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Abstract-- The upgrade of an overhead line (i.e. the use of an
overhead line at a voltage higher than the voltage for which the
line was initially designed) requires generally a careful
consideration of the switching overvoltages both phase to ground
and phase to phase. This last type of overvoltages is posing a
specific problem because, for systems belonging to the second
range of the |EC, the phase to phase switching withstand voltage
of a self restoring insulation depends on the repartition of the
voltage between the electrodes.

When estimating the risk of failure of a specific air insulation
due to switching overvoltages, an EM TP-like software is usually
used to evaluate the constraints. Events causing switching over-
voltages are chosen randomly and, for each of them, the over-
voltages are calculated with EMTP. Therisk of failureisdeduced
from the knowledge of the probability of these events (usually the
switching time of a breaker), from the level of overvoltage
obtained for each event, and from the withstand of the insulation.

This approach is quite simple to implement for phase to
ground sdlf restoring insulation but it is less straightforward for
phase to phase insulation because for each event considered, the
over-voltages calculated with EMTP correspond to a different
repartition of overvoltages between both electrodes. Therefore
overvoltages due to different eventsare not directly comparable.

In this paper we present an approach for the calculation of the
risk of failure of a phase to phase sdlf restoring insulation due to
slow front overvoltages compatible with the use of an EMTP like
software. The approach is illustrated by a practical example
related to the upgrade of an overhead line from 245 kV to 362 kV.

Keywords: phase to phase insulation, upgrade of overhead line,
risk of failure, EMTP-RV.

I. INTRODUCTION

overvoltage of a phase to phase air insulationtatver when
considering line energizing or re-energizing whigk usually
the most severe causes of overvoltages .

A method is proposed in the IEC 60071-2 (see am)jeto
calculate this risk of failure, but it relies on samplified
approach which does not give the full benefit of BM
calculations for the evaluation of the overvoltages
The paper initially provides some insights in thgp@ach

proposed by the European standard EN 50341-1 fer th

calculation of tower clearances and then preseotses
information on the characteristics of the phaselase air
insulation having an impact on the determinationtafer
clearances. In the following part of the paper athoe
proposed to evaluate the representative phase asepslow
front overvoltage is detailed. The last part of t{haper is
devoted to an application of this method in theecas the
upgrade of an overhead line from 245 kV to 362 kV.

Il. ORIGIN AND CHARACTERISTICS OF SLOW FRONT
OVERVOLTAGES

Slow Front Overvoltages [SFO] have a front timegiag
from a few tens of milliseconds to a few thousarafs
milliseconds. The duration of their tail is of tk@me order [1].
SFO usually originate from the following phenomena

- line energizing and reclosing;
fault and fault clearing;
load shedding;
interruption of capacitive or inductive current;

- remote lightning stroke on an overhead line.

he upgrade of an overhead line requires generally t The most severe ones are due to line energizingrend
Tcarefully consider the phase to phase slow frorgr-ov energizing except if some special means are useedoce
Vo|tages caused by line energizing and re-ene@iz"’mese SFO. This is the case for instance of ultra hlg'tﬂge SyStemS
Overvo|tages are posing a Speciﬁc pr0b|em becahse for which the most severe SFO mlght be due to $anitfaults
withstand voltage of phase to phase air insulatiepends on clearing.
the repartition of the overvoltage components betweéhe ~ When dealing with air clearances calculations,
electrodes. This phenomenon might be sometimesectegl representative overvoltage is usually chosen, aaegrto [1],
with standard lines but this cannot be the caseronpgraded as a frequency distribution of values that charamethe
line because its distances between phasesmaller than the service conditions. This distribution is evaluatedsed on
ones of a standard line at the same voltage lavehis paper EMTP simulations.
we are proposing a method to evaluate the reprsent

the
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EN 50341-1 is an European standard covering thergéen
specifications of overhead lines exceeding 45 kN. its
appendix E, it is recommended to calculate the saimd
voltage of phase to phase clearances against SFQ te
following approach : the probability distributios defined by



Vst COrresponding to the crest value of the overvoltage
having a probability of 2% to be exceeded. Then the

representative overvoltadg, is chosen such as :

Vrp = Kcs ><Vz%sf (l)

where K¢ is the statistical coordination factor. A value of

1.05 is proposed in [4].
The withstand voltage of the insulation is chosgrhsas :
Uo=Vip )

not depend significantly on the repartition of the
components between both electrodes. This is the
case for instance of insulations belonging to the
range 1 of IEC ;

the instant of the phase to earth overvoltag& pea
this instant is usually more critical for air
insulation of range 2 of the IEC. This instant has
been selected in this study.

whereUy is the withstand voltage for which the insulation

has a probability of withstand of 90% (namely thatistical
withstand voltage [1]).

