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This paper discusses the possibility of using line surge arresters (LSAs) for the reduction of switching
overvoltages (SOVs) on voltage uprated transmission lines. The method for the selection of LSA energy
class and determination of optimum installation locations was proposed. The method was applied in case
of improving the overvoltage protection of the transmission line uprated from 220 kV to 400 kV.

The possibility of compacting a 400 kV transmission line by installing LSAs was considered. Since a risk
of flashover increases due to the reduction of insulation clearances, an algorithm that estimates the risk
of flashover was developed and applied in case of compacting a 400 kV transmission line.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, with the increase of power demand, the need for
transmitting large amounts of power over long distances has also
increased. The uprating of existing overhead transmission lines has
become a popular option for electric utilities to address the increas-
ing demand for power [1,2]. Uprating the transmission lines by
increasing voltage allows a considerable increase in power trans-
fer capability, but consequently it increases switching overvoltages
(SOVs) which makes them one of the main factors in the insulation
coordination of high voltage transmission lines and substations.

SOVs are of a concern in transmission networks with rated vol-
tages of 420kV and above, especially regarding long transmission
lines. In these high voltage networks the switching impulse with-
stand voltage of the equipment is about 2-3 p.u.,, so SOVs have
to be kept under control [3]. The amplitudes of SOVs during the
closing or re-closing of the transmission line depend on the differ-
ence between the supply voltage and the line voltage at the instant
of energizing, and are related to traveling wave phenomena on
the line. For long transmission lines, the most severe SOVs occur
in the case of three-phase reclosing with trapped charge on the
line. Three-phase reclosing normally occurs after the clearing of a
single-phase or three-phase fault on the line. Therefore, reclosing
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occurs with more or less trapped charge corresponding to DC volt-
age on the healthy phases. Such trapped charge may normally be
neglected in cases with inductive voltage transformers connected
to the line ends, while in cases with capacitive voltage transform-
ers, the trapped charge may remain on the line for a considerable
time, up to several seconds [4]. SOVs can endanger the external
insulation because it has the lowest breakdown strength under
overvoltages with front time in the range 50-500 s, which is
typical for SOVs. Therefore, all equipment designed for operating
voltages above 300 kV should be tested under laboratory simulated
switching surges [5].

The most used techniques for reducing SOVs are the installa-
tion of circuit breakers equipped with closing resistors, controlled
switching and application of surge arresters [6,7]. In recent years,
several large utilities have experienced problems with the long
term mechanical reliability of closing resistor mechanisms (espe-
cially in older circuit breakers) with adverse impact on the
overall system reliability and have begun to examine alternative
approaches to SOV control. The effectiveness of controlled switch-
ing depends on several factors, the most important of which is the
circuit breaker operating time consistency [8]. The breakers with
a deviation in operating times of less than +1 ms and with steep
rate of decay of dielectric strength are best suited for controlled
switching applications [9].

This paper presents the method of uprating and compact-
ing overhead transmission lines by installing LSAs. The method
consists of two parts: (1) selection of LSA energy class and determi-
nation of optimum installation locations for controlling SOVs and
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Fig. 1. Conductor arrangement at tower and average heights above the ground.

(2) estimation of risk of insulation flashover when reducing the
insulation clearances. The method was applied in case of uprating
the existing 220kV transmission line to 400kV and in case of
compacting the 400 kV transmission line.

2. Description of model in EMTP-RV software
2.1. Transmission line

EMTP-RV software was used for the simulation of SOVs. The line
considered is a single circuit 220kV line equipped with a single
shield wire, uprated to 400 kV without major modifications of the
design of the towers. Phase conductors are bundled and consist of 2
sub-conductors separated by a distance of 0.4 m. The line is 350 km
long. The position of conductors at tower and their average heights
above ground are shown in Fig. 1. Characteristics of conductors are
given in Table 1. The transmission line has an average span length
250 m, average sag length 11.5 m and measured switching impulse
withstand voltage of the glass insulator strings 790 kV.

The transmission line was modeled by a frequency depend-
ent model in EMTP-RV software. This model represents the true
nature of a transmission line by considering the line parameters
as distributed and frequency dependent. The line resistance and
inductance are evaluated as functions of frequency, as determined
by skin effect and ground return conditions. For soils with a rel-
atively low ground resistivity, in the considered case 100 Q2m,
the frequency dependence of soil parameters was not taken into
account since it has only a reduced effect. The insulator flashover
was not observed and therefore the frequency dependency of the
grounding was not modeled. Capacitive voltage transformers are
connected at line ends. In this case, the level of SOVs in some
cases may exceed the switching withstand voltage of the insulator
strings.

