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Abstract

To meet the demanding criteria resulting from the physical dimensions which can be achieved. The
continuous growth of the energy demand, the introduction of modern metal-oxide surge arrestess
reinforcement and the development of the electrical enabled engineers to reconsider these practices,t@n
systems is needed. This encompasses the new trendspropose, under certain conditions, some significant

observed in the growth of the distributed generaticew reduction of the said clearances and of the Standsed

substations and the renewal of existing ones. withstand voltages for which the equipment must be
In addition to the public acceptance criteria, $wor qualified.

implementation times and return on investment, ttoge This contribution describes some of the trends lese

with a thorough attention paid to the functionabgting in this respect and summarises the main considesti

margins are more and more required. In this respesty either through the specifications of the rulingrisi@rds, or

efforts have been made by Utilities and Manufactute by means of detailed insulation co-ordination study

come up with suitable solutions, so as to achieme a  Some cases of Substation Compacting and/or Voltage

enhanced compactness, or to increase the rated pbae uprating of existing assets are described in taseP.

existing substation. As to whether the relevant standards should evaha

The recommendations prescribed by the standardized propose lower rated insulation voltages for equipnie a
procedures of the Insulation Co-ordination prastice still a matter for discussion. A contribution tmpose new
described in the ruling Standards of every Utititiow the test voltage waveforms, in function of the insuati
Design Engineer to set up the tables of the etstri characteristics of different equipment, concludégs t
clearances. These clearances will in turn dictdte t Paper.
arrangement of the substations, and also the mimimu
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1 Introduction

Unlike the developing world, the provision of elédty In these demanding challenges, the ruling practafes
to all customers is no longer the first priority in  sound electrical engineering may have to be redsso as
industrialized countries. The deregulation of thewer to be capable to come up with suitable solutiortgnvever
market has in these countries led to an increasimgest it will be deemed acceptable by the Electrical Camity
in a better power system optimisation and a thdndogus that some of the standardized practices used fnsymay
on customer demands. This is leading to new reogngs be reasonably revised and substituted by moderlysasa
on substation functionality, power system upgradamgl provided that the final result is still safe wigsspect to the
power system economical optimisation. protection of human beings and equipment.

It is commonly acknowledged now that new driverseha Locally, some Utilities have reported the need for
been challenging the ruling practices of the Engigeand uprating the voltage of transmission and distrituti
decision-makers, who are required to develop their substations: examples exist for which a refreshed
solutions taking into account : approach of the standardized rules of lay-out lfzdian of

- the economical constraints, HV equipment, supported by a suitable insulation co
the environmental issues, ordination study and the use of surge protectivéces,
the needed public acceptance, together with has been successfully implemented and has made it

the progressive introduction of new types of Hy Possible to keep some of the same HV equipment
components (eg hybrid switchgear, combined OPerating at a higher voltage level.
function apparatus).

It is obvious also that the fast development of $ioe This Paper is an invitation to share views and egpee
called dispersed generation in some countries &plgle on the specifications of the related standardsrigmlation
modifying their transmission and distribution pate: in coordination, on the one hand, and what can bbehefits
particular, this results in the construction ofege number ~ achievable through the application of reduced stechd
of small substations spread out in the country ianthe insulation levels and clearances, on the other.hand

vicinity of populated areas, for which the public _ _
acceptance must be obtained. Also the |mpact of an In this I’espect, the authors have described sontbeof

increase of the power generation and/or fault crevel, current investigations related to the definition wafitage
which may require the voltage uprating of existing Wave-shapes to be applied on equipment of different
substations, and/or the need for their extensiost e insulatiing structures.

addressed.
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2 Insulation Co-ordination Ruling Practices

2.1 General

The standard insulation levels detailed in the oumi
existing Standards reflect the experience of theldyo
taking into account modern protective devices and
methods of overvoltage limitation.

The selection of a particular standard insulatiemel
should be based on the insulation co-ordinatiorcguiare
and should take into account the insulation charestics
of the particular equipment being considered.

Making reference now to the IEC Standard, therehaoe
ranges of standard values which should read as/fsil

For a highest voltage of equipment less than oakequ
to 245 kV:

the standard rated short-duration power-

frequency,
and:
the standard rated lightning impulse

withstand voltage
should cover the required switching impulse withsta
voltages phase-to-earth and phase-to-phase asasvéfle
required longitudinal withstand voltage.
For a highest voltage of equipment higher than 245
kV:
the standard rated switching impulse withstand
voltage
should cover the required short-duration power-
frequency withstand voltage, if no value is specifby the
relevant apparatus committee.

Staggsvgjrfrr;%rltjgﬁcrstlon Standard Lightning Impulse
Withstand Voltage Withstand Voltage
(kV rms) (kv peak)
Highest
Voltage for
Equipment Phase-to-Phase Phase-to-Phase
Um & &
(kV rms) Phase-to-Earth Phase-to-Earth
& &
Longitudinal Longitudinal
(1) (2) (3)
20
3.6 10
40
P lL... . /...
72.5 140 325
(185) 450
123
230 550
(185) (450)
145 230 550
275 650
(230) (550)
170 275 650
325 750
(275) (650)
(325) (750)
245 360 850
395 950
460 1050

Table 1 IEC standard insulation Voltages for Um < 245 kV
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P . Standard Lightning Impulse
Standard Switching Impulse Withstand Voltage Withstand Voltage
Highest sodi i
Voltage for Longitudinal Phase-to- Longitudinal
‘ Insulation Phase-to- Phase Insulation
Equipment T
Longitudinal Combined Phase-to- Phase a (KV peak)
Um Insulation earth ’
(kV peak) (ratio to the Phase-to-
(kV rms) (kV peak) (kV peak) phase-to-earth Earth
=@+ peak value) ar =(6)+
Um*¢2/¢3 (kv peak) 0.7*Um*¢2/¢3
(1) (2) @3) (4 (5) (6) (7)
(850) (850 + 170)
750 700 +245 750 1.50
950 950 + 170
300
(950) (950 + 170)
850 700 +245 850 1.50
1050 1050 + 170
(950) (950 + 205)
850 800 +295 850 1.50
1050 1050 + 205
362
(1050) (1050 + 205)
950 800 +295 950 1.50
1175 1175+ 205
(1050) (1050 + 240)
(850) (900 +345) (850) (1.60)
(1175) (1175 + 240)
(1175) (1175 + 240)
420 950 900 +345 950 1.50
1300 1300 + 240
(1300) (1300 + 240)
1050 900 +345 1050 1.50
1425 1425 + 240
(1175) (1175 + 315)
(950) (950 + 428) (950) (1.60)
(1300) (1300 + 315)
(1300) (1300 + 315)
550 1050 950 + 428 1050 1.60
1425 1425 + 315
(1425) (1425 + 315)
1175 950 + 428 1175 1.50
1550 1550 + 315
(1675) (1675 + 455)
(1175) (1175 + 650) (1175) (1.60)
(1800) (1800 + 455)
(1800) (1800 + 455)
800 1425 1175 + 650 1425 1.70
(1950) (1950 + 455)
(1950) (1950 + 455)
1550 1175+ 650 1550 1.60
2100 2100 + 455
Table 2 |EC standard insulation Voltages for Um > 245 kV
In order to meet these general requirements, tipainex - the expected values of temporary overvoltages;
withstand voltages should be converted to thostagel . the characteristics of presently available surge
shapes for which standard rated withstand voltaayes arresters;
specified using test conversion ffac_tors. The testn_arsion - the co-ordination and safety factors between the
factors ar_e determined from e>(|s_t|ng results tovig® a protective level of the surge arrester and the
conservative value for the rated withstand voltages switching impulse withstand voltage of the
2.1.1  Standard rated switching impulse withstand equipment;
voltage - for equipment not protected against switching
The standard rated switching impulse withstandaggls overvoltages by surge arresters: _ _
associated with a particular highest voltage farigment - the acceptable risk of disruptive discharge
have been chosen in consideration of the following: considering the probable range of overvoltages
for equipment protected against switching occurring at the equipment location;

