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Abstract 
To meet the demanding criteria resulting from the 

continuous growth of the energy demand, the 
reinforcement and the development of the electrical 
systems is needed. This encompasses the new trends 
observed in the growth of the distributed generation, new 
substations and the renewal of existing ones. 

In addition to the public acceptance criteria, shorter 
implementation times and return on investment, together 
with a thorough attention paid to the functional operating 
margins are more and more required. In this respect, many 
efforts have been made by Utilities and Manufacturers to 
come up with suitable solutions, so as to achieve an 
enhanced compactness, or to increase the rated power of an 
existing substation. 

The recommendations prescribed by the standardized 
procedures of the Insulation Co-ordination practices 
described in the ruling Standards of every Utility allow the 
Design Engineer to set up the tables of the electrical 
clearances. These clearances will in turn dictate the 
arrangement of the substations, and also the minimum 

physical dimensions which can be achieved. The 
introduction of modern metal-oxide surge arresters has 
enabled engineers to reconsider these practices, and to 
propose, under certain conditions, some significant 
reduction of the said clearances and of the Standard rated 
withstand voltages for which the equipment must be 
qualified. 

This contribution describes some of the trends observed 
in this respect and summarises the main considerations, 
either through the specifications of the ruling Standards, or 
by means of detailed insulation co-ordination study. 

Some cases of Substation Compacting and/or Voltage 
uprating of existing assets are described in this Paper. 

As to whether the relevant standards should evolve and 
propose lower rated insulation voltages for equipment is a 
still a matter for discussion. A contribution to propose new 
test voltage waveforms, in function of the insulation 
characteristics of different equipment, concludes this 
Paper. 
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1 Introduction 

Unlike the developing world, the provision of electricity 
to all customers is no longer the first priority in 
industrialized countries. The deregulation of the power 
market has in these countries led to an increasing interest 
in a better power system optimisation and a thorough focus 
on customer demands. This is leading to new requirements 
on substation functionality, power system upgrading and 
power system economical optimisation. 

It is commonly acknowledged now that new drivers have 
been challenging the ruling practices of the Engineers and 
decision-makers, who are required to develop their 
solutions taking into account : 

·  the economical constraints,  
·  the environmental issues,  
·  the needed public acceptance, together with  
·  the progressive introduction of new types of HV 

components (eg hybrid switchgear, combined 
function apparatus).  

It is obvious also that the fast development of the so-
called dispersed generation in some countries is deeply 
modifying their transmission and distribution patterns : in 
particular, this results in the construction of a large number 
of small substations spread out in the country and in the 
vicinity of populated areas, for which the public 
acceptance must be obtained. Also the impact of an 
increase of the power generation and/or fault current level, 
which may require the voltage uprating of existing 
substations, and/or the need for their extension must be 
addressed. 

In these demanding challenges, the ruling practices of 
sound electrical engineering may have to be revisited so as 
to be capable to come up with suitable solutions, whenever 
it will be deemed acceptable by the Electrical Community 
that some of the standardized practices used for years may 
be reasonably revised and substituted by modern analysis, 
provided that the final result is still safe with respect to the 
protection of human beings and equipment. 

Locally, some Utilities have reported the need for 
uprating the voltage of transmission and distribution 
substations : examples exist for which a refreshed 
approach of the standardized rules of lay-out installation of 
HV equipment, supported by a suitable insulation co-
ordination study and the use of surge protective devices, 
has been successfully implemented and has made it 
possible to keep some of the same HV equipment 
operating at a higher voltage level. 

 
This Paper is an invitation to share views and experience 

on the specifications of the related standards for insulation 
coordination, on the one hand, and what can be the benefits 
achievable through the application of reduced standard 
insulation levels and clearances, on the other hand.  

 
In this respect, the authors have described some of the 

current investigations related to the definition of voltage 
wave-shapes to be applied on equipment of different 
insulatiing structures.  
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2 Insulation Co-ordination Ruling Practices 

2.1 General 

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

 
The selection of a particular standard insulation level 

should be based on the insulation co-ordination procedure 
and should take into account the insulation characteristics 
of the particular equipment being considered. 