Table 1

Characteristics of conductors.
Conductors Phase conductors Shield wire
Type Aluminum Conductor Alloy AlMgSi

Cross section (mm?)
External diameter (mm)
DC resistance (£2/km)

Steel Reinforced (ACSR)

490/65
306
0.059

0.5/Aluminum Clad
Steel Conductor (ACSC)
95/55

16.0

0.3412

Table 2

Parameters of the equivalent network.
Source voltage (line voltage) 420kV
Positive sequence resistance 271Q
Zero sequence resistance 6.17Q
Positive sequence inductance 89.55 mH
Zero sequence inductance 127.93 mH

Table 3
Nonlinear U-I characteristics of surge arresters.

1(A) U (kV)

Energy class 4 Energy class 3

100 593 605
300 616 629
500 627 634
700 635 648
900 642 653
1000 644 654
2000 667 680
3000 684 706

2.2. Equivalent network and surge arresters

The equivalent 400 kV network was modeled by a voltage source
behind Thevenin equivalent impedance. The parameters of the
equivalent network, determined from short circuit currents at
400KV level, are shown in Table 2.

Surge arresters were modeled according to the nonlinear U-I
characteristics shown in Table 3.

Surge arresters with rated voltage U, = 330 kV and energy classes
3 (7.8KkJ/kV) and 4 (12 k]/kV) were considered in simulations.

2.3. Computations of switching overvoltages in EMTP-RV

The international standard [3] gives the typical values of U,y
SOVs, i.e. the values of the phase-to-earth overvoltages having a
2% probability of being exceeded. Switching operations such as line
energization and re-closure or circuit breaker opening due to a line-
to-ground fault are considered to be producing a large magnitude
of SOVs. The most severe SOVs will occur in case of three-phase
reclosing with trapped charge present on the line. Therefore, this
case was considered in the statistical overvoltage analysis.

In order to obtain U,y overvoltage profiles along the line length,
the statistical calculation of SOVs was performed. The circuit for
simulation of three-phase reclosing with trapped charge is shown
in Fig. 2.

Voltage sources at the end of the line with amplitude of 1 p.u.,
corresponding to the maximum system AC voltage of 420KV, are
switched off by CB 2 at t=20 ms. The maximum trapped charge of
1.18 p.u. remains in the phase A which is firstly switched-off due
to the electromagnetic coupling of the other phases and due to the
Ferranti effect. The voltages at the end of the line during the three-
phase reclosing with trapped charge and without surge arresters
are shown in Fig. 3.

Reclogurs Trapped charge
||}—(:)— o Lo i
Equivalent o i i
La® network >~ ! !
lI}—@— ? o T ission li I 1
J CB1 ransmission line 1 cB2 !
U=1 p.u. L L i i
II1 . ITT

: | = = =
1 uF/phase L_o__Uzlpu |

Fig. 2. Equivalent circuit for the simulation of three-phase reclosing with trapped
charge.
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Fig. 3. Voltages at the end of the line during three-phase reclosing with trapped
charge present on the line.

The values of trapped charge magnitudes were varied from
—1.18 p.u. to 1.18 p.u. in all phases, and in each case, the over-
voltage amplitudes were determined. When the trapped charge
values were set as 1.18 p.u.,, 1.05p.u. and —1 p.u. in phases A, B
and C, respectively, a maximum SOV amplitude 4.7 p.u. occurred
if line is reclosed at t =50 ms, which corresponds to —1 p.u. voltage
in phase A. Hence, this case was considered in the calculations since
it represents the worst case regarding SOVs.

The circuit breaker mechanism closes the contacts at high speed
and mechanical tolerances give a spread of closing times between
three phases. The line was energized through the statistic switches
of EMTP-RV software and 500 switching operations were per-
formed in each considered case. The closing time of a statistic
switch is randomly selected according to a uniform probability dis-
tribution, with mean closing time 50 ms and the standard deviation
o=1.4ms. SOVs were calculated at 35 points along the line (each
10km), including the line ends.

The U,y overvoltage profiles along the line were determined for
the following cases:

(a) without surge arresters;

(b) surge arresters at line ends only;

(c) surge arresters at line ends and up to five LSAs at optimally
determined locations.

3. Method for selection of surge arrester energy class and
determination of optimum installation locations

The use of LSAs is an effective technique in controlling SOVs

[10,11]. Fig. 4 shows SOV profile along the transmission line length
in case when surge arresters are installed at line ends and at 240 km.

2.4
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Fig. 4. Uy switching overvoltage profile along the transmission line length in case
when surge arresters are installed at three locations.
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Fig. 5. Flowchart of the method for the selection of surge arrester energy class and
optimum installation locations due to SOVs.