overvoltages by surge arresters:
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the degree of overvoltage control generally switching impulse protective level likely to be

deemed economical, and obtainable by careful achieved with surge arresters, and by adding

selection of the switching devices and in the appropriate margins;

system design. - for equipment not protected by surge arrestersigor
212  Standard rated lightning impulse withstand effectively protected), only the higher values of

voltage lightning impulse withstand voltages shall be used.

These higher values are based on the typical odtio
the lightning and switching impulse withstand
voltages of the external insulation of apparatusg.(e
circuit-breakers, disconnectors, instrument

) transformers, etc.). They are chosen in such a way
for equipment protected by surge arresters, the low that the insulation design will be determined mginl

values of lighting impulse withstand level are by the ability of the external insulation to witast!
applicable. They are chosen by taking into account the switching impulse test voltages.

the ratio of lightning impulse protective level to

The standard rated lightning impulse withstand aggs
associated with a particular standard rated switchi
impulse withstand voltage have been chosen in
consideration of the following:

Selection of the Standard Rated Withstand Voltages Uw

Um = 245 kV

Standard Lightning Impulse Withstand
Voltage

Standard Short-duration Power-
frequency Withstand Voltage

Phase-to-Phase insulation

— - Phase-to-Earth Insulation
Longitudinal Insulation

Um > 245 kV

Standard Switching epuiseWithstand
Voltage (Ph-ph)

Standard Lightning Tmpulse Withstand
Voltage

Phase-to-Phase Lightning Insulation =  Phase-to-Earth Lightning Insulation

Longitudinal Insulation (combined) :

Standard Switching Impulse Withstand
Voltage ( Phase-to-Earth )

+
Power Frequency Peak Voltage
[Um*C2/CB (opposite polarity)]

Standard Lightning Impulse Withstand
Voltage ( Phase-to-Earth )

+
0.7 * Power Frequency Peak Voltage
[0.7 * Um*(2/C8 (opposite polarity)]

Table 3 Selection of the Standard Rated Withstand Vokdde

The following tables are related to the IEC, JEQ an or Switching Impulse Withstand Voltages (SIWV)
IEEE Standards. applicable to the equipment.

For every given rated voltage, we have shown th®wa Each of these values has been converted to a ratio
possible Lightning Impulse Withstand Voltages (LIWWV referenced to the rated voltage
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2.2

IEC Standard

p.u. of Rated Voltage (-)

IEC Std: Ratio LIWV & SIWV to System Rated Voltage

6,0

Rated Voltage (kV)

2.3 JEC Standard

2.4

in p.u. of System Rated Voltage (-)

JEC Std: Ratio LIWV & SIWV to System Rated Voltage

Rated Voltage (kV)

IEEE Standard :

in p.u. of Rated Voltage

|IEEE Std:Ratio LIWV & SIWV to System Rated Voltage

60 14725

15

10

Rated Voltage (kV)
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3 Basic Rules and Application

3.1 Standard Values of different Standards
Please see the attached Table 4.

3.2 Protective devices : Metal-oxide Surge Arresters
and Spark-gaps
Insulation of power facilities must be technicalyd
economically  optimized  throughout co-ordinated
considerations given to the transmission circuitd &he
substations.

3.21 Transmission Lines

The standard rated withstand voltages selectedhier
transmission line circuits must be high enough éek
within an acceptable ratio the risk of evolutionao§ingle
phase-to-earth, temporary fault (direct lightnitrgpke on a
phase conductor) to a three-phase, permanentdautted
by the inception of a back flash-over). This istjgatarly
of concern under the cases of lightning strikingrauit at
a short distance from the substation, as its eneagyot
be sufficiently degraded through the reactance hef t
circuit and the Corona effect development.

The above is confirmed by recent investigations
conducted in Italy for insulation co-ordinatiorsasments
of system voltages less than or equal to 380 kV,
con5|der|ng that the lightning:

directly strikes the phase conductor of the
overhead line : depending on its amplitude,
the resulting surge current in the line and the
associated surge voltage can cause a direct
flash-over of the line, part of the surge
energy will be diverted to earth; or, on the
contrary, if it is of low amplitude (say less
than 3 kA) the surge can reach the
substation with an almost unchanged pattern
strikes the earth wire of the transmission
tower : under such condition, the resulting
surge voltage can increase the voltage across
the phase-conductor line-string insulators to
values high enough to cause an external
flash-over of the said. As a consequence, a
significant portion of the lightning surge will
be injected into the phase conductors and
transferred to the substation. An external
back flash-over can also develop if the foot
resistance of the line towers is too high to
safely divert to earth the energy of the surge.
This situation will cause a potential rise of
the metallic structure which may exceed in
turn the withstand voltage capability of the
phase line-string insulators.

Besides the considerations on the severity of tirges
energy likely to be transferred to the near sulstatvhat
was initially a temporary single phase-to-earth Itfau
(automatic reclosure of the breaker) may developato
permanent three-phase fault, at the expense opdiner
quality of the System.

The study of the transient overvoltages likely tieess a
line of specific geometry and configuration undgthing
stokes of statistically expected amplitude shouldvigle
the solution for the maximum tower-foot resistanedue
suitable for minimising the risk of back-flashowers

The last stage of such an analysis is the seledtion
range of values together with the accepted flagr-ov
probability.