 
Making reference now to the IEC Standard, there are two 

ranges of standard values which should read as follows: 
 

·  For a highest voltage of equipment less than or equal 
to 245 kV:  

·  the standard rated short-duration power-
frequency,  

and: 
·  the standard rated lightning impulse 

withstand voltage  
should cover the required switching impulse withstand 

voltages phase-to-earth and phase-to-phase as well as the 
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 specified by the 
relevant apparatus committee. 

 

 
 
 

 
Table 1: IEC standard insulation Voltages for Um < 245 kV 

Standard Short-duration
Power-frequency

Withstand Voltage

(kV rms)

Standard Lightning  Impulse
Withstand Voltage

(kV peak)

Highest
Voltage for
Equipment

Um

(kV rms)

Phase-to-Phase

&

Phase-to-Earth

&

Longitudinal

Phase-to-Phase

&

Phase-to-Earth

&

Longitudinal

(1) (2) (3)

3.6 10
20

40

…/… …/… …/…

72.5 140 325

(185) 450
123

230 550

(185) (450)

230 550145

275 650

(230) (550)

275 650170

325 750

(275) (650)

(325) (750)

360 850

395 950

245

460 1050
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Table 2: IEC standard insulation Voltages for Um > 245 kV 

 
 
In order to meet these general requirements, the required 

withstand voltages should be converted to those voltage 
shapes for which standard rated withstand voltages are 
specified using test conversion factors. The test conversion 
factors are determined from existing results to provide a 
conservative value for the rated withstand voltages. 

2.1.1 Standard rated switching impulse withstand 
voltage 

The standard rated switching impulse withstand voltages 
associated with a particular highest voltage for equipment 
have been chosen in consideration of the following: 
·  for equipment protected against switching 

overvoltages by surge arresters: 

·  the expected values of temporary overvoltages; 
·  the characteristics of presently available surge 

arresters; 
·  the co-ordination and safety factors between the 

protective level of the surge arrester and the 
switching impulse withstand voltage of the 
equipment; 

·  for equipment not protected against switching 
overvoltages by surge arresters: 
·  the acceptable risk of disruptive discharge 

considering the probable range of overvoltages 
occurring at the equipment location; 

Standard Switching  Impulse Withstand Voltage Standard Lightning  Impulse
Withstand Voltage

Highest
Voltage for
Equipment

Um

(kV rms)

Longitudinal
Insulation

(kV peak)

Longitudinal
Insulation

Combined

(kV peak)

= (2) +

Um*ÖÖÖÖ2/ÖÖÖÖ3

Phase-to-
earth

(kV peak)

Phase-to-
Phase

(ratio to the
phase-to-earth

peak value)

Phase-to-
Phase

&

Phase-to-
Earth

(kV peak)

Longitudinal
Insulation

(kV peak)

= (6) +

0.7*Um*ÖÖÖÖ2/ÖÖÖÖ3

(1) (2) (3) (4) (5) (6) (7)

750 700 +245 750 1.50
(850)

950

(850 + 170)

950 + 170
300

850 700 +245 850 1.50
(950)

1050

(950 + 170)

1050 + 170

850 800 +295 850 1.50
(950)

1050

(950 +  205)

1050 + 205
362

950 800 +295 950 1.50
(1050)

1175

(1050 + 205)

1175 + 205

(850) (900 +345) (850) (1.60)
(1050)

(1175)

(1050 + 240)

(1175 + 240)

950 900 +345 950 1.50
(1175)

1300

(1175 + 240)

1300 + 240
420

1050 900 +345 1050 1.50
(1300)

1425

(1300 + 240)

1425 + 240

(950) (950 + 428) (950) (1.60)
(1175)

(1300)

(1175 + 315)

(1300 + 315)

1050 950 + 428 1050 1.60
(1300)

1425

(1300 + 315)

1425 + 315
550

1175 950 + 428 1175 1.50
(1425)

1550

(1425 + 315)

1550 + 315

(1175) (1175 + 650) (1175) (1.60)
(1675)

(1800)

(1675 + 455)

(1800 + 455)

1425 1175 + 650 1425 1.70
(1800)

(1950)

(1800 + 455)

(1950 + 455)800

1550 1175 + 650 1550 1.60
(1950)

2100

(1950 + 455)

2100 + 455
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·  the degree of overvoltage control generally 
deemed economical, and obtainable by careful 
selection of the switching devices and in the 
system design. 