The local minimum of SOVs along the transmission line length
appears at the location of LSA installation, while the maximums
appear at both sides of the local minimum (Fig. 4). One is the global
maximum and the other one is the local maximum. The optimum
location for LSA installation is obtained when the global maxi-
mum reaches its minimum value, i.e. when the global and local
maximums are almost equal. Fig. 5 shows the flowchart of the pro-
posed method for the selection of surge arrester energy class and
the determination of optimum installation locations with respect
to SOVs.

Matlab software (M-file) was used for running multiple EMTP-
RV simulations of SOVs, the selection of surge arrester energy class
and optimum installation locations according to Fig. 5.

4. Calculation results

Figs.6 and 7 show the calculated phase-to-ground and phase-to-
phase overvoltage profiles for seven different cases of surge arrester
installation.

The calculation results show that high SOVs occur in case of
the three-phase reclosing of the transmission line. By installing
the LSAs at five optimum locations on the transmission line the
maximum U,y phase-to-earth SOVs decreased by 236 kV and the
maximum U,y phase-to-phase SOVs decreased by 212 kV. Fig. 8
shows the reduction of SOVs along the transmission line length
after the installation of five LSAs in relation to case when surge
arresters are installed only at both line ends.
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Fig. 6. Calculated phase-to-ground SOV profiles.
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Fig. 7. Calculated phase-to-phase SOV profiles.

The insulation clearance requirements for the uprated line must
be fulfilled for power frequency, lightning and switching over-
voltages. The clearance requirements for each operating voltage
level are specified in [12]. It should be noted that for the operat-
ing voltage levels higher than 245 kV, the amplitude of SOVs is the
dominant factor in specifying the clearance requirements [13]. In
most of the cases, the clearance requirements for SOVs are either
equal or more than the clearance requirements for corresponding
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Fig. 8. Percentreduction of U,y after installation of five LSAs in relation to case when
surge arresters are installed only at both line ends.
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Fig. 9. Evaluation of the risk of failure [3].

lightning overvoltages. Hence, a reduction in SOV level would lead
to a noticeable reduction in clearance requirements.

The switching impulse withstand voltage of insulator strings
on the existing 220kV transmission line is equal to 790kV and
this value was obtained from the wet switching impulse volt-
age test performed in a high voltage laboratory. The calculation
results showed that if surge arresters are installed at both line ends
and LSAs at only three locations phase-to-ground SOVs reduced
to 748 kV, which is lower than the switching withstand voltage
790kV of the insulator strings. The amplitude of phase-to-phase
SOVs reduced to 1362 kV and this is significantly lower than the
phase-to-phase switching withstand voltage of the line.

The calculation results showed that the energy stress of station
surge arresters reduces with installation of LSAs. Therefore, the fol-
lowing energy classes could be selected in the following scenarios
of surge arrester installation:

- surge arresters at both line ends: energy class 4;

- surge arresters at both line ends (energy class 3) and at two loca-
tions on the transmission line (energy class 2);

- surge arresters at both line ends (energy class 2) and at three or
more locations on the transmission line (energy class 2).

4.1. Risk of insulation flashover due to SOVs

The insulation level and the cost of the transmission lines and
other equipment depend on the magnitudes of SOVs. Therefore, the
calculation of SOVs and estimation of risk of insulation failure is fun-
damental for an appropriate insulation design. Once the frequency
distribution of the overvoltages and the corresponding breakdown
probability distribution of the insulation are determined, the risk
of failure of the insulation can be calculated as follows [3]:

R= /Oof(U)~P(U)dU, (1)
0

where f{U) is the probability density of SOVs and P(U) is the prob-
ability of flashover of the insulation under a switching impulse of
value U. The evaluation of the risk of failure is shown in Fig. 9 [3].

U represents the truncation value of the overvoltage probability
distribution and Uy the truncation value of the discharge probabil-
ity distribution, which can be determined by:

Uo=Uso -3 -0, (2)

where Usg represents the value of the 50% discharge voltage of self-
restoring insulation and o represents the conventional deviation
which shows the scatter of flashover voltages. For tower insulation,
a 5% conventional deviation was assumed according to [14,15]. The
statistical withstand voltage of the insulation Uy, which represents
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Fig. 10. Flowchart of the algorithm for estimation of SSFR.

the value of the 10% discharge voltage of self-restoring insulation,
can be determined from:

U]0=U5071,3~O'. (3)

Since the risk of insulator flashover increases with the reduction
of insulation clearances, an algorithm that estimates the switching
surge flashover rate (SSFR) was developed according to [3,14]. SSFR
can be estimated by using the following expression:

SSFR = F(Up) - P(Ug) - LN, (4)

where F(Ug) represents the cumulative distribution of maximum
SOVs above Uy obtained from EMTP simulations; P(Up) represents
the breakdown voltage distribution of the insulation for voltages
less orequal to Up; Lrepresents the length of the line where the volt-
age is above Uy; N represents the number of towers per kilometer
of line length.