If the above proves to be not economically achigab
the application at specific locations (towers) oftable
protective devices such as metal-oxide surge a@sgest
should be considered.

3.2.2 Substation

For technical and/or economical reasons, the stdnda
rated withstand voltages of the apparatus and othated
equipment forming part of the substation are lowem
those of the transmission lines.

Therefore, suitable measures are as follows :

prevention as much as possible of the risk of
occurrence of a direct stroke on any
equipment within the substation area:
efficient shielding or lightning rods designed
together with an electro-geometrical model
progressive grading of the insulation voltage
level of the incoming overhead-line circuits
over their last spans preceding the substation
limits, so as to reach the rated withstand
voltage levels of the equipment of the
substation itself

installation  of  suitable  overvoltage-
controlling devices whenever there is:

o0 a significant disruption of the
insulation characteristics between
two adjacent portions of the
electrical circuit (e.g. at the
interface Overhead line circuit—
corresponding incoming feeder of
the substation)
analytical prediction that the
development of a travelling surge
within the substation area may
locally exceed the insulation
withstand capability of a portion of
circuit within the substation area
itself.

To this effect, spark-gaps and/or metal-oxide surge
arresters are efficient devices to control the woktages
resulting from surges likely to hit any HV Equipnben
irrespective of their cause (switching, lightning...)

3.2.2.1 Spark gaps
The use of spark gaps at the substation entraratgesn
to guarantee that the components of the line bz Ime
subjected to controlled and reduced overvoltagés on
However, the use of spark gaps must be considartbi
light of the following known drawbacks:
inception of a line-to-ground fault at the
triggering of the spark gap, which may affect
the power quality of the circuit.
production of a very steep-front surge at the
spark gap inception. Still, the presence of a
capacitive instrument transformer at the line
termination will contribute in mitigating the
slope of the surge
production  of  high-frequency  surge
oscillations when the bay circuit-breaker is
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closed, even of a low amplitude, which may
require further considerations in terms of
possible resonances in the windings of the
possible transformer connected to that bay
an arc inception voltage across the contacts
of the spark gap, which can vary upon the
actual surface conditions of the spark-gap
terminals, possible deposits caused by
pollution, moisture contents of the air at the
moment of the fault, etc

3.2.2.2 Metal-oxide Surge arresters

Metal-oxide surge arresters constitute nowadays an
indispensable aid to the insulation co-ordinatiérpower
systems.

The presence of metal-oxide surge arresters at:
4

4.1 Standardized practices for Insulation Co-

ordination

As far as the arrangement of the HV equipment withi
the substation area is concerned, the Standaréstlgir
specify the values for clearances together with retted
insulating voltages applicable to the said instaita

Doing this, there is no particular requirement &sfprm
detailed insulation co-ordination studies.

Some Standards go even further: for each giverdrate
voltage a set of recommended insulation withstand
voltages and clearances is associated.

It must be kept in mind that, within the scope of
application of these Standards, the equipmentkilifyato
SIWL and/or LIWL, and the required substation céewes
are in general given by the maximum overvoltageljiko
be experienced by the equipment, and not by thteisys
rated voltage.

When the maximum overvoltages are controlled and
limited through the protection of surge arrestérth the
requirements for SIWL and/or LIWV, on the one hand,
and for the susbstation clearances, on the othed ha
should be referred to the applied arrester(s) cheraitics

the substation entrance, in place of the spark
gaps, keeps control of the overvoltage values
of all the components within the range of
protection of the arrester. (An analytical
method to evaluate the lightning protection
in function of the «’limit distance”» of the
arrester is proposed in the Appendix.1
Cases of Air Insulated (AIS) and Gas
Insulated Switchgears (GIS) are considered)
the power transformer — or shunt reactor-
terminals contributes to guarantee the control
of the overvoltage values on the insulation of
that component. This is an important
application, allowing the rated insulation
voltage levels of power transformers and
shunt reactors to be lower than those of the
other HV equipment of the bay.

Insulation Co-ordination Practices and related Cleaances

and no more to the maximum overvoltage which can be
experienced.

Nowadays, a wide variety of modern metal-oxide surg
arresters can be applied to the same system vpltage
substation design engineer is therefore given dssipility
to set up the installation rules together with efiént
possible insulation levels.

4.2 Relationships between Standard Rated Withstand
Voltages and Clearances

As per the instructions detailed in the ruling Samis,
both the equipment insulation levels and the afeadt(or
operational) clearances are actually related to stuwme
maximum overvoltage.

The following aspects need to be considered:

The rated standard withstand voltages (power frecye
switching impulse and/or lightning impulse) have
signification for the equipment which must be tdstad
qualified accordingly

Minimum values of electrical clearances are préscti
for the assemblies of equipment which cannot—ornate
intended to- be tested.
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COMPARISON TABLE OF TESTING VOLTAGE BETWEEN JEC, IEC and IEEE.

JEC (Japan) IEC IEEE
Allow - Phases Phases Phases
e R e B e I o vl B e I B e R B B B o L B s I e B A T e e
oltage Ratio Ratio Ratio
66 72 Non Ettec - 350 595 130 337 100 6,80 725 325 5,49 140 334 725 350 591 120 3,34
250 4,22 95 2,27
77 84 |MomEMee-| a0 583 160 3,30 450 6,56
110 120 |MEMee-| 560 561 230 3,32 650 6,63 123 550 548 230 324 121 50 557 230 3,20
450 448 185 261 450 455 185 2,65
350 354 140 2,00
145 145 650 5,40 275 3,28 145 650 5,40 325 3,88
550 465 230 2,75 550 465 275 3,28
450 3,80 185 2,21 50 3,80 230 275
154 168 |MEHee-| 70 547 325 3,35 850 6,20 170 750 540 325 331 169 750 544 326 3,33
650 468 275 2,80 650 471 275 2,82
550 396 230 234 550 3,09 230 2,36
187 204 Effec 750 4,50 235 1,91 550 3,30 750 4,50
tive 650 3,90 450 2,70
220 240 Effec 900 4,59 265 191 650 332 850 434 245 1050 525 460 325 242 1050 531 180 344
tive 750 383 550 281 950 475 395 279 975 493 395 283
850 425 360 254 900 455 360 2,58
750 375 325 2,30 825 418 325 233
650 325 275 1,94 750 3,80 275 1,97
650 3,29
275 300 Eftec 1050 4,29 330 1,91 750 3,06 1050 4,29 300 1050 429 850 347 1275 5,21
tive 950 3,88 950 388 750 3,06 125 4,59
850 347
362 362 1175 3,08 950 3,21 1425 4,87 362 1300 4,40 1050 3,56
1050 355 850 2,88 1360 4,60 175 398 975 330
050 321 1050 3,55 200 3,04
975 330 825 279
900 3,04 750 254
650 2,20
420 420 1425 4,16 1050 3,06 1575 4,59
1300 3,79 050 2,77 1425 4,16
1175 343 850 248 1360 397
1050 3,06
500 550 Effec 1800 4,01 635 2,00 1050 234 1550 345 525 1550 362 175 2,74 1763 411 550 1800 4,01 1550 345
tive 1550 345 1425 332 1050 245 1680 392 1675 373 1425 317
1425 317 1300 303 050 2,22 1615 3,77 1550 345 1300 2,89
1300 2,89 1175 274 1425 317 175 262
1300 2,89
765 765 2100 3,36 1550 2,48 2480 3,97 800 2050 3,14 1300 2,76
1950 312 1425 2,28 2423 388 1925 205 1675 2,56
1800 288 1300 2,08 2210 354 1800 276 1550 237
1675 268 1425 218
1300 1,99
Table 4
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42.1 Electrical —or operational- clearances

