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Abstract-- ATP-EM TP simulations ar e performed to estimate
backflashover performance of multi-circuit transmission tower.
Multi-circuit transmission tower has several systems on the
tower and combines DC transmission over long distances with
more flexible AC transmission. The outcome of simulations
should give the range of backflashover withstand level and
backflashover outage level. Moreover subsequent strokes were
included to lighting performance evaluations of line. Maximum
lightning current amplitude that does not cause backflashover
across insulator string is estimated in response to first and
subsequent lightning strokes with three different flashover
models.

Keywords. backflashover, lightning stroke, multi-circuit
transmission tower with AC and DC, modelling.

. INTRODUCTION

nvestigations in this paper have been done fostnission

lines that come into consideration related to @éxgstower
configurations, where a DC system has been supplehe
Results are presented for two configurations ofetowith
different systems (AC/DC). The multi-circuit lineittv AC
and DC systems offers diversified solutions forufat
transmission lines. HVDC system could be accommhbie
AC systems at various transmission voltage levelg. (380
kV, 220 kV in Germany).

subsequent strokes in comparison with first ligignstroke.
The overvoltages from subsequent strokes shoul@hedhus
hazardous for insulators of transmission lines. eRec
measurements and investigations as in [2], [3], ke it
reasonable to pay more attention to subsequerkestr@he
new median values for first and subsequent strakese
registered. In comparison with Berger's data [5] those
median values are higher [6]. Further measuremeifisst
and subsequent strokes are required [6]. The nurober
subsequent strokes for a negative cloud-to-grouras w
estimated to be 3 to 5. They occur within tensiseitonds
successively. Some of those strokes can devel@réady
existing channels from the first stroke. Howeveaytban also
terminate on ground nearby original terminationnpaif the
first stroke. New termination points can be fevokiketers far
away from previous termination point of first steodn this
paper only direct subsequent strokes are investigat
assumed that channel from first stroke has propadition
to slide subsequent strokes.

The transients program EMTP-ATP [7] is well suited
analyze lightning surge phenomenon on overhead.line

[I. PARAMETERS OFFIRST AND SUBSEQUENTSTROKES
Lighting parameters are mainly from direct current

This study should determine how new installed HvD@easurements and differ for various types of ligign

system affects lightning performance of multi-citdowers.
Backflashover withstand current and backflashovetage
rate are calculated. A 380-kV system is substitubgda

strokes. Peak current of the first stroke is exgee¢d be 3 to
5 times higher than peak current of subsequentkestro
Whereas front times of subsequent strokes are lysuab 8

HVDC circuit on a tower. Available conductors and times shorter. Waveforms of first and subsequeokss are

insulators strings of AC lines will be adapted rtansfer DC
power.

Lightning strike can
transmission lines. Lightning surge current gemsraturge

indirectly cause outages dBl.

represented with the conditional distributions ofr@er’s
data [5], afterwards reexamined by Anderson an#sEoin
This  conditional distribution is furthermore
recommended in [6] and is considered in this ingasbn.

overvoltages over towefhese overvoltages develop acros Table | median values of relevant parameters bioth

all insulators strings on the tower. As soon asettgped Strokes are summarized. These parameters are edatar
overvoltage exceeds the insulation withstand levegpresent CIGRE lightning waveform [1] that is used
backflashover occurs [1Formerly the lightning performanceinvestigation. According to [6] it may be assumbett90 %
of transmission lines was evaluated only for fisstokes. Of downward lightning flashes are negative. Thuelgo
Investigation of subsequent strokes was not coreidie the downward negative lightning strokes are simulateBMTP-
past, the focus was solely on first lightning sk This ATP in this work [7].

