore, it is easy to get the relationship between the lightning
current and total charge in the lightning channel, and is effective on
electric field calculation. In this paper, shielding failure of UHVDC
is the main key topic, so charge simulation model is applied.

In the charge simulation method, the simulation charges are
placed in the central axis of conductors [15,16]. In order to maintain
the surface voltage potential of the conductor, charges are induced
on the conductor. Every sub-conductor is represented by a linear
charge. The ideal ground is represented by image charge under-
ground. As shown in Fig. 2, the image of a point charge −Q located
at (x,y,z) is a point charge Q at (x,y,−z).

For bundle conductors and fixed gap length,

AQ + A1Q1 = � (5)

where Q is simulation charge column matrix of sub conductors
and images, Q1 is simulation charge of lightning leaders and their
images. A and A1 is the corresponding voltage potential coefficient
matrix, where is only determined by the positions on sub conduc-
tors, lightning leaders and their images. Ф is the voltage potential
column matrix on the check points. Then, the simulation charges
of the bundle conductors and their mirrors can be calculated as (6).
The surface electric field also can be calculated by (7).

Q = A−1(� − A1Q1) (6)

E = FQ (7)

where F is the electric field coefficient matrix which is determined

by the positions of conductors and leaders. E is the surface electric
field vector.

Considering a finite horizontal straight conductor, assume the
line charge density as a piece linear function. Set the central axis



Z. Yu et al. / Electric Power Systems Research 94 (2013) 79– 85 81

o
d
(
t
c
a
t

q

w
t
e

�

w
e
a
c

2

w
U
t
c
c
c
t
c
c

E

w
c
e

d
c
t
e
t
c

T
T

144001440 0

1910 0

5700 0

15400

#1 #2

#3 #4 #5

z

the height of tower, the operation voltage of transmission lines, the
protection angle and some other factors.

In the following calculation, the surface electric field of the
ground wires and conductors shown in Fig. 4 under negative
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Fig. 3. Line charge density as piecewise linear function.

f the conductor as x axis, and set the vertical direction of the con-
uctor as z axis. Divide a conductor into N segments, source points
dots in Fig. 3.) are located at the endpoints of each segment, qj is
he simulate charge density at source points Sj. Check point Cj (cir-
les in Fig. 3) are located on the surface of the conductor directly
bove source point. The charge density at S, q(S), is calculated by
he following formula:

(S) = qj

∣∣−−−→
SSj+1

∣∣∣∣−−−→
SjSj+1

∣∣ + qj+1

∣∣−→SSj

∣∣∣∣−−−→
Sj+1Sj

∣∣ , S ∈ −−−→
SjSj+1, j = 1, 2, . . . , N (8)

here
−−−→
SSj+1 represents the vector between point S and Sj+1. Thus,

he potential of check points, �Ci
, can be derived from the following

xpression:

Ci
=

N∑
j=1

∫ Sj+1

Sj

⎛
⎝ q(S)∣∣−→SCi

∣∣ − q̃(S)∣∣∣−→S̃Ci

∣∣∣

⎞
⎠dl, i = 1, 2, . . . , N (9)

here q̃(S) is the image of q(S), and dl is the length infinitesimal
lement. The potential of check points is determined by the oper-
tion voltage. Solve the linear equation (9),  we can get the linear
harge density.

The radius of the conductor is r0.

.2. Upward leader inception criterion for bundle conductors

According to long air gap discharge theory, the electrodes’ size
ill influence the breakdown voltage, and the critical size exists.
nder the critical size, the upward leader inception voltage is equal

o the corona inception voltage [17,18]. Therefore, under the same
ondition, the upward leader inception electric field is equal to
orona inception electric field. The conductor surface electric field
riterion is that when the conductor surface electric field is larger
han the corona inception electric field, the upward leader will
ome out. The corona inception electric field Ec (kV/m) can be cal-
ulated by the Peek’s law [11,19]:

c = 3000ım
(

1 + 0.03√
ır

)
(10)

here ı is relative density of air, m is roughness coefficient, r is the
ritical radius, m.  Therefore, the surface electric field refers to the
lectric field at the critical radius of a conductor.

According to [10,18], this paper calculates the critical radius of
ifferent bundles as the bundle spacing is 500 mm.  For non-bundle
onductor, the critical radius is 10 cm,  for four-bundle conductor,
he critical radius is 4 cm,  which has a good agreement with the

xperiment result by Les Renardieres Group. The result shows that
he bundle spacing has little influence on the critical radius. The
ritical radius is mainly determined by the bundle number (Table 1).

able 1
he critical radius of different bundle conductor.

Bundle number 1 2 4 6 8
Critical radius (cm) 10 4 6 3 2
yx

Fig. 4. 1000 kV AC tower (in mm).

2.3. Calculation parameters

The surface electric field on phase conductors and ground wires
depends on a number of factors, such as the lightning peak current,
500450400350300250200
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14el
ec
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(b) Ground wire 2 (Consider the operation voltage) 

Fig. 5. Surface electric field of conductor #5 with different length of transmission
lines in calculation.
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ig. 6. Surface electric field of conductor #5 under different lightning peak currents.

ightning stroke will be calculated. The critical radius of ground
ires #1–#2 is 0.1 m,  and that of 8-bundled conductors #3–#5 is

.02 m.  The length of transmission lines in calculation is 400 m.  The
ightning downward leader starts at the side of conductor #5, and
he lightning is set as negative according to observing results [8].