Under the framework and development of the ruling
standards, it is understandable that the valueghef
prescribed electrical clearances are the result aof

specification on the LIWL and/or SIWL through the
application ofad hoccoefficients. The electrical clearances
to be considered result from the selection of ofi¢he

continuous and linear chain, starting from the esystated proposed  standard rated insulation  voltage:
voltages, highest operating voltages as estimdtedhe
Electrical
Analysis: Clearances
prospective o _ (+
highest Coefflc_lents Selection of | Arrangement maintenance
Rated Voltagd overvoltages of (Margin) rated standard coeff|C|e_nts clearances
the System insulation leveld ~ (Margin) Jf'
(lightning, safety
switching) clearances, as
per Safety
Codes

In turn, if modern metal-oxide surge arresters are
properly used and implemented, this allows the Eeggin
to safely design the substation arrangement otbdkes of

In other words, instead of a sequential chain of
recommended values, the selection of the withstand
voltages to be prescribed to the equipment, onatie

an insulation co-ordination study, rather than on hand, and the selection of the minimum electrical
standardized practices. clearances, on the other hand, can be separatalysed
Electrical
Clearances
Surge Arrester (maintenance]
Selection of clearances
characteristics and &
efficiency safety
clearances, ag
per Safety
Codes)
Analysis: Coefficients
prospective (Margin)
highest Selection of
Rated Voltage overvoltages of rated standard
the System insulation levels
(lightning,
switching)

In addition to the flexibility offered to the Enger,
basically some substantial reduction of the préscti
LIWL, SIWL for equipment, and of the clearances ten
expected.

4.2.2  Safety —or personal- clearances

The safety of human beings — whether trained pesdpnn
or public in the close vicinity of a substation-alremain
the essential criterion which prevails over any pthe
consideration.

If, as said earlier, a revised insulation co-ortora
process allows minimum operational clearances to be
smaller than those tabulated in the ruling Starsjattuis
also might result in clearances for the personstathan
those prescribed by National Safety Codes or ecgrival

This could be quoted in function, for instance, asf
absolute minimum clearance, plus a variable quantit

which could be the electrical clearance phase-tthea it
is actually controlled by the surge protective devitself.

423 Maintenance clearances

The clearances for maintenance purpose encompasses
two aspects:

- Minimum clearances to be observed for the safe
handling of any HV apparatus for maintenance and
replacement purpose: as to whether this operation
may take place when part of the substation is still
energized forms part of the analysis. If some
reduction of the electrical clearances is madeipless
under the allowances provided by the use of surge
protective devices, of course the resulting reduced
clearances should not impair, in turn, the condgio
of using maintenance vehicle and/or performing any
action of equipment replacement.

Maintenance clearance related to the safety of
persons: this refers specifically to Air Insulated
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Switchgears (AIS) for which the clearances across the
open contacts of a disconnector must guarantee the
safety of the personnel working on the disconnected
part of the substation. Again, a possible reductibn
the safety clearances as a consequence of thef use o
surge arresters should not endanger the persofinel.
proposal in that sense is that the design of the
insulator must be such that a possible spark-over
should be forced to leak to ground along the irteula
rather than across the open break distance. I othe
words, irrespective of the rated voltage and of the
guaranteed LIWL of the disconnector, once it is
properly grounded, the disconnector will guarantee
the safety of the personnel.

4.3 Selection of the Insulator Characteristics

Considering that a suitable protection againstsieant
overvoltages can be easily ensured nowadays bybielia
surge arresters, one of the major concern and issue
consider dealing with the voltage withstand upgrgdiha
substation remains the behaviour of the substation
insulators under the power frequency voltage or teany
overvoltages under the most severe pollution camditof
the site.

To select suitable insulators from catalogues basettie
system requirements and the environmental condition
three approaches are recommended by IEC 60815-1
based on the use of past experience, the measdrestn
or measure and design, respectively. The applitatuf
each approach depends on available data, time and
economics involved in the project.

In reality, the pollution performance of the indolkais
determined by complicated and dynamic interactions
between the environment and the insulator.

Annex B of IEC 60815-1 TS gives a brief summary of
the pollution flashover mechanism.

A large number of parameters must be considerethéor
selection and dimensioning of outdoor insulatotseyifall
substantially in three categories:

- system requirements such as the type of system,
maximum operating voltage across the insulation,
insulation condition parameters, imposed
performance requirements, clearances, imposed
geometry, dimensions, live line working and
maintenance practice
environmental conditions of the site such as
pollution, types and levels, rain, fog, dew, wind,
temperature, humidity, altitude, lightning,
earthquakes, vandalism, animals, biological growths
insulation parameters such as overall length, type,
material, profile, creepage distance, diametexsngr
distance, mechanical and electrical design.

In particular, the following remarks apply:
the effects of transient overvoltages need not be
considered due to their short duration.
temporary overvoltages (TOV) may occur due to a
sudden load shedding or line-to-earth faul$GRE
158 Technical Brochure gives information on this
subject.
some customers may require performance levels for
outdoor insulation with regard to availability,
maintainability and reliability. This may be speetf,
for example, as the maximum number of pollution

1 (in TS status at the date of the manuscript)

flashovers allowed per substation, or per 100 kma lin
length, over a given time.

4.4 Prospects in connection with the use of modern
surge arresters

Compared to the standardized practices describdigrea
under this section, if modern arresters are used,ifathe
substation design is instead based on a comprefensi
insulation co-ordination study, then the resultstigndard
rated insulation levels (SIWL, LIWL) for which the
equipment must be guaranteed, and the clearancies wh
will result can actually be lower than those preeditby
standardized practices.