assumption is based on lower median peak value of

TABLE |
LIGHTNING CURRENT PARAMETERS[1]
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I1l. M ODELLING METHOD

The modelling method for the backflashover simoladi
used in this paper is based mainly upon [9]. Alhdations
were computed for a line section with 9 towdrse lightning
stroke is applied to tower 5 that is located in thiedle of
investigated section. Footing resistance for tlower is
chosen as variable and has(b 10 Q, 20 Q and 30Q
respectively. Outermost towers 1-4 and 6-9 haveirgting

h =h +h, 3)
The RL values are determined as functions of surge
impedance ¢ traveling timer,, distances between cross-arms
X; and attenuation facter=0.89 by following equations:
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L =27, R

resistance of 1 and lightning stroke is not applied to these
towers in this investigation. In [10] representatiof tower For the tower A with 50 m and tower B with 56.5 quation
footing resistance was discussed. Resistive modetsg (1) delivers the surge impedancg.& a = 204Q and
conservative results and is adopted in this ingatn. Z,.s s= 208<Q, respectively.

Weak correlation between flashover tendency andetow
surge impedance was observed in [11]. All towergsewe

assumed to have the same height.

A. Multi-circuit Transmission Tower with AC and DC
Systems
The layouts of the modelled towers A and B are shiow

Fig. 1. The upper two cross-arms of tower A camyedt and
on right side a 420-kV HVDC and 380-kV AC systenmeT
upper two cross-arms of tower B carry at left aigtitrside a
420-kV HVDC and 380-kV HVAC circuit, respectivelyA
110-kV double circuit line is suspended from thevdst
cross arm. Tower B is 6.5 m higher than tower A.
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Fig. 1. Layout of multi-circuit suspension towers
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B. Tower Model

Multistory model [4] is used to represent transiniss
towers. In multistory model each vertical tower tgmt
between cross arms is represented by losslessdimeected

in series with RL parallel circuit. This parallel circuit

represents attenuation of traveling waves.

Fig. 2. Tower model with additional RL-circuits.

C. Transmission Lines

Total 9 towers are represented including all ligeti®ns.
Overhead lines on the same tower are representeitheby
CPDL (constant-parameter distributed line) model §f
f=400 kHz. A line span has length of 330 m. The
investigated section with 9 towers is terminateth@th ends
with 5 km long additional CPDL model that has ttzens
electrical parameters as spans between investigaests 1-
9. These additional sections should prevent impafct
reflected waves. The investigated section is caedeto
voltage sources (via additional line section) idesrto take
into account the effect of the AC and DC steadjestaltage
of the lines on a lightning surge. In simulationmegative
lightning strike is considered at the time instadft the
positive power-frequency voltage peak of the uggease of
380-kV circuit. One phase of each 110-kV circuitsawer
B is also in positive power-frequency voltage ped@kis
assumption corresponds to a worst case scenario.

D. Lightning Sources

Model and equations for all impedances are sumedriz Tpe lightning stroke is modelled by a current seurad a

in [9]. In Fig. 2 multistory model is shown. Forraubr surge
impedance of the tower recommended by [1] is used.

Z s :60In{cot{ 0.57tait (%)H (1)
where
R:rth + rzh + rahl (2)
h

parallel resistance, which represents the lightmath surge
impedance. Lightning surge impedance is selectedd@eQ
according to [9].

Two different lighting current waveforms are usem t
represent

a) first stroke

b) subsequent stroke
with median parameters given in Table I.



Fig. 3 shows the representation of first and subsei
stroke current waveforms with CIGRE lighting waweo[1]
and median parameters from Table I. According fotlie