Calculation results of the surface electric field of conductor
5 with different length of the transmission lines are shown in
ig. 5. The lightning peak current is set as 50 kA. The length of
ransmission lines in calculation has trivial influence on surface
lectric field of conductors and ground wires. The calculation
esults will be more accurate when the length of transmission
ines is more than 400 m which is the calculation length in this
aper.

. Characteristics of surface electric field under lightning
troke

.1. The influence of lightning peak current

Assume that the horizontal distance between downward leader
nd the center of lines is 50 m.  Fig. 6 shows the surface electric field
n conductor #5 at different lightning peak currents. Considering
he most severe condition, the voltage of conductor #5 which is
lose to the cloud is at the positive peak.

Calculation results show that, when the operation voltage is con-

idered, it is easier for upward leader to initiate when the operation
oltage is considered, because more charges will be induced on
onductor #5 to maintain the peak operation voltage.
the  operation voltage).

As shown in Fig. 7, neglecting the operation voltage, when the
heads of the downward leaders are at the same height (H), the sur-
face electric field of conductor #5 is enhanced linearly with the
lightning peak current increasing, and the upward leader can initi-
height of downward leader(m)

(b) Considering the operation voltage 

Fig. 8. Surface electric field of conductor #5 under different horizontal distances.
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ig. 9. Surface electric field of conductor #5 under different protection angles.

.2. The horizontal distance between downward leader and the
enter phase

The lightning peak current is set as 50 kA. Fig. 8 shows the rela-
ionship between the surface electric field of conductor #5 and
he horizontal distance between downward leader and the cen-
er of lines. Y is the horizontal distance between downward leader
nd the center phase. The surface electric field of conductor #5
educes with the increasing of the horizontal distance between
ownward leader and the center of lines. When the horizontal dis-
ance between downward leader and the center of lines is too large,
he surface electric field on conductors will not be high enough
or upward leader inception, before the downward leader strikes
he ground. In other words, only within a certain distance can the
hielding failure occur.

In the beginning of the leader progression process, the influence
f horizontal distance between downward leader and the center of
ines on surface electric field of conductor #5 is small; however the
nfluence becomes bigger as the leader develops. Surface electric
eld of the conductor is larger when operation voltage is taken into
onsideration.

.3. Protection angle
Ground wires of transmission lines are designed to shield con-
uctors. Comparing with conductors, ground wires are more likely
o be struck by lightning.
Fig. 10. Stroke path under different protection angle.

Assume that the lightning peak current is 50 kA, and the hori-
zontal distance between downward leader and the center of lines
is 50 m.  Calculation results of the surface electric field of conductor
#5 at different protection angles are shown in Fig. 9. The surface
electric field of conductor #5 increases as the protection angle
increase. However, the influence of the protection angle on the sur-
face electric field of the conductor is very small. That is because the
3903603303002702402101801501209060300-30
-10

phase angle of conductor 5 (degree)

Fig. 11. Surface electric field of conductor #5 with different phase angle.
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Fig. 12. Surface electric field of conductor #5 with different tower height.
s Research 94 (2013) 79– 85

conductor. Surface electric field of the conductor is larger when
operation voltage is taken into consideration.

Fig. 10 shows the upward leader path under different protec-
tion angle. When the protection angle becomes smaller, the upward
leader from the side conductor is more close to the head of down-
ward leader. That is the major reason why the smaller protection
angle makes a better lightning shielding performance.

3.4. Operation voltage of transmission lines

Assume that the lightning peak current is 50 kA, and the hori-
zontal distance between downward leader and the center of lines
is 50 m.  When the head of the downward leaders is 500 m high, the
surface electric field of conductor #5 with different phase angles
are shown in Fig. 11.

The phase angle of the operation voltage of the conductor has
great impacts on the surface electric field of the conductor. For
negative lightning, surface electric field is relatively larger when
operation voltage is at the positive half circle. Due to the influence of
adjacent phase, the electric field different when the instantaneous
voltages are the same but phase angles are different.

More accurate shielding failure rate should be derived from the
weighted average value of results under different phase angle. It is
different from results neglecting operation voltage.

3.5. Height of the tower

Assume that the lightning peak current is 50 kA, and the hori-
zontal distance between downward leader and the center of lines
is 50 m.  Calculation results of the surface electric field of conductor
#5 when the height of the tower is added by 0 m, 20 m,  50 m and
100 m are shown in Fig. 12.

The surface electric field of the conductor and ground wire
increases as the height of the tower increases. That means the
upward leader will start earlier when the tower is higher, thus the
shielding effect of ground will become weaker. Therefore, shielding
failure rate will be higher.

4. Conclusions

A  charge simulation method with piecewise linear density for
lightning leader progress model is presented. The phase conductors
and ground wires are represented by line charges in the central
axis. Cloud is represented by surface charge. Charge in the light-
ning channel is considered as uniform distribution, and concentrate
charge is used to simulate the head of the lightning channel.

With the increase of the lightning peak current and the height of
tower, the surface electric field of the conductor is enhanced. And
the surface electric field of conductor increases with the decreasing
of the horizontal distance between downward leader and the center
of lines.

The surface electric field of the conductor under negative light-
ning stroke is relatively larger when operation voltage of the
conductor is in the positive half cycle. Protection angle has a lit-
tle influence on the surface electric field of phase conductors and
ground wires.
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