This opens the possibility to reconsider desigresul
seeking for an enhanced compactness of the switdhgar
under the scenario of voltage uprating of an engsti
switchyard..
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5 Lower Rated Insulation Voltages : possible applidégons

5.1 Compacting of modern-type substations

Due to the increased reliability of equipment, more
sophisticated protection and control, and a deedkas
amount of maintenance, future substations will have
simpler layout and in most cases be smaller toeedki
into surroundings, but, at the same time, the nundbe
stations is likely to increase.

This trend is currently being observed in the coastin
which dispersed generation is currently making goma
contribution to the total amount of Power Generation.

The assumption made here for the future substafians
the subtransmission netwdrks therefore based on the
view that it will be advantageous to install smaller
substations, but probably more. These substatiotisb®vi
of single busbar type with sectionalising facilityd with a
reduced number of apparatuses. It will be basedasitye
exchangeable modules. Maintenance to the smalhiexte
needed will be based on RCM principles and will fewn

As the public acceptance is nowadays a demanding
requirement, the visual impact also calls for sraalil low
profile substations.The economics of substation$ el
based on extended LCC (Life Cycle Costs) not only
including system costs (capital, operation, maiatee,
outages) but also customers’ costs for voltage, dipsages
and other power quality deficiencies. It must alsclude
handling of all material from "mining to scrappind"CA
(Life Cycle Assessment).

The above analysis, supported by field experience,
confirmed that the presence of the surge-arrestete
transformer  terminals can guarantee controlled
overvoltages values on the insulation of the egeipm
The analysis carried out during the investigaticereh
reported shows that the following values of power
transformer BIL could be pursued:

equipment be extremely low.

System voltage (kV) Power Transfo BIL (KV]

Sensors will be used to monitor equipment conditéind

form a base for operation and maintenance strategten

with the help of expert systems.

132 450
220 850
380 1175

If conceptually no maintenance is foreseen to be

exceptionnally performed in this type of substati@an
needed module exchange can be performed with half or
even the whole substation out of service. Such atipea
may drive new considerations to be given to theimmim
safety clearance observations.

Together with reduced insulation levels treated Wwelo
this will lead to a very compact substation withesywlow
visual impact.

To reduce visual impact and cost it is essentiddring
about a high degree of compacting not only by apar
number reduction through multifunction solutionsf hlso
by using lower insulation giving reduced distances t
ground, between phases and between bays.

To reach a maximum of substation compacting,
unnecessary high insulation levels should be adoide

Work by WG33-10 on TOV (Temporary OverVoltages)
and choice of arrester rated voltages show thas lare
substations for 420kV and below normally have been fo
long over-insulated by one or two insulation levels.

Reduction of LIWV: two examples of investigations

1- An investigation has been recently carried ootea at
assessing the actual overvoltages expected tos sthes
insulation of some substations of the HV transmission
network in the light of the insulation co-ordinationteria
presently in use. One of the objects of this agtiviais to
check the possible available safety margins for the
insulation withstand voltages (BIL) of the power
transformers.

The overvoltages rising at different locations ime t
substations of the considered transmission network,
132kV, 220 kV and 380 kV nominal voltage, were
analysed by the ATP code under different network and
substation conditions and configurations, assuming,
amongst others, the presence of:

surge-arresters installed at the power transformer
terminals and/or at different locations along thg$
spark-gaps at the substation entrance (line gantry)

2 belonging to the voltage class lower then 245 kV
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2 - In Japan, the LIWV values of 66 to 154 kV were
standardized in 1944, and confirmed in the Stanistkd
in 1954 (JEC-0102-1954).

Later on, relying on the experience gained by the of
modern type of metal-oxide surge arresters, uridassue
(JEC-2373-1998),

in

1998, the

ruling standard

recommends the selection of a residual voltagecesdiby
15% compared to JEC-217-1984, and by 25% compared t

JEC-217-1944 respectively. Moreover, in the case of
encapsulated-type switchgear, since the main bus-bar
length in the Air-insulated technology, a signifitan
decrease of the insulation failure accidents in réeent
years has been observed. therefore, possible LIWV
reduction has been considered.

Item 66KV 77kV 110kV 154kV
Transmission-ling Transmission-ling Transmission-ling Transmissiorine
4 circuits 4 circuits 2 circuits 4 circuits
The number of circuits
Bank 2circuits Bank 2circuits Bank 2circuit$ Badircuits
The rate of lightning arrester 15 15 15 15
discharge voltage reduction (%)
Position of Lightning arrester L L L L
(L: entrance,
T: transformer)

Assumption lightning stroke currept  30kA, 40kA 30kA, 40kA 60KA 60KA

GIS type

Three phase

Three phase

common tank typd

common tank typd

Three phase

Three phase

common tank typd

common tank typg
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5.2 Compaction of Modern Substations

The above considerations suggest that the ratedssta
insulation voltages may be reduced, , by one or steps
in the ‘ladder’ of the standardized values.

Visual impact on the overall dimensions of the satish
—including its height- can be appreciated. The aler
compactness of the overall substation can be also
significantly improved by the introduction of hybri
modules or equipment with combined functions (e.g.
breaker plus disconnector).

ThThe introduction in the near future of the Non-
Conventional Instrument Transformers will also citntte
to reduce the overall dimensions.

As a tentative assessment of the achievable redsctf

dimensions of a substation making use of a suitable 145KV S/S- 7 Bays- Full AIS technology
number of modern surge arresters, together witisedv

consideration on the reduction of the standarddrate

insulation voltages, we have repeated a sensitwigtysis.

This analysis considered the cases of a seven-bay
Substations (4 OHL, 2 transformer- and 1 coupling)ba
of the Gas-insulated technolgy
of the air-insulated technology
of the hybrid technology
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The diagram below summarizes the footprint varietio Some benefits can be expected from these consmesat

(expressed in sgm) for different rated voltagesuction as commented under the following section, when,hen t

of the technology employed (AIS,GIS or Combined). contrary, the uprating of an existing substatiory tha an
interesting solution.