E. Flashover Models

In this study three flashover models are applied fo
comparison purposes. First model is related tohflasr

time koo and steepness,3lepend on the peak value of thgoltage-time characteristic of insulators [12]. Ged is based

lightning current for first stroke. For subsequstioke the

front time &g/90 IS constant, whereas,$lepends on the peakgctive

value of the lightning current. In this paper a lfred
representation of first stroke was used. Featukes initial
concavity, subsequent abrupt rise and several peake
neglected. Representation of first and subsequeskeshas
only one peak and smooth shape.
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Fig. 3. Lightning current waveform with median wes.
TABLE I
PARAMETERS AND FLASHOVER CRITERIA OF FLASHOVER MODELS
KIND [12]
110-kV AC 380kv, HVDC
F 0.304 Vs 0.726 Vs
Uo 475.42 kV 1095 kv
Flashover t
criterion (j)[u(t)‘UO] dt=F (6)
PIGINI [13]
Leader onset u(t)=E, D 7
condition
Leader
— utt) (0.00141 { )/D)
velocity \j =170 o —Eop]ce (8)
Leader length I, = v @t 9)
Eop 670 kV/m
MOTOYAMA [14]
Leader onset I, = v ()t (20)
condition
Leader
) u(t
velocity for Kia _uw___ E (11)
0<x,e<D/4 d = 2% e )
Leader
. u(t
velocity for Kis _um E, (12)
DI4<X . <D/2 D = 2% e (t)
Leader length X ave = JVAVE (et (13)
Eo 750 kV/m
Kia 2.5 nt/Vs
Kis 0.42 nfiVs

on passive leader development method [13]. Thirdiehds
leader development model [14]. They were
implemented using MODELS [15]. In Table Il paramste
and flashover criteria are listed. Gap lenBttof composite
insulator strings for 110-kV, 380-kV AC and HVDC és.
1000 mm and ca. 3000 mm, respectively. Each flashov
model connected across insulator strings controlRAES
switch. After fulfillment of breakdown condition,usye
current flows into failure conductor. Insulationvéds are
correspondingly adapted for all systems.

IV. RESULTS

A. Multi-circuit Transmission Tower with HVDC and
380-kV System
Tower A from Fig. 1 is originally for a 380-kV dolgb

circuit line. This tower has been chosen for corgoar of
backflashover behavior of 420-kV HVDC and 380-kV
HVAC systemsOn both sides of the tower 380-kV insulators
are assumed to use with the same length for battersg.
Positive pole of 420-kv HVDC has constant voltagaus
higher surge voltage across the insulator of tretipe pole
is expected for a negative lightning stroke. Theximam
value of phase voltage in the 380-kV system ocanly
once in 20 ms period. It may be assumed that kastkdiver
occur firstly across insulator of plus poleHence
investigation focuses only on the insulator at phade of
HVDC. This assumption is valid as long as both esyst
have equal length of insulators strings. Followihgo
lighting current waveforms are injected to the @ning
tower:

-CIGRE waveform, | = 27.7 kA; 3.8/77.5 us
- CIGRE waveform, | = 11.8 kA; 0.67/32 pus.

The model in EMTP-ATP was applied to determine the
surge overvoltages across insulators in responsighming
strokes to ground wire at tower tofn Fig. 4 and 5
waveforms of voltages across the upper insulatdngstof
plus pole due to first and subsequent strokes ersepted.
The peak voltages across the upper insulator stfirgy to
first and subsequent strokes are compiled in Tdlle
Lowering of footing resistance of tower is efficiesnly for
first strokes. The peak voltage across insulatéer afirst
stroke was reduced about 24 %. This effect wa®bse¢rved
for subsequent strokes, where reduction of 8 %agageved.
Lightning surge wave travels downward the toweileots at
the footing resistance and has reverse polaritydrimg of
tower footing resistance increases this reflectegnse wave.
This negative wave after time delay reaches uppeEscarm
of the tower and superposes with incident voltagegensMrom
lightning stroke. Travel time from tower foot topgr cross
arm with plus pole of HVYDC depends only on toweighe



and is the same for the first lightning stroke antdsequent
stroke. First stroke has longer front time thansegent
stroke. Whereas subsequent stroke reaches abdytdad,

relative value of first stroke is still low. Meanikhreflected

negative wave has returned from tower foot and Hze¢p

superimpose with initial lighting wave. Subsequstnbke has
reached higher values than the first stroke. Réaluaffect

is more efficiently for first stroke with lower walge at this
time instant.
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Fig. 4. Overvoltages across the upper insulatimgsof positive pole for
various values of footing resistance in responsgrsnstroke on tower top.
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Fig. 5. Overvoltages across the upper insulatimgsbf positive pole for
various values of footing resistance in responsesusequent stroke on
tower top