IVV. GENERALITIES ABOUT THE ESTIMATION OF THE STRESS
DUE TO SFO

This paragraph deals mainly with the overvoltages tb
line energizing and reenergizing. Each of thesatsvis at the
origin, on a circuit, of phase to ground overvo#tagn the
three phases and also three overvoltages betwesseph As
indicated above, the Cumulative Distribution Fumet{cdf) of
the amplitude of overvoltages is usually estimatgth an
EMTP-like package, based on the calculation of ¢thest
value of the overvoltages for a huge number of doattons
of breakers closing times chosen randomly by uaifdgonte-
Carlo method.

V. THE WITHSTAND VOLTAGE OF PHASE TO PHASE AIR
INSULATION

A. Generalities

When estimating the risk of failure caused by SHCao
phase to phase air insulation, as indicated prelyout is
required to take into account the fact that thedatffon the
insulation of the stress depends on the repartibbrthe
components between the electrodes and does nohdiepdy
on the overvoltage applied between both electrodes.

If V' is the positive voltage applied to one electroae\&
is the absolute value of the negative voltage appto the
other electrode, the phase to phase voltgge expressed by :

Vo=V +V 3)

The withstand voltagls,” (50% discharge voltage of the

Regarding the choice of the number of overvoltages jnqyation [1]) for the positive component is apgmoated as
c_onS|der per event (i.e. per cor_nblna'uon of breakesing ., affine function of the negative component [3f a
time) two methods are proposed in [5] : illustrated in Fig. 1. below.

- phase-peak ; for each switching, the higher value
overvoltage is considered for each phase and
between each phase. In other words, each switching
contributes in the cumulative distribution function
of the phase to ground and phase to phase
insulation with 3 values. These cumulative
distributions are considered identical for each
insulation ;

- case-peak ; for each switching event, the highest
value of the phase to ground and phase to phase
overvoltage is taken into account respectivelyhim t
phase to ground and phase to phase cdfs. This
method is equivalent to considering that one \Va
component between the 3 components of stress|
contributes more significantly to the risk of faiu Fig. 1. Withstand voltag&Jso of the electrode stressed by the positive

This method. generally considered as more rec%cgnponent, versus the negative compoinemipplied to the second electrode.
' 9 y P Is a constant defined experimentally [2][3].

_than the previous one, has been used in this study. |, 5ccordance to [5], the ratinis usually used to express
The withstand voltage of phase to phase insulatgends o ronortion of negative component within theataver-
on the repartition of the overvoltage componentsveen voltage between electrodes. It is given by :
h

phases. The negative component of the overvoltage V-
generally less influence on the insulation than plositive a=——— 4
component [3], as the positive withstand voltage tioé ViV . .
insulation is lower than the negative one. For teimson, [5] ~ Usually the phase to phase withstand voltage isstied
has proposed two possible instants for the sekeatibthe only for two values oé corresponding to 0.5 and 0.33.
value of the overvoltage corresponding to a switglgvent : B. The calculation of the phase to phase withstand
- the instant of phase to phase overvoltage peak ;  voltage
Fhls ap.proach can .be appllegl when dealing with air 1o gocument 2]
insulations for which the withstand voltage does

>

proposes formula (5) below to extd



the withstand voltage between two phase conduetimrsy a high enough to cover all possible cases of closistants.
span, taking into account the height of the cormhscabove For each samplg a simulation is performed and the stress
ground. v; at a given tower is determined according to thehou

064 _ d “case-peak” (see section IV. ). As the closinganss of the
eacd ™ 025?) breakers are random variables, the maximum valdlkeeoSFO
applied to the phase to ground insulations atdiet is also a
random variable V. The probability p to have aesér U

(U"+U)s (KV), d (m) andH (m) are respectively the valuehigher than a given valud, can be calculated approximately
of the 50 % withstand voltage of the air insulat{tor a given by :