Overall Land Area Requirements
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Technology, Architecture and Rated Voltage
the transient overvoltages surge arresters. This
5.3 Voltage uprating of existing Substations condition finds better application for electrical
systems rated 245 kV and below, whose components
As for the possibilities to renew a substation, thkage present higher design withstand margins in respect t
uprating may represent an interesting approachtter the transient overvoltages

associated possible savings achievable in pursuinder
the same rated current of the installation, anease of the
substation transferred power. These savings mayitresu
from:

the long-duration voltages (power-frequency,
temporary) require instead a more specific attentio
which takes into account also the environmental
conditions responsible of the reduction of the
an already available operating areas. This comditio insulation withstand (i.e. pollution).

allows to avoid the times and costs for approvats an
authorisations concerned with the choice of new
installation sites

Still, if from one end the voltage uprating of éstation
can rely on the exploitation of the existing assetsabove
mentioned, from the other end it requires the chaof
the exploitation of a good amount of the already Others substation components as the power transfotinee
existing substation assets of general use as the voltage transformer, the surge arrester..

earthing network, auxiliary system, buildings, izl In short, the evaluation of the functional opergtin
routes, etc. margins of the substation components is requiredthis

) . respect, for each component the following critehausd
As an example, we can consider that the increaskeof t g considered:

voltage from the level 123 kV to the level 145 kWeven
from this latter to a new 170 kV will improve by neathan
one third the power exchange of the substation.

the test specifications of the components
the actual voltage stresses expected in the site of
installation, under the different present and fetur

The passage of the installation to a higher voltegel network configurations
requires the guarantee that the new operating tonsli - the environmental stresses (pollution level) & sit
will be withstood, mainly in terms of new steadytstand - the history of operation
transient voltages. The voltage uprating of existing substations mayabe

valuable solution to postpone heavy investmentstoor

To this respect, the following aspects must be cemnsd: optimize the life-cycle of existing equipment.
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It is also worth mentioning that Voltage uprating of
substations has been a practice in some Utilitieshef
USA : by the judicious applications of surge amrestand
with the change of some equipment, several 115 kV

6  Consequences for Standardization of Test

Voltages

As illustrated in the above sections, the use ofamet
oxide surge arresters supported by adequate irsuleo-
ordination analysis have enabled the Engineers to
reconsider and apply reduced Standard Rated Whithsta
Voltages to the design of the substations, andher t
equipment.

This has resulted in some countries, or within derta
Utilities, to issue recommendations promoting the
reduction of some of these standardized values.

However, if reduced LIWV is deemed acceptable, the
equipment and components forming part of a sulostati
have actually different insulation characteristidss a
consequence, their resistance to different familas
voltage waveform may vary widely.

In Japan, LIWV for equipment has been uniformly
determined by system voltage class, and by instaline
minimum number of metal-oxide surge arresters at
appropriate locations. This has been supporteédiynical

Substations were uprated to 230 kV, and operated with
disconnectors rated 550 kV BIL instead of the u9gf

kV BIL. The clearances to ground still correspondttie
former 115 kV application.

investigations have been pursued for many yeaes 0
assess and quantify the resistance of differentlatiag
media to various kinds of voltage waveforms othent
the standardized lightning impulse test. These
investigations have been driven by the necessity to
understand how the V-t characteristics vary in fiamcof
the insulated structure, on the one hand, andriotion of
the parameters of the applied voltage waveform, fen t
other hand.

The sub-sections of the Appendix N°2 are intended to
prowde information in this respect :

description of the V-t characteristics of various
insulated structures under lightning impulse coadit
description of the influence of the parametershef t
applied voltage waveforms on the insulation
characteristics

insulation characteristics of non-standard lighgnin
impulse voltages

Finally, the method of investigating LIWV level from
above mentioned V-t characteristics of various agtpar
and actual analyzed lightning surge waveforms i® als

developments such as precise overvoltage analysis described.

technology and a better understanding of the ecgmpm
insulation characteristics. As a matter of factnyna

7 Conclusion

The purpose of this Paper was to communicate same 0
going new approaches related to the rules andipeacdf
the Insulation Co-ordination.

As a matter of fact, it can be observed that theiste
some conflict between the related ruling Standéssised
by different Committees.

Also, the significant introduction of modern metedde
surge arresters seems to make it possible to neleorthe
basic rules related to the standard rated withstaltdges
to be specified for the equipment, and in ordebétter
exploit the compactness which the modern technotifgy
substation components can provide.

Some cases of achievements of substation compactnes .

and examples of voltage uprating of existing oressrsto
be a promising opening to the possibilities offdogdhese
new considerations.

Lastly, on-going investigations on the definitiomda
scope of application of new voltage wave-forms, alé
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Appendix 1: Evaluation of the Lightning Protection provided by Surge Arresters within a Substation

I Statistical simplified method - General

The method corresponds to the statistical simplifie
method outlined in Annex F of IEC 60071-2. It issbd
on the concept of Limit Distanc¥p, that can be defined
as the line distance from the substation beyoncdhvhi
lightning strike irrespective of its amplitude asbape
and of the way it hits the line (shielding failure ack-
flashover), is not capable to originate an insatati
breakdown within the station.

Using the limit distance Xp it is possible to evakutte
MTBF (Mean Time Between Failure), on a conservative
basis. On the base that:

no lightning striking the line at a distance d > Xp
can cause an insulation breakdown in the
station;

the lightning striking the line at a distanceEd
Xp may cause an insulation breakdown (but not
all the lightning will cause this)

then the following relationship is applicable

MTBF > MTBF*=(NL ~ Xp)-1

where MTBF is the actual mean time between failures,
MTBF* is its conservative estimation amdL is the
expected average number of lightning overvoltages
originated per year and per line unit length.

If MTBF* is greater or equal to the reference dasig
value (500 years for instance), then the substaiton
adequately protected as the actual mean time betwee
failures, MTBF, will be higher than the design level

II. Determination of the Limit Distance (Xp)

The overvoltage produced within a substation and
originated by a lightning surge coming from theelin
depends on:

the amplitude and shape of the lightning surge
entering into the substation (impinging surge),
(depends on the amplitude and shape of the
lightning, on the travel distance along the line,
and on some electrical parameters of the
overhead line);

the transient response of the substation to the
impinging surge (depends on the station design,
its layout, on the dimensional and electrical
characteristics of the components).

For substations protected by surge arresters, the m
important parameter is the steepness and the $epara
distance between surge arrester and the equipmert un
consideration.

The steepness of an impinging overvoltage surge is
reduced mainly by corona damping effects on the
overhead line.

The limit distanceXp is thus evaluated on the basis of:

- Si, steepness of the impinging surge. It depends
on:
electrical and dimensional parameters of the
overhead line
Kco, corona damping constant

The relationship between Si and Kco is approximately
equal to:

= 1/(Kco*X)

whereX is the distance between the struck point on the
line and the substation.