TABLE Il
OVERVOLTAGES ACROSS THE20KV-HVDC-INSULATOR STRING
Footing resistance First stroke Subsequent stroke

(Q) Upeak (KV) Upeak (KV)

30 1274 1101

20 1170 1068

10 1052 1032

5 987 1013

The minimal lightning current that causes backitasn

performance of flashover models is different inpasse to
different lightning current waveforms. As expectetiable
footing resistance has influence in particular
backflashover withstand currents for first strokigkreover
first backflashover across insulator of positivdepoan be
followed by additional backflashover for higher we$ of
lightning current. Usage of time dependent arcstasce
enables investigation of further backflashoverstian tower
and adjacent towers up to lighting current of 200 Khis
resistance is installed at each flashover modeltawer.
Since breakdown condition is satisfied, surge curflows
into failure conductor. Depending on flashover niotie
second backflashover can occur across insulat@86fkV
system in voltage maximum by a lightning curren76fkA.
Thereafter third backflashover on adjacent towers wa
observed for 90-kA lightning current. Simulationsithw
flashover model by Pigini vyielded different result.
Backflashover across insulator for 380 kV was rugesved.
Second backflashover occurred across insulatotusf pole
on adjacent tower. Further simulations of backftasn on
adjacent tower should be computed.

mKind m=Pigini Motoyama = mean value

lightning current (kA)

30Q 200 10Q

footing resistance of tower 5

50

Fig. 6. Minimum lightning current causing backflaser across the upper
insulator string of plus pole of HVDC circuit fomxious values of footing
resistance in response on first stroke on tower top

The results of subsequent strokes are presenteéig.in7,
solely for flashover model by Kind. Occurrence of
backflashover was detected for high values of fapti
resistance. Leader-development models do not detegt
backflashover across insulator of positive poletas0 KA.
For multi-circuit tower with HYDC and 380-kV cirduonly
first stroke can be more hazardous for insulatérgositive
pole of HVDC. Most vulnerable is tower with 3Q footing

has been determined for plus pole of HVDC systeime Tresistance. Lowest crest value of lightning currat the

of the lightning current are considered [1]. Therrent
amplitude has increased in 5 kA steps from 10 kAtaip
200 kA for first stroke and from 5 kA up to 50 kAorf

subsequent stroke. The current peak values thasecau
flashovers are summarized and shown for both cturren
waveforms in Fig. 6 for Kind, Pigini and Motoyama

flashover models, respectively. In this investigatialso

insulators on adjacent towers were considered. T

distribution relation for lightning crest currentagnitudes
according to [12]

1

ﬁ
1+ ——
(31kA]

11 % of lightning strokes would exceed 70 kA andseaa
R%ckflashover across insulator of positive polecedure to
calculate the outage rate of AC circuit was propdase[16].

pi >1)= (14)



This calculation method requires computer use. Bitian in

efficient particularly to first strokes. Moreoveeduction is

EMTP-ATP allows using that procedure and considensore efficient for insulators of 110-kV circuit. \Wkeas peak

effects like: footing resistance, number of phamed power
frequency voltage, coupling from lightning currémat flows
through shielding wire, dependencies of lightningrent
parameters from [1]. These effects are considergd
calculating the critical current and backflashoree (BFR)
for each of conductors on multi-circuit transmissimwer.

voltage across insulator of plus pole was decreadmuit
20 %, overvoltage across 110-kV insulator achiedéd/
reduction. On one hand, distance to upper crossfeom
tower bottom is longer and reflected wave at tovdamt
arrives at upper cross-arm with a larger delay.ti@nother
hand, overvoltage across 110-kV insulator is lower.