2.1.2 Standard rated lightning impulse withstand 
voltage 

The standard rated lightning impulse withstand voltages 
associated with a particular standard rated switching 
impulse withstand voltage have been chosen in 
consideration of the following: 
·  for equipment protected by surge arresters, the low 

values of lighting impulse withstand level are 
applicable. They are chosen by taking into account 
the ratio of lightning impulse protective level to 

switching impulse protective level likely to be 
achieved with surge arresters, and by adding 
appropriate margins; 

·  for equipment not protected by surge arresters (or not 
effectively protected), only the higher values of 
lightning impulse withstand voltages shall be used. 
These higher values are based on the typical ratio of 
the lightning and switching impulse withstand 
voltages of the external insulation of apparatus (e.g. 
circuit-breakers, disconnectors, instrument 
transformers, etc.). They are chosen in such a way 
that the insulation design will be determined mainly 
by the ability of the external insulation to withstand 
the switching impulse test voltages.

 
 
 

Table 3: Selection of the Standard Rated Withstand Voltages Uw 
  

 
 

 

 
 

The following tables are related to the IEC, JEC and 
IEEE Standards. 

 
For every given rated voltage, we have shown the various 

possible Lightning Impulse Withstand Voltages (LIWV), 

or Switching Impulse Withstand Voltages (SIWV) 
applicable to the equipment. 

 
Each of these values has been converted to a ratio 

referenced to the rated voltage

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

Longitudinal Insulation
Phase-to-Earth Insulation

Um >>>> 245 kV
Standard Switching  Impulse Withstand

Voltage

Standard Lightning Impulse 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*Ö2/Ö3 (opposite polarity)]

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

+

0.7 * Power Frequency Peak Voltage

[0.7 * Um*Ö2/Ö3 (opposite polarity)]

(Ph-ph) 
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2.2 IEC Standard  

 

2.3 JEC Standard 

 

2.4 IEEE Standard : 
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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 technically and 
economically optimized throughout co-ordinated 
considerations given to the transmission circuits and the 
substations. 

3.2.1 Transmission Lines 

The standard rated withstand voltages selected for the 
transmission line circuits must be high enough to keep 
within an acceptable ratio the risk of evolution of a single 
phase-to-earth, temporary fault (direct lightning stroke on a 
phase conductor) to a three-phase, permanent fault caused 
by the inception of a back flash-over). This is particularly 
of concern under the cases of lightning striking a circuit at 
a short distance from the substation, as its energy cannot 
be sufficiently degraded through the reactance of the 
circuit and the Corona effect development.   

The above is confirmed by recent investigations 
conducted in Italy for insulation  co-ordination assesments 
of system voltages less than or equal to 380 kV, 
considering 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 the surge 
energy likely to be transferred to the near substation, what 
was initially a temporary single phase-to-earth fault 
(automatic reclosure of the breaker) may develop to a 
permanent three-phase fault, at the expense of the power 
quality of the System. 

The study of the transient overvoltages likely to stress a 
line of specific geometry and configuration under ligthing 
stokes of statistically expected amplitude should provide 
the solution for the maximum tower-foot resistance value 
suitable for minimising the risk of back-flashowers. 

 

The last stage of such an analysis is the selection of a 
range of values together with the accepted flash-over 
probability. 

 
If the above proves to be not economically achievable, 

the application at specific locations (towers) of suitable 
protective devices such as metal-oxide surge arrestes 
should be considered. 

 

3.2.2 Substation 

For technical and/or economical reasons, the standard 
rated withstand voltages of the apparatus and other related 
equipment forming part of the substation are lower than 
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: 

o 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) 

o 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 overvoltages 
resulting from surges likely to hit any HV Equipment, 
irrespective of their cause (switching, lightning…). 