Fig. 10 shows the flowchart of the algorithm for the estimation
of SSFR.

The algorithm from Fig. 10 was applied in case of compacting
the previously described 400kV transmission line. The aim was
to reduce the insulation clearances e.g. lower the withstand volt-
age Ujg of the transmission line insulators as much as possible,
while keeping SSFR within the acceptable limits. Acceptable SSFR
for overhead transmission lines lies in the range 0.01-0.001 per
circuit breaker operation [3]. For each case of the optimally deter-
mined surge arrester locations by using the previously proposed
method (Fig. 5), the lowest U;q of the insulator strings was deter-
mined while keeping SSFR within the acceptable limits. Fig. 11
shows the distribution of the maximum phase-to-ground SOVs in
the case with surge arresters installed only at both line ends.

The lowest withstand voltage U;g=3.05p.u. (Up=2.81p.u.,
Uso =3.3 p.u., 0 =0.165) was determined with acceptable SSFR.

Fig. 12 shows the cumulative frequency distribution of the max-
imum phase-to-ground SOVs above Uy at 260 km (Fig. 11).

Fig. 13 shows the breakdown voltage distribution P(U) of the
insulator string with Usg = 3.3 p.u. and the corresponding probabil-
ity density of breakdown voltage p(U).

Finally, SSFR=0.0045 was determined for the case with surge
arresters installed only at both line ends. The same procedure was
applied for different cases of surge arrester installation. Fig. 14

0 50 100 150 200 250 300 350
[ (km)

Fig. 11. Maximum phase-to-ground SOVs along the line length in the case with
surge arresters installed only at both line ends.
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Fig. 12. Cumulative distribution of maximum phase-to-ground SOVs above Uy (at
260 km).

F(Uy) (%)

shows the estimated risk of flashover per breaker operation as a
function of Uqq for a different number of surge arresters installed
at optimally determined locations along the line to control SOVs.
It can be seen that SSFR increases with the reduction of with-
stand voltage Uyq. In the case of arresters installed only at line ends,
the minimum required withstand voltage is 3.05p.u. (1046 kV),
with acceptable risk of flashover. With five additional LSAs along
the line, the necessary withstand voltage decreases to 2.25p.u.
(772kV). Therefore, by installing LSAs it is possible to reduce the
required switching impulse withstand voltage of the insulator

3 4 1
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Fig. 13. Breakdown voltage distribution P(U) of the insulator string with
U50=3.3 p.u.
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Fig. 14. Estimated risk of flashover as a function of Uyo.

strings on 400kV transmission line, with an acceptable level of
risk of flashover. However, the expected switching impulse per-
formance of insulators is not the sole criterion for reducing the
insulation clearances of an uprated line, since insulators should
be dimensioned for an acceptable level of flashover performance
based on the creepage distance requirements, depending on pol-
lution level. Also, there are many other items to consider besides
SOVs, such as lightning overvoltages, before a real uprating of trans-
mission line may take place. However, SOVs are of major concern
in 400 kV networks and the method proposed in this paper solves
efficiently this problem for both uprated and compact transmission
lines. After installing LSAs and reducing SOVs to an acceptable level,
lightning overvoltages should be considered. The amplitudes of
lightning overvoltages depend on many parameters such as tower
footing resistance, tower configuration, shielding wires and light-
ning activity around the transmission line, which are specific for
each transmission line. Lightning overvoltages can be efficiently
reduced by installing LSAs on critical towers based on the infor-
mation about the tower footing resistance and lightning activity
recorded by the lightning location system.

5. Conclusion

The paper describes the method for selection of surge arrester
energy class and optimum installation locations due to SOVs. The
method was applied in the case of uprating 350 km long transmis-
sion line from 220KkV to 400KkV. The calculation results showed
that the transmission line could be uprated if surge arresters are
installed at both line ends and at three optimally determined loca-
tions along the line. With the installation of additional LSAs the
energy stresses of station surge arresters reduced and thus the
lower energy class can be selected.

Analgorithm that estimates the risk of flashover due to SOVs was
developed and applied in case of compacting the 400 kV transmis-
sion line. The calculation results showed that the switching impulse

withstand voltage of insulator strings could be reduced with an
acceptable level of risk of flashover. By LSAs at five optimally deter-
mined locations, the maximum phase-to-earth SOVs decreased
by 236kV and the maximum phase-to-phase SOVs decreased by
212 kV. The statistical switching withstand voltage of the transmis-
sion line insulators decreased by 274 kV with an acceptable risk of
flashover.

The advantage of the proposed method is that it enables the
voltage uprating and compacting of overhead transmission lines
with high SOVs, by installing a minimum number of LSAs, while
keeping the risk of flashover within acceptable limits.
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