(U++U_)so: )

1-a (014+ 054%)

value ofa, d andH), the distance between both conductors and PV >U,) = card(>q I% 2Uo) ®)
the height from the ground of the conductors. N

This formula is considered valid fat, d / H and V/V* Therefore the value of kisris such as :
belonging respectively to the following intervalsni,10m], pV >U,,4) = 002 9)

[0.2.,1] a+nd [_0'1]' The Fig. 2. I.oelow.iIIustratesaﬂmquence of This method cannot be applied directly becausestress
aon (u +U_ Jso-with the configuration °f+pha}se_conducmr§/pha%phag due to a closing instamt depends on the repatrtition
considered in the second part of the pafi¢r+U)so increases of the components of the overvoltages among thetrelges
of 17% wheru changes from 0.2 t0 0.9. and not only on the valuéaspnassi- IN the next paragraph we
are proposing some improvements of the method preden
2000 * this paragraph in order to adapt it for phase tasphself-

—o—o—0— restoring insulation.

B. Method to calculate the cdf of phase to phase SFO
When the cdf of the phase to phase SFO applied to a
conductor to conductor is estimated using a MordadeC
0 02 04 06 08 1 method we suggest for each closing time configonatf the
alpha breakersx to transform the stregs;"+v;) into an equivalent
stress corresponding to a standard valuge af.
Fig. 2. : Conductor to conductor tJ)sos Versusa calculated with the The series(vl++vl',v2++v2', ““;VN++VN-) is transformed
formula 5 above, ford =5 mand h =21.5 m. . . + - + - ¥ - . .
into a serieg(vi +Vi1 )sd, (V2 +V2 sty ==, (VN +Vn )gg) iN Which

The statistical withstand voltagllo of the insulation el dardized and b b
(corresponding to a probability of discharge of }08n be all e emen.ts get standardized and can be comparte same
value of withstand voltage.

estimated according to [4] by :
g to [4] by The following approach is applied to perform the

N
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(U. +U7)=(U"+U .)59'1'32 ©)  transformation.
whereZ is the standard deviation of SFO, expressed by [4] we consider a 2-dimension space with a cartesian
Z = 006U " +U"),, (7)  coordinate(V,a) system where the serieg +vy Vo +v, , ----

VN W) and(ag,az,...,an) are represented.

VI. THE DETERMINATION OF THE REPRESENTATIVE PHASE TO with
PHASESFODUE TO LINE ENERGIZATION AND REENERGIZATION v
- |

(10
A. Introduction Vi TV,

It is indicated in section Ill. that the methocbposed by The variation of the withstand voltage®+U")s, of the
the standard EN 50341-1 to estimate the represemtaconductor insulation is approximately linear versus
overvoltage stressing the insulation is based erkitowledge according to (5). This property is illustrated iig.F2..
of Voye representing the stress experienced by the ingnlat
Both Wy, and \byse depend ona for phase to phase
insulation.

If the case of the phase to ground insulation obeerhead

line, Voys is determined by using a Monte-Carlo method and
by considering the SFO due to line energizing awosing.
The cdf is approximated using an EMTP-like softwanel by
simulating the electromagnetic transient appedanglifferent
configurations of closing instants of the breakeits the
entrance of the line.

In mathematical terms a series of samples of djosin
instants(xy, Xo,...,xn) Of the breakers is chosen randomly. N is



\YAESVA TABLE 1
DIRECT AND HOMOPOLAR INDUCTANCE OF THETHEVENIN EQUIVALENT OF THE
v ++V SUBSTATION
P Configuration homopolar direct mode
(V-++V-') ............. : _ . inductance (mH) |inductance (mH)
B /:/} Configuration 1| 110 110
| low short circuit
/ I (U+U)g(a) current
: Configuration 2 53.6 36.7
I — medium shortr
> circuit current
0.5 a Configuration 3 13.8 13.8
Fig. 3. : Projection of the sampfe”+Vi) on the straight line=0.5 in order | — high short-circui
to obtain(vi*+w). current

Therefore(vi* +Vvi )gq iS obtained by projectings"+v;) on
the straight linex = 0.5, as shown in Fig. 3. below.

The direction of the projection is parallel to gteaight line
(U™ +U)s0(a).