3.2.2.1 Spark gaps 

The use of spark gaps at the substation entrance enables 
to guarantee that the components of the line bays may be 
subjected to controlled and reduced overvoltages only. 

However, the use of spark gaps must be considered in the 
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-ordination of power 
systems. 

 
 
The presence of metal-oxide surge arresters at: 

·  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. 

4 Insulation Co-ordination Practices and related Clearances 

 
 

4.1 Standardized practices for Insulation Co-
ordination 

As far as the arrangement of the HV equipment within 
the substation area is concerned, the Standards directly 
specify the values for clearances together with the rated 
insulating voltages applicable to the said installation. 

Doing this, there is no particular requirement to perform 
detailed insulation co-ordination studies.  

Some Standards go even further: for each given rated 
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 equipment suitability to 
SIWL and/or LIWL, and the required substation clearances 
are in general given by the maximum overvoltage likely to 
be experienced by the equipment, and not by the system 
rated voltage. 

 
When the maximum overvoltages are controlled and 

limited through the protection of  surge arresters, both the 
requirements for SIWL and/or LIWV, on the one hand, 
and for the susbstation clearances, on the other hand 
should be referred to the applied arrester(s) characterisitics 

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

Nowadays, a wide variety of modern metal-oxide surge 
arresters can be applied to the same system voltage; the 
substation design engineer is therefore given the possibility 
to set up the installation rules together with different 
possible insulation levels. 

 

 

4.2 Relationships between Standard Rated Withstand 
Voltages and Clearances 

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

The following aspects need to be considered: 
The rated standard withstand voltages (power frequency, 

switching impulse and/or lightning impulse) have a 
signification for the equipment which must be tested and 
qualified accordingly 

Minimum values of electrical clearances are prescribed 
for the assemblies of equipment which cannot–or are not 
intended to- be tested. 
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Table 4
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4.2.1 Electrical –or operational- clearances 

Under the framework and development of the ruling 
standards, it is understandable that the values of the 
prescribed electrical clearances are the result of a 
continuous and linear chain, starting from the system rated 
voltages, highest operating voltages as estimated, to the 

specification on the LIWL and/or SIWL through the 
application of ad hoc coefficients. The electrical clearances 
to be considered result from the selection of one of the 
proposed standard rated insulation voltage:

 
 
 

Rated Voltage 

 
 

�  

Analysis: 
prospective 
highest 

overvoltages of 
the System 
(lightning, 

switching) 

Coefficients 
(Margin) 

 
 

�  

Selection of 
rated standard 

insulation levels 

Arrangement 
coefficients 

(margin) 
 

�  

Electrical 
Clearances 

(+ 
maintenance 
clearances 

+ 
safety 

clearances, as 
per Safety 

Codes 
 

In turn, if modern metal-oxide surge arresters are 
properly used and implemented, this allows the Engineer 
to safely design the substation arrangement on the basis of 
an insulation co-ordination study, rather than on 
standardized practices. 

 

In other words, instead of a sequential chain of 
recommended values, the selection of the withstand 
voltages to be prescribed to the equipment, on the one 
hand, and the selection of the minimum electrical 
clearances, on the other hand, can be separately analysed 

 
 
 

 

 

 

 

Surge Arrester 
Selection of 

characteristics and 
efficiency 

 

Electrical 
Clearances 
(maintenance 
clearances 

& 
safety 

clearances, as 
per Safety 

Codes) 

Rated Voltage �  
Analysis: 

prospective 
highest 

overvoltages of 
the System 
(lightning, 

switching) 

�  

Coefficients 
(Margin) 

 
 

 

�  

Selection of 
rated standard 

insulation levels 

 
 
In addition to the flexibility offered to the Engineer, 

basically some substantial reduction of the prescribed 
LIWL, SIWL for equipment, and of the clearances can be 
expected. 