The transient response of the substation is eveduah
the basis of:

substation layout at the instant of lightning
distances between line arrester and step-up

transformers

electrical parameters of SF6 ducts and cables
Insulation level and arrester protective
characteristics

Ui lightning impulse insulation level of
the transformers

Up residual voltage of the arrester to

short wave impulse (10 kA, ris)

Limit Distance

Xp =[2 T)/[(n-1) Kco (Ui — Us)]

where:
T is the travel time between the arrester and the
most distant apparatus to be protected (in GIS
with arrester at the transformers the most distant
apparatus is the line-to-station connection);
n is the number of lines usually connected to the
busbar
a is the corona distortion factor (see IEC )
Ui is the lightning impulse insulation level of the
apparatus to be protected
Us is theactual protective level of the arrester for
short currents

Il. Application to GIS

The method here suggested, developed by ENEL is
derived from the IEC method with some improvements
which take into account two important facts thatehav
influence on the transient response of the substati

- the surge impedance of cables and SF6 ducts of
the substation is lower than the surge impedance
of the line,
not only the number of lines, but also the
number of transformer bays connected to the
bus-bar are influencing the transient response of
the station.

To this respect, the Limit Distance can be exprtsse

Xp =[2 T bJ/[(N-1) Kco (Ui — Us)]

Where:
T, a, Ui and Us are the same parameters of Formula
1)
b is the refraction coefficient between line and
substation

N is the sum of the number of lines and transformers
usually connected to the substation busbars
[2 T b)J/(N-1) is a simplified and conservative
evaluation of the transient response of the substat

V. Lightning performance of the line (NL)

As in Formula 1), when evaluating MTBF it is
necessary to know the expected average number of
lightning overvoltages originated per year and [beg
unit length, NL.

As a first step, to evaluate NL, only shielding fedisi
will be considered. Only if the limit distances Xp will
result higher than the first two or three line spaaiso
backflashovers will be considered. In fact, the gding
resistance of the first towers is too low to allove th
backflashover when a lightning strikes the tower.
Besides, the connection between line earth wiresttand
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substation grounding system, helps very much angidi
backflashovers for lightning striking the first towe
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Appendix 2: Voltage-time characteristics of variougnsulation system

Voltage-time _characteristics _of _various _insulation

systems

Insulation characteristics of various equipmentngjea
with applied voltage waveforms. Therefore, V-t
characteristics of the equipment are important for
investigating the test voltage.

Various V-t characteristics are described as follows.

V-t characteristics in oil insulation system.

The breakdown voltages of oil gaps rise at the short
time region of 10s. The breakdown voltage ratio between
1 s and 10s is 1.22 to 1.45 . On the other hand, for oil-
filled paper, the breakdown voltages rise at al®stand
the ratio between 5 and 10s is 1.03 to 1.45. Insulation
structure of transformers consists of oil gaps aifilled
paper. Insulation characteristics of transformeensto be
the average between two characteristics. The V-tecimv
Fig.6.1.1shows this characteristics.

Effect of waveforms to insulation systems

Effect of impulse voltage superimposed on AC

voltage
Insulation characteristics of various insulatiorsteyns
under the condition of lightning impulse voltage
superimposed on AC voltage show as follows.
Characteristics of transformer
The breakdown characteristics on various model®ifor
insulated transformer shows that. for the turn o,
the AC pre-stressed voltage has no effect on gignling
impulse breakdown voltage, as showifrig.6.2.1.1.
Characteristics of GIS
Breakdown characteristic of gas gap and spaceacrf
in SF6 gas and inside insulation of alumina fillggoxy
resin spacer shows that the AC pre-stressed volagad
effect on the lightning impulse breakdown voltage whe
AC pre-stressed value is up to 70% of the AC breakdo
voltage.
Characteristics of cable
The AC superimposed lightning impulse charactesstic
for CV 2 cable are almost the same as those for impulse
independently, whether of same polarity or opposite
polarity. Under AC stress of about operational electr
field, impulse breakdown voltage depends only oa th
peak-to-peak value and is not affected by the A€sst

Effect of non-standard lightning impulse voltages

When investigating test voltages, it is importaot t
evaluate the waveforms of actual lightning surge® in
substations. During tests, to prove the dielectric
performance of equipment, standard lightning impuls
waveforms are used. Therefore, from the viewpoint of
proper insulation design, it is very important toncert
non-standard waveforms into standard waveforms.

Various kinds of non-standard lightning
impulse

Results of analysis of lightning surge in GIS atuatt
substations show that surge waveforms are generally
complicated oscillatory waves caused by various
reflections in GIS. From these features, oscillateaves

2 cv cable: Cross-linked polyethylene insulated vinyl sheath
cable

V-t characteristics of gap and surface in SF6 gas

Fig.6.1.2shows example of V-t characteristics of quasi-
uniform field gaps in Sfgas. For the long time region,
negative breakdown voltages show lower than positive
one. On the other hand , in the region shorter tham
positive breakdown voltages indicate lower than negat
one and positive curves are rather flat in shore tregion.

As the general characteristics of GIS, breakdown gelta
at 1 sis 1.15 to 1.25 times higher than that at 5 tes10

V-t characteristics of cable insulation system

Fig.6.1.3 shows example of V-t curve for OF cable.
Breakdown stress rises at about 8.5

As the general property of OF cable, breakdown vekag
of switching impulse is a little bit lower (max 10%jan
those of lightning impulse and positive breakdown
voltages are lower than negative one.

can be classified into two groups: one having aeldigt
wave and other showing a sustained oscillation. On the
basis of these waveform, four waveforms were saleate
representative of these groups. They are shown in
Fig.6.2.2.1.

Their features are as follows:

- Waveform-A: Only the first wave of the
oscillatory wave is extracted. It is the basis @& th
other three waveforms.

Waveform-B: Composed by superimposing
waveform-A on the wave front of the ordinary
lightning impulse waveform.

Waveform-C Composed by superimposing a
multiple oscillatory wave on waveform-B.
Waveform-D : Composed by superimposing a
multiple oscillatory wave on waveform-B. It has
peak value of ® wave.

Characteristics of GIS

Test gaps consisted of rod-plane electrode. Twal fiel
utilization factorsh (whereh = average field strength /
maximum field strength) were selected for testing.p.45
and 0.60 to consider equivalence in actual use. The
electrode size and gap length of two kinds of ebeletr
were designed for same flashover voltage obtainet&un
standard waveform.

Minimum flashover voltage of non-standard waveform
was usually higher than that of standard waveform.

Fig.6.2.2.2(a) shows the example of the V-t
characteristics on waveform-A aih=0.45. Flashover
almost occurred near peak region. In a few catesdver
occurred on flat region that voltage level is abblf of
peak value.

Fig.6.2.2.2(b) shows the V-t characteristics on
waveform-B. Flashover almost occurred near wave front
region

Fig.6.2.2.2 (c) shows the V-t characteristics on
waveform-C. Flashover didn't occur only on the peak
region on ¥ wave, but also on the peak dif ®ave.