900

Conversion of 380-kV AC circuit into 420-kV circuit
increases BFR. Considering a flash density of 4.4
flashes/krfyyear [17] lightning incidence for tower A is
calculated. 90 flashes can strike the line perkifi(per year.
Footing resistance of 1Q was assumed by calculating of
critical current. Outage rate based on first stsokereases
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Fig. 8. Overvoltages across the lower insulatongtof 110-kV circuit for
various values of footing resistance in respondigbstroke on tower top.
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Fig. 9. Overvoltages across the lower insulatongtof 110-kV circuit for
Fig. 7. Minimum lightning currents causing backflaver across the Llppervarious values of footing resistance in responssufosequent stroke on
insulator string of positive pole for various vauef footing resistance in tower top.
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of influence of 110-kV circuits on backflashover "
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current waveforms from Fig. 3 were used. The ovtages Fig. 10. Overvoltages across the upper insuldtorgsof positive pole for

across upper insulator of plus pole and one of KN.O- various values of footing resistance in responsigbstroke on towertop
insulators in response to first and subsequentkestrare &
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30Q (s. Fig. 8). The peak voltages across the upetator
and lowest insulator due to first and subsequenkss are
given in Tables IV and V. The effect of reductioinfaoting

resistance is efficient only for first strokes. Tieak voltage
across insulator of plus pole after first strokeswaduced
about 20 %. The overvoltage across 110-kV insulatas

reduced about 419%. This effect was not observed E’g 11. Overvoltages across the upper insuldtorgsof positive pole for

subsequent strokes. Reduction was about 7 % afd 8 various values of footing resistance in responssuissequent stroke on
insulators of plus pole and 110-kV insulator respety. tower top.
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TABLE IV
OVERVOLTAGES ACROSS THEL10KV -INSULATOR STRING

Footing resistance First stroke Subsequent strok¢
) Upeak (KV) Upeak (KV)
30 854 682
20 726 634
10 581 583
5 502 556
TABLE V

OVERVOLTAGES ACROSS THE20KV-HVDC-INSULATOR STRING

Footing resistance First stroke Subsequent strok¢

@ Upesk (KV) Upesk (KV)
30 1334 1149
20 1235 1120
10 1123 1088
5 1061 1072

To estimate which insulators (of HVDC, 380-kV or0i1
kV) are prone to backflashover at first, flashoweodel is
connected across each insulator on tower. Backflash
occurs firstly on the lowest cross arm and strilamost
simultaneously across two 110-kV voltage insulatditsese
insulators belong to the phase conductors with padtke of
the power frequency voltage at the instant of strakoltage
across insulator of positive pole is the highesorgnall
voltages across insulators. Constant value of agek
+420 kV and shorter travel time of surge lightningve

between tower top and upper cross-arm cause higkﬁé

overvoltage at plus pole. Despite of these two etspérst

backflashover occurs firstly on the lowest crossn ar

independently of voltage value in 110-kV circuit $g. 12).
The gap length of 110-kV is about three times @otttan
gap length of HVYDC and 380-kV insulators and flasro
criteria are firstly fulfilled. In Fig. 13 overvage waveform
across insulator at positive conductor of HVDC fir kA
first stroke lightning current is presented. Thdedf of
backflashover across 110-kV insulators is visibte the
waveform as voltage sags suddenly around 8 us (@antp
Fig. 12).
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Fig. 12. Overvoltages across the insulator strifgs10-kV conductors for
in response to first stroke on tower top.
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Fig. 13. Overvoltages across the upper insuldtorgsof positive pole for
in response to first stroke on tower top.