4.2.2 Safety –or personal- clearances 

The safety of human beings – whether trained personnel, 
or public in the close vicinity of a substation- shall remain 
the essential criterion which prevails over any other 
consideration.  

If, as said earlier, a revised insulation co-ordination 
process allows minimum operational clearances to be 
smaller than those tabulated in the ruling Standards, this 
also might result in clearances for the persons lower than 
those prescribed by National Safety Codes or equivalent.  

 
This could be quoted in function, for instance, of an 

absolute minimum clearance, plus a variable quantity 

which could be the electrical clearance phase-to-earth as it 
is actually controlled by the surge protective device itself. 

4.2.3 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 made possible, 
under the allowances provided by the use of surge 
protective devices, of course the resulting reduced 
clearances should not impair, in turn, the conditions 
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 reduction of 
the safety clearances as a consequence of the use of 
surge arresters should not endanger the personnel. A 
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 insulator 
rather than across the open break distance. In other 
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 against transient 
overvoltages can be easily ensured nowadays by reliable 
surge arresters, one of the major concern and issue to 
consider dealing with the voltage withstand upgrading of a 
substation remains the behaviour of the substation 
insulators under the power frequency voltage or temporary 
overvoltages under the most severe pollution conditions of 
the site. 

To select suitable insulators from catalogues based on the 
system requirements and the environmental conditions, 
three approaches are recommended by IEC 60815-11 , 
based on the use of past experience, the measure and test, 
or measure and design, respectively. The applicability of 
each approach depends on available data, time and 
economics involved in the project.  

In reality, the pollution performance of the insulator is 
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 considered for the 
selection and dimensioning of outdoor insulators. They fall 
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, diameters, arcing 
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 faults. CIGRE 
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 specified, 
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 km line 
length, over a given time. 

 

4.4 Prospects in connection with the use of modern 
surge arresters  

Compared to the standardized practices described earlier 
under this section, if modern arresters are used, and if the 
substation design is instead based on a comprehensive 
insulation co-ordination study, then the resulting standard 
rated insulation levels (SIWL, LIWL) for which the 
equipment must be guaranteed, and the clearances which 
will result can actually be lower than those precribed by 
standardized practices. 

 
This opens the possibility to reconsider design rules 

seeking for an enhanced compactness of the switchyard, or 
under the scenario of voltage uprating of an existing 
switchyard.. 
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5 Lower Rated  Insulation Voltages : possible applications 

5.1 Compacting of modern-type substations 

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

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

As the public acceptance is nowadays a demanding 
requirement, the visual impact also calls for small and low 
profile substations.The economics of substations will be 
based on extended LCC (Life Cycle Costs) not only 
including system costs (capital, operation, maintenance, 
outages) but also customers’ costs for voltage dips, outages 
and other power quality deficiencies. It must also include 
handling of all material from "mining to scrapping", LCA 
(Life Cycle Assessment). 

The assumption made here for the future substations for 
the subtransmission network2 is therefore based on the 
view that it will be advantageous to install smaller 
substations, but probably more. These substations will be 
of single busbar type with sectionalising facility and with a 
reduced number of apparatuses. It will be based on easily 
exchangeable modules. Maintenance to the small extent 
needed will be based on RCM principles and will for new 
equipment be extremely low.  

Sensors will be used to monitor equipment condition and 
form a base for operation and maintenance strategies often 
with the help of expert systems.  

If conceptually no maintenance is foreseen to be 
exceptionnally performed in this type of substation, a 
needed module exchange can be performed with half or 
even the whole substation out of service. Such a practice 
may drive new considerations to be given to the minimum 
safety clearance observations. 

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

To reduce visual impact and cost it is essential to bring 
about a high degree of compacting not only by apparatus 
number reduction through multifunction solutions, but also 
by using lower insulation giving reduced distances to 
ground, between phases and between bays.  

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

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

Reduction of LIWV: two examples of investigations 
1- An investigation has been recently carried out aimed at 

assessing the actual overvoltages expected to stress the 
insulation of some substations of the HV transmission 
network in the light of the insulation co-ordination criteria 
presently in use. One of the objects of this activity was to 
check the possible available safety margins for the 
insulation withstand voltages (BIL) of the power 
transformers. 