Based on this approach it is possible to evallead/4y, of
the phase to phase SFO cdf and then to apply theoagh
presented in section Ill. to evaluate tte required for the
insulation.

It should be noted that this approach is a singalifon in
the sense that it does not consider simultanearslg circuit
of a tower the 3 phase to phase and the 3 phageotmd
insulations (annex D of [5] proposes such a method it
includes various hypothesis whose validity is difft to
assess). One can logically expect that its appicdeads to
some conservative results, compared to a methosidanng
all the insulations at the same time.

VII. PRACTICAL STUDY OF THE PHASE TO PHASESFOWHEN

UPGRADING A245KV TRANSMISSION LINE

A. Introduction

As indicated previously, when upgrading an overhiza
of range 2 of the IEC, the phase to phase airrdist&have to
be carefully checked because it may be necessarget@ome
special technique in order to reduce the amplibfdae SFO.

The fig. 4. below gives the notations used to dpetie
position of the phase conductors on a tower.

G1 G2
P3 Pé

P1

Fig. 4. : Position of the phase conductors on thet.

The surge arresters used in some configuratiottseagtudy
have a rated voltage of 342 kV and a residual geltaf 775
kV for a lightning current of 10 KA.

In the calculations 1 p.u. = 296 kV.

C. Approach used for the study

This paragraph describes an application of the maeth The statistical function of the software EMTP-RVuised.

presented in §VI. B. . The elements presented, melated to
the study of the phase to phase SFO due to linegiegadon
and re-energization, are part of a more generalystievoted
to the upgrade of 245 kV overhead lines to a highodtage.

B. Configuration
A double circuit 245 kV line is upgraded to 362.Kkhe
characteristics of the line are the followings: ipan length is
400 m and the line is 90 km long. The position bé t
conductors is given in the appendixes (section . ). The

phase conductors are constituted of bundles of B- sy

conductors.

The substation at the entrance of the linepsasented by
a Thevenin Equivalent. Several configurations amesidered
as detailed in the table below.

It allows to determine automatically the cdf of 8EO, due to
breaker switching, based on a Monte-Carlo approbgh
selecting randomly the closing time of breakerse Todeling
used to represent the system follows the recomntiemda
given by [6].

The line is represented by a succession of 10 kg lime
segments modeled with the FD-line model in orden&asure
the phase to phase SFO stressing the insulatittneagnd of
each segment. The substation is represented byeaemim
equivalent whose characteristics are given in Tdblelhe
reakers are modeled as ideal switches. The cldsiregof the
main breaker is supposed to be uniformly distridwaed the
closing time of the other breakers is supposedetaround it
with a Gaussian law of probability with a mediumueaequal
to zero and, with a standard deviation of 3 ms.



A module was developed in EMTP-RV, based on “MACS” Re-energizing of ong P1-P2:1200 kV (4.5 p.u))
(control part of EMTP-RYV), to evaluate for each glation |circuit, the other on
and each phase to phase insulafidfi+V;)sq from (Vi"+V;) |connected. The trapp€d 51 o3 1040 kv (5.2 p.u
(see section VI. B. ). This module is built withassical | charges are
control functions like comparators, sums, seleatfions, etc. 1p.u., 1p.u., -1p.u.
In the study three configurations were considered the
substation regarding its short-circuit current (Sable 1) .

11}

~

P2-P3: 1275 kV (5.3 p.ul)

Re-energizing of on
circuit, the other one being

(1)

D. Sudy of the re-energization of the line without P1-P2:1425kV (5.5 p.u)

to reduce SFO connected. The trapped
We suppose in this sub-paragraph that the line dis o rooc are 1.6 pupp1’6 P1-P3: 1510 kV (6.6 p.uf)
equipped with arresters at its terminals and weutale the o.u., 0. Case .of (La”faL.

phase to phase SFO when re-energizing the line. cfést leading to  temporary P3-P2: 1545 kV (6.5 p.u))
values given in the tables were measured at the epe of the

P~

' overvoltages.
line.
TABLE 2
PHASE TO PHASE OVERVOLTAGES WITHOUT MEANS TO REDUCE TABLE 4
OVERVOLTAGES CONFIGURATIONL PHASE TO PHASE OVERVOLTAGES WITHOUT MEANS TO REDUCE
Type of energizing 2% value of the cpf — kV OVERVOLTAGES CONFIGURATIONS
(p.u.) Type of energizing 2% value of the cpf — kV