Backflashover critical currents of first stroke asubsequent
stroke that cause backflashover across insulatdr16fkV
are presented in Fig. 14 and 15 respectively. Flighding
stroke current higher than 10 kA flashovers ocanoss next
two 110-kV insulators in other phases. Amplitude tbé
lightning current was further increased up to 2@0 with
corresponding front timedyeo and steepness,@iccording to
[1]. Whereas flashovers did not occur at the twmaiming
110-kV phases (previously four flashovers have aalye
occurred) and at the conductors of 380-kV, a flashat the
positive conductor of HVDC was detected for higher
lightning currents. Reduction of footing resistancereases
the critical current that causes flashover. Thisafis more
apparent for first strokes. Lowering of footing ist@nce
30Q to 5Q increases mean value of critical current
only from 23 kA to 38 kA for subsegeunt strokeg(Ri5). In
case of first stroke mean value of crictial curramreases
from 26 kA to 65 kA significantly (Fig. 14). Valseof
critical currents for the first stroke and subsetsroke are
similar for higher footing resistances @0and 30Q. For
lower footing resistances backflashover withstaedel is
higher for the first stroke.
mKind ®Pigini = Motoyama ®mean value
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Fig. 14. Minimum lightning peak currents causiragkflashover across the
insulator string of 110-kV circuit for various was of footing resistance in
response to the first stroke on tower top



mKind = Pigini Motoyama = mean value
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Fig. 15. Minimum lightning peak currents causiragkflashover across the
insulator string of 110-kV circuit for various was of footing resistance in
response to the subsequent stroke on tower top

Replacing of a 380-kV AC circuit by a 420-kV DC aiit
can slightly increase BFR of tower B. For a flagmsity of
4.4 flashes/kityear [17] lightning incidence for tower A is 1]
calculated. 99 flashes can strike the line perKi(er year.
Assumed that prior backflashovers across 110-kVegme [2]
the value of critical backflashover current for plpole of
HVDC, outage rate of HVDC circuit is 0.25
outage/100 km/year. 3]

V. CONCLUSIONS

A EMTP-ATP simulations have been performed for twpy
tower configurations coming into consideration fomulti-
circuit line with AC/DC circuits. Furthermore sulosent
lightning strokes were also considered in this stigation.

Conversion of tower A with 380-kV double circuittdn
AC/DC multi-circuit line increases the probabilitpf [6]
occurrence of backflashover. Constant +420-kV ygdtaf
plus pole makes upper insulator at plus pole mooae to 7l
backflashover in comparison with the original 380-k g
circuit. Conversion of an AC system into bipolar Bgstem
increases outage rate for the converted circuit.eMdis
original 380-kV conductors are unchanged, subgiitubf
AC insulators may be considered. It would be reabtmnto
increase critical backflashover current in caseaoHVDC
circuit and decrease this way the BFR. Subsequeokes
are not critical for the operation of HVDC and 380-
systems.

Conversion of tower B with 380-kV and 110-kV[12]
doublecircuits on the same tower into AC/DC muiicuait
line does not increase considerably lightning blaskiover
performance of the line. Results by three flashavedels
show that lightning strokes first of all affect 2&U circuits.
First lightning strokes as well as subsequent ssokause
first backflashovers across insulators on the Ibowesss arm.

(5]

9]

(10]

[11]

[13]

14
Whereas backflashover from subsequent strokesrdileky -
to occur across HVDC insulators, they can occuosgi10-
kV insulators. The backflashover withstand level the [12%

HVDC system is much higher and influenced strormlythe
lightning performance of 110-kV systems. Additionagz

investigations of outage rate from first and sulbseq
strokes are recommended for 110-kV circuits.

The backflashover performance is estimated by meéns
three different flashover models. They perform etiétly
depending on the lightning waveform and investidatever.
This issue is currently under investigation.

Decreasing the footing resistance of the tower cedu
overvoltage across insulators also for higher raiftuit
towers. This method is efficient in particular iesponse to
first strokes. Lower footing resistance decreasss slightly
overvoltages from subsequent strokes.
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