The overvoltages rising at different locations in the 
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 the bays 

·  spark-gaps at the substation entrance (line gantry) 

                                                                 
2 belonging to the voltage class lower then 245 kV 

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

 
System voltage (kV) Power Transfo BIL (KV) 

132 450 
220 850 
380 1175 
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2 - In Japan, the LIWV values of 66 to 154 kV were 
standardized in 1944, and confirmed in the Standard issued 
in 1954 (JEC-0102-1954). 

 
Later on, relying on the experience gained by the use of 

modern type of metal-oxide surge arresters, under its issue 
in 1998, the ruling standard (JEC-2373-1998), 
recommends the selection of a residual voltage reduced by 
15% compared to JEC-217-1984, and by 25% compared to 

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

 
Item 66kV 77kV 110kV 154kV 

   Transmission-line 
4 circuits 

Transmission-line 
4 circuits 

Transmission-line 
2 circuits 

Transmission-line 
4 circuits 

The number of circuits     
 Bank 2circuits Bank 2circuits Bank 2circuits Bank 2circuits 

The rate of lightning arrester 
discharge voltage reduction (%) 

15 15 15 15 

Position of Lightning arrester 
(L: entrance, 

T: transformer) 

L L L L 

Assumption lightning stroke current 
 

30kA, 40kA 30kA, 40kA 60kA 60kA 

 
GIS type 

Three phase 
common tank type 

Three phase 
common tank type 

Three phase 
common tank type 

Three phase 
common tank type 
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5.2 Compaction of Modern Substations 

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

Visual impact on the overall dimensions of the substation 
–including its height- can be appreciated. The overall 
compactness of the overall substation can be also 
significantly improved by the introduction of hybrid 
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 contribute 
to reduce the overall dimensions. 

 
As a tentative assessment of the achievable reductions of 
dimensions of a substation making use of a suitable 
number of modern surge arresters, together with revised 
consideration on the reduction of the standard rated 
insulation voltages, we have repeated a sensitivity analysis. 

 
This analysis considered the cases of a seven-bay 

Substations (4 OHL, 2 transformer- and 1 coupling bay): 
·  of the Gas-insulated technolgy 
·  of the air-insulated technology 
·  of the hybrid technology  

 
 
 
 
 
 
 
 
 

 
 

����������� 	
�����
����������������  

 
 
 
145 kV S/ S - 7 Bays - Full AIS technology

 
 
 



 

Page 14 

 
 
The diagram below summarizes the footprint variations 
(expressed in sqm) for different rated voltages, in function 
of the technology employed (AIS,GIS or Combined). 

 
 

 
 
Some benefits can be expected from these considerations, 

as commented under the following section, when, on the 
contrary, the uprating of an existing substation may be an 
interesting solution.  

 

 

5.3 Voltage uprating of existing Substations 

As for the possibilities to renew a substation, the voltage 
uprating may represent an interesting approach for the 
associated possible savings achievable in pursuing, under 
the same rated current of the installation, an increase of the 
substation transferred power. These savings may result 
from: 

·  an already available operating areas. This condition 
allows to avoid the times and costs for approvals and 
authorisations concerned with the choice of new 
installation sites 

·  the exploitation of a good amount of the already 
existing substation assets of general use as the 
earthing network, auxiliary system, buildings, internal 
routes, etc. 

As an example, we can consider that the increase of the 
voltage from the level 123 kV to the level 145 kV or even 
from this latter to a new 170 kV will improve by more than 
one third the power exchange of the substation. 

The passage of the installation to a higher voltage level 
requires the guarantee that the new operating conditions 
will be withstood, mainly in terms of new steady-state and 
transient voltages. 

To this respect, the following aspects must be considered: 

·  the transient overvoltages surge arresters. This 
condition finds better application for electrical 
systems rated 245 kV and below, whose components 
present higher design withstand margins in respect to 
the transient overvoltages 

·  the long-duration voltages (power-frequency, 
temporary) require instead a more specific attention 
which takes into account also the environmental 
conditions responsible of the reduction of the 
insulation withstand (i.e. pollution). 