Re-energizing of ongP1-P2: 1463 kV (4.9 p.u.) (p.u.)
circuit, the other ong Re-energizing of ong P1-P2:1425KkV (4.8 p.u))
disconnected. Trapped : circuit, the other one
charges are 1p.u., 1p.u., R1-P3:1600kV (5.4 p.u) disconnected. Trapped
1p.u, 1.p.u., Ip.u, -1p.u. charges are 1p.u., 1p.u} - P1-P3:1600KkV (5.4 p.uj

P3-P2: 1594 kV (5.4 p.u.) 1p.u., 1.p.u., 1p.u., -1p.u.

P3-P2: 1625 kV (5.5 p.u))

Re-energizing of ongP1-P2: 1347 kV (4.6 p.u.)

circuit, the other one being Re-energizing of ong P1-P2:1365KkV (4.6 p.u))

connected. The trappeg, o3~ 1500 kv (5.1 p.u.) circuit, the other ong

charges are connected. The trapped P1-P3: 1540 kV (5.2 p.ul)
1p.u,, 1p.u., -1p.u. charges are

P2-P3: 1410 kV (4.8 p.u.)

1p.u., 1p.u., -1p.u.
P2-P3: 1510 kV (5.3 p.u

~

Re-energizing of ongP1-P2: 1524 kV (5.1 p.u.)
circuit, the other one being Re-energizing of ong P1-P2:1595kV (5.4 p.u))
connected. The rappeg 1 o3 1743 kv (5.9 p.u.) circuit, the other one being
charges are 1.6 p.u., 1.6 connected. The trappéd P1-P3: 1770 kV (6.4 p.ul)

p.u.,, 0. Case of a faylt . charges are 1.6 p.u., 1.6
|eading to temporaryp3-P2.1768 kv (60 pU) p.u., 0. Case of a fault

overvoltages. leading to temporary P3-P2:1700kV (6.4 p.u)
overvoltages.
TABLE 3
PHASE TO PHASE OVERVOLTAGES WITHOUT MEANS TO REDUCE
OVERVOLTAGES CONFIGURATION2 E. Sudy of the re-energizing of the line equipped with
Type of energizing 2% value of the cpf — kV arresters at both ends
(p.u.) We suppose that the line is equipped with arrestel®th

Re-energizing of one P1-P2:1575kV (5.3 p.u)  ends. Because of that, the crest values presentétb itables

circuit, the other on below have been found on towers located in thenificof the
disconnected. Trapped middle of the line.

charges are 1p.u., 1p.u.} - P1-P3:1644 kV (5.6 p.uj)
1p.u., 1.p.u, 1p.u., -1p.u.

P3-P2: 1733 kV (5.9 p.ul)




TABLE 5
PHASE TO PHASE OVERVOLTAGES WITH ARRESTERS AT BOTHNBS
CONFIGURATION1

KV

~

~

Type of energizing 2% value of the cpf —
(p.u.)

Re-energizing of ong P1-P2:1120kV (3.8 p.u
circuit, the other onge
disconnected. Trapped
charges are 1p.u., 1p.u. - P1-P3:1250kV (4.2 p.u
1p.u., 1.p.u., 1p.u., -1p.u.

P3-P2:1235kV (4.2 p.u

Re-energizing of one P1-P2:1110kV (3.8 p.u
circuit, the other onge
connected. The trapped P1-P3: 1130 KV (3.8 p.u
charges are

1p.u., 1p.u., -1p.u.

P2-P3:1165kV (3.9 p.u

Re-energizing of one P1-P2:1155kV (3.9 p.u
circuit, the other one being
connected. The trapped P1-P3: 1205 KV (4.1 p.u
charges are 1.6 p.u., 1.6
p.u., 0. Case of a fallt
leading to temporary P3-P2:1205 kV (4.1 p.u
overvoltages.

TABLE 6

PHASE TO PHASE OVERVOLTAGES WITH ARRESTERS AT BOTHNBS
CONFIGURATION3

Type of energizing 2% value of the cpf — kV
(p.u.)