Fig.6.2.2.2(d) shows the V-t characteristics on the
waveform-D. Since the peak voltage o @ave is higher
than the peak on thé'vave, the flashover often occurred
on the peak region of@wave.
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Fig. 6.2.2.2(e) andf) show the voltage and wave front
duration characteristics for G1 and G2 gap, respagtiv
The plots from non-standard waveform indicates anee
approximately. The curve for the G1 which correspdonds
a lower utilization factor than G2, has a large gsiatio.

The breakdown voltage ratio atslis 1.06 to 1.10 times
higher than on the long time region.

In this result, the ratio at the wave front regisrailittle
bit lower than breakdown voitage for standard lighgni
impulse waveform.

Characteristics of transformer

The breakdown voltage characteristics of oil filled
transformer insulation models, including an oil gapurn-
to-turn insulation model and a section-to-sectimulation
model were investigated under fast front short domat
impulse voltages. Breakdown voltages of three kind
models have been measured with standard lightning
impulse voltages and various kinds of non-standard
impulse voltages.

Fig.6.2.2.3 (a)shows example of test results of turn-to-
turn insulation model. As the results, the breakdown
voltages of three kind models under non-standapliises
are 1.3 — 1.5 times higher than those under stdndar
lightning impulse voltages.

Fig.6.2.2.3 (b) shows the relation between voltage
duration and breakdown voltages. In this casegetrs to
be quite all right that various results are expdssith the
single curve.

Characteristics of cable

The difference of the insulation characteristice @fable,
between standard and non-standard impulse voltage, w
also considered.

Fig.6.2.2.4 shows the breakdown voltage of CV cable
under 4.5 kHz oscillatory-damping wave superimposing
direct current voltage. When there is no directrentr
voltage, the breakdown stresses are equivalenhdeet
corresponding to the standard lightning impulse
voltages(Al, A2).

When the 1st wave of an oscillatory wave and thectlire
current voltage of different polarity are overlagpe
improvement in breakdown stress is found (C1, C2, D1
D2).

It is equivalent to the case where there is ncctlicarrent
bias in this polarity (B1, B2).

Relation between breakdown stress and rise timéeof t
impulse voltage for CV cable were investigated. Adoay
to these results, the impulse breakdown stress bean
expressed as per the following equation.

Est Esi
where

Est : steep wave impulse breakdown stres

Esi : lightning impulse breakdown stress

Esw : switching surge impulse breakdowesstr

Esw

The fact that the breakdown stresses of CV cableotlo n
vary significantly compared to regions where ttee rime
of the applied voltage is short, confirms that @ cable
does not have a pronounced impulse V-t charadtay,st
and behaves like a general gaseous insulation.

This result indicates that in designing the insafafor
impulse voltage in CV cable, one can take the ligigtn
impulse voltage characteristics as representative.

Conversion factor for insulation characteristics of
equipment
Evaluation of various surge waveforms which actually
enter into substations is important when invesitigathe
test voltage of equipment. Investigation of theulaton
characteristics of the equipment against the variou
waveforms has significant importance. The conversion
factors among the various waveforms, AC, switching
impulse and lightning impulse have been investidjate
Table 6.3 shows the conversion factors of various
equipment in substations. The values in the Talleate
the ratios when insulation characteristics of sviitgh
impulse are taken as 1.00.

Evaluation method of lightning surge waveforms

The typical V-t curves (short time region) of theose
mentioned components are shown iRig.6.4.1 3.
Evaluation methods of lightning surge waveforms are
shown inFig.6.4.2)and are as follows.

Analysis of a wave front portion

1) Draw a straight line in parallel with a time-atiem
the maximum peak value (Vm) of an analysis result.

2) Set the intersection of this straight line andriteria
V-t curve (Cc) to (Po).

3) Apparatus can be withstood if the wave-peak eneelop
of the portion more than LIWV of an analysis wave esm
below LIWV within the time of Po.

Analysis of a wave tail portion

1) Itis based on actual breakdown voltage V-t d@&)

2) Curve (Ca) is obtained connecting two points,chvhi
are 2s and 50s (or 90% value of LIWV at 1G ) of the
standard lightning impulse voltage.

Future examination is required based on the new V-t
characteristics shown in this paper.

3 These curves are defined in the design guidebook
«Rationalization of Insulation Design» and haveibgeaised as
V-t characteristics for insulation coordination dgsis.
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V-t characteristics in oil insulation system.

Fig.6.1.1 V-t characteristics of oil-filled apparat  us (insulation to ground)

V-t characteristics of gap and surface in SF6 gas

Fig.6.1.2 V-t characteristics of SF6 gas gap (sphe re - plane)

V-t characteristics of cable insulation system

Fig.6.1.3 V-t characteristics of OF cable (insulat ion thickness : 6mm)
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Characteristics of transformer

only AC

only AC

only AC
only AC
turn insulation
model
. break down

: AC corona (PIV)
: L. Imp corona (PIV)

Fig. 6.2.1.1 AC + lighting impulse (Turn insulatio of transformer)

Page 22



Various kinds of non-standard lightning impulse

(a) Waveform-A

Pulse-like waveform having a front
duration tf 0.2~1.0ns

(b) Waveform-B

Waveform having a prominent at front
with flat tail

(c) Waveform-C

Waveform with pulse-like front with
damped oscillation of tail

(d) Waveform-D

Waveform with pulse-like front with
damped oscillation of tail, which have peak
value on second wave.

Fig. 6.2.2.1 Four kinds of non-standard waveforms
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Characteristics of

GIS

(a) Waveform - A

(c) Waveform - C

(b) Waveform - B

(d) Waveform - D

Fig.6.2.2.2 a), b), c) and d) : Examples of V-t amacteristics of non-standard waveforms
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Fig.6.2.2.2 e), f) Insulation characteristics afion-standard waveforms
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Characteristics of transformer

P.LV
Breakdown

Fig.6.2.2.3 a) Test results of turn-to-turn insula  tion model (0.63/1.08) s

Fig.6.2.2.3 b) Relation of voltage duration and BD V
(Oil gap and section-to-section insulation models)
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Characteristics of cable

(a) without DC (b) with DC35kV
(same polarity)

(c) with DC35KV (d) with DC75kV

) _ Non-standard Imp.
(reverse polarity) (reverse polarity)

Fig.6.2.2.4 Various non-standard impulse voltagerbakdown of cable

Table 6.3 Conversion factor of power apparatus isubstation

dl

Standard L Imp
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Fig.6.4.1. Criteria V-t curves for various apparat  us.

Fig.6.4.2. Evaluation method of lightning surge wa  veform with V-t curve.
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