Still, if from one end the voltage uprating of a substation 
can rely on the exploitation of the existing assets as above 
mentioned, from the other end it requires the change of 
others substation components as the power transformer, the 
voltage transformer, the surge arrester.. 

In short, the evaluation of the functional operating 
margins of the substation components is required. To this 
respect, for each component the following criteria should 
be considered: 
·  the test specifications of the components 
·  the actual voltage stresses expected in the site of 

installation, under the different present and future 
network configurations 

·  the environmental stresses (pollution level) at site 
·  the history of operation  

The voltage uprating of existing substations may be a 
valuable solution to postpone heavy investments, or to 
optimize the life-cycle of existing equipment. 

Overall Land Area Requirements
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It is also worth mentioning that Voltage uprating of 
substations has been a practice in some Utilities of the 
USA : by the judicious applications of surge arresters, and 
with the change of some equipment, several 115 kV 

Substations were uprated to 230 kV, and operated with 
disconnectors rated 550 kV BIL instead of the usual 900 
kV BIL. The clearances to ground still correspond to the 
former 115 kV application. 

 
 

6 Consequences for Standardization of Test 
Voltages 

As illustrated in the above sections, the use of metal 
oxide surge arresters supported by adequate insulation co-
ordination analysis have enabled the Engineers to 
reconsider and apply reduced Standard Rated Withstand 
Voltages to the design of the substations, and to their 
equipment. 

This has resulted in some countries, or within certain 
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 substation 
have actually different insulation characteristics. As a 
consequence, their resistance to different families of 
voltage waveform may vary widely. 

In Japan, LIWV for equipment has been uniformly 
determined by system voltage class, and by installing the 
minimum number of metal-oxide surge arresters at 
appropriate locations. This has been supported by technical 
developments such as precise overvoltage analysis 
technology and a better understanding of the equipment 
insulation characteristics. As a matter of fact, many  

 

 
 
investigations have been pursued for many years so as to 

assess and quantify the resistance of different insulating 
media to various kinds of voltage waveforms other than 
the standardized lightning impulse test. These 
investigations have been driven by the necessity to 
understand how the V-t characteristics vary in function of 
the insulated structure, on the one hand, and in function of 
the parameters of the applied voltage waveform, on the 
other hand.  

The sub-sections of the Appendix N°2 are intended to 
provide information in this respect :  
·  description of the V-t characteristics of various 

insulated structures under lightning impulse condition 
·  description of the influence of the parameters of the 

applied voltage waveforms on the insulation 
characteristics  

·  insulation characteristics of non-standard lightning 
impulse voltages 

Finally, the method of investigating LIWV level from 
above mentioned V-t characteristics of various apparatus 
and actual analyzed lightning surge waveforms is also 
described. 

(the plotted diagrams corresponding to the related 
descriptions are gathered also under the Appendix N°2 

7 Conclusion 

The purpose of this Paper was to communicate some on-
going new approaches related to the rules and practices of 
the Insulation Co-ordination. 

As a matter of fact, it can be observed that there exists 
some conflict between the related ruling Standards issued 
by different Committees.  

Also, the significant  introduction of modern metal-oxide 
surge arresters seems to make it possible to reconsider the 
basic rules related to the standard rated withstand voltages 
to be specified for the equipment, and in order to better 
exploit the compactness which the modern technology of 
substation components can provide. 

Some cases of achievements of substation compactness, 
and examples of voltage uprating of existing ones seem to 
be a promising opening to the possibilities offered by these 
new considerations. 

Lastly, on-going investigations on the definition and 
scope of application of new voltage wave-forms, suitable 

for different type of equipment and insulation 
characteristics capable to be proposed in replacement of 
the standard waveshapes have been commented. 