Re-energizing of one P1-P2:1140KkV (3.8 p.uJ)
circuit, the other one
disconnected. Trapped .
charges are 1p.u., 1p.u.} - P1-P3:1172kV (4 p.u)
1p.u., 1.p.u, 1p.u, -1p.u.

P3-P2 : 1100 kV (3.7 p.uj)

Re-energizing of one P1-P2:1120kV (3.8 p.uJ)
circuit, the other onge
connected. The trapped P1-P3: 1120 KV (3.8 p.u))
charges are

1p.u., 1p.u., -1p.u.

P2-P3: 1155 kV (4 p.u.)

Re-nergizing of ong P1-P2:1145kV (3.9 p.u))
circuit, the other one being
connected. The trapped P1-P3: 1205 KV (4.1 p.u))
charges are 1.6 p.u., 1.6
p.u., 0. Case of a fallt
leading to temporary P3-P2 : 1085 kv (3.7
overvoltages. p.u.)

F. Analysisof the results

Using (5)(6) and (7), Wis calculated for each insulation
and then the maximuihyg that each insulation can withstand,
according to the approach presented in section Jlith a
statistical coordination factoK,s = 1.05. The results are
presented in Table 7 below. Their comparison with talues
of overvoltages given in section VII. D. and VIIE.
indicates that the air distances are sufficientvithstand the
phase to phase overvoltages for an upgrade ofinbefrom
245 kV to 362 kV. However care should be taken that
reduction of insulation due to altitude and to ith&ulations in

parallel are not taken into account (see [5]).
TABLE 7

Uo AND MAXIMUM VALUE OF THE V20 ACCEPTABLE FOR THE INSULATION
Insulation W (kV) Vogsimax KV (p.u.)
P1P2 2050 1950 (6.6 p.u.)
P2P3 2750 2600 (8.8 p.u.)
P1P3 2900 2750 (9.3 p.u.)

Regarding the impact of the major parameters on the
amplitude of the overvoltages the following con@us can be
made.

The influence of the short circuit current of thewer
source does not appear to be major. A slight deereé the
(V*+V.)aam versus the short circuit of the source can however
be detected in most of the cases. Trapped changesra
important factor. We can see that the most sewszevoltages
appear in the case with strong trapped chargesvorphase
conductors (1.6 p.u.) and no trapped charges onother
phase conductors.

The presence of arresters at the ends of the dimdslto a
significant decrease of the overvoltages. This elx® is
related to the characteristics of the arresters espkcially
their level of protection. In this case the levélpootection
corresponds to 775 kV / 296 kV = 2.6 p.u.

VIIl. CONCLUSIONS

This paper is mainly devoted to the problem of the
dimensioning of the phase to phase insulation drioead
lines against SFO caused by switching operationsis T
dimensioning is a specific concern for systems gty to
the range 2 of the IEC

In this paper we propose a method to take intowatcthe
influence of the overvoltage component on each gghaken
studying the phase to phase overvoltages on amese line
due to line energizing and re-energizing, with aATP-like
software. This method allows to determine easilye th
representative overvoltage and streamlines theicaioin of
the standard EN 50341 for the determination of rdrgpuired
withstand voltage of the phase to phase air insulaf1].

This method is applied to study some aspects of the
upgrade of an overhead line from 225 kV to 362 kVhe
influence of some parameters like the short-circuitrent of
the source, the configuration of trapped charged tre
presence or not of arresters at both ends oftkedadianalyzed.



We can conclude that the presence of arresters lead

significant decrease of the phase to phase oveagesdt even
in the most severe configurations of trapped charge

IX. APPENDIX

A. Configuration of theline
The table below gives the position of phase corataand

sky wires.
TABLE 8
POSITION OF THE CONDUCTORS ALONG THE LINE
Conductor Height gt Height at| Horizontal
tower (m) mid-span distance from
the middle of
the tower
Circuit 1, 215 8.5 -9.5
phase 1
Circuit 1, 215 8.5 -4.5
phase 2
Circuit 1, 29 16 -6.3
phase 3
Circuit 2, 21.5 8.5 4.5
phase 1
Circuit 2, 21.5 8.5 9.5
phase 2
Circuit 2, 29 16 6.3
phase 3
Sky wire 1 34.2 21.2 -8.4
Sky wire 2 34.2 21.2 8.4

(1]
(2]
(3]
(4]

(5]
(6]
(71
(8]

(9]
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