It is the wish of the Authors that this Paper will 
contribute to an open debate, extended to other Utilities, 
Planners and Manufacturers on 
·  the need for introduction of new lower rated 

insulation voltages in the standards 
·  the trends to progressively specify lower standard 

insulation levels to the equipment 
·  the need for harmonization of the different ruling 

standards on the insulation coordination 
·  the experiences in terms of substation compactness or 

voltage uprating, and their respective financial 
outcomes. 
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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 simplified 
method outlined in Annex F of IEC 60071-2. It is based 
on the concept of Limit Distance, Xp, that can be defined 
as the line distance from the substation beyond which a 
lightning strike irrespective of its amplitude and shape 
and of the way it hits the line (shielding failure or back-
flashover), is not capable to originate an insulation 
breakdown within the station. 

Using the limit distance Xp it is possible to evaluate the 
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 distance d £ 
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 and NL 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 design 
value (500 years for instance), then the substation is 
adequately protected as the actual mean time between 
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 the line, 
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 most 
important parameter is the steepness and the separation 
distance between surge arrester and the equipment under 
consideration. 

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

The limit distance Xp 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: 

Si = 1/(Kco*X) 
where X is the distance between the struck point on the 

line and the substation. 
The transient response of the substation is evaluated on 
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, 1 ms) 
 

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 

III. 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 that have 
influence on the transient response of the substation: 

·  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 expressed as: 
Xp =[2 T bbbb]/[(N-1) Kco (Ui – Us)] 

Where: 
·  T, a, Ui and Us are the same parameters of Formula 

1) 
·  bbbb 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]/(N-1) is a simplified and conservative 

evaluation of the transient response of the substation. 

IV. 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 per line 
unit length, NL. 

As a first step, to evaluate NL, only shielding failures 
will be considered. Only if the limit distances Xp will 
result higher than the first  two or three line spans, also 
backflashovers will be considered. In fact, the grounding 
resistance of the first towers is too low to allow the 
backflashover when  a lightning strikes the tower. 
Besides, the connection between line earth wires and the 
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substation grounding system, helps very much avoiding 
backflashovers for lightning striking the first tower. 
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Appendix 2: Voltage-time characteristics of various insulation system 

Voltage-time characteristics of various insulation 
systems 

Insulation characteristics of various equipment change 
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 shorter 
time region of 10� s. The breakdown voltage ratio between 
1� s and 10� s is 1.22 to 1.45 . On the other hand, for oil-
filled paper, the breakdown voltages rise at about 3� s and 
the ratio between 1� s and 10� s is 1.03 to 1.45. Insulation 
structure of transformers consists of oil gaps and oil-filled 
paper. Insulation characteristics of transformers seem to be 
the average between two characteristics. The V-t curve in 
Fig.6.1.1 shows this characteristics. 

�  V-t characteristics of gap and surface in SF6 gas  

Fig.6.1.2 shows example of V-t characteristics of quasi-
uniform field gaps in SF6 gas. For the long time region, 
negative breakdown voltages show lower than positive 
one. On the other hand , in the region shorter than 1� s, 
positive breakdown voltages indicate lower than negative 
one and positive curves are rather flat in  short time region. 

As the general characteristics of GIS, breakdown voltage 
at 1� s is 1.15 to 1.25 times higher than that at 5 to 10� s. 

�  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 0.5� s.   

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

�  Effect of waveforms to insulation systems  

�  Effect of impulse voltage superimposed on AC 
voltage  

Insulation characteristics of various insulation systems 
under the condition of lightning impulse voltage 
superimposed on AC voltage show as follows. 

�  Characteristics of transformer  

The breakdown characteristics on various models for oil-
insulated transformer shows that. for the turn insulation, 
the AC pre-stressed voltage has no effect on the lightning 
impulse breakdown voltage, as shown in Fig.6.2.1.1.  

�  Characteristics of GIS  

Breakdown characteristic of gas gap and spacer surface 
in SF6 gas and inside insulation of alumina filled epoxy 
resin spacer shows that the AC pre-stressed voltage has no 
effect on the lightning impulse breakdown voltage when 
AC pre-stressed value is up to 70% of the AC breakdown 
voltage.  

�  Characteristics of cable  

The AC superimposed lightning impulse characteristics 
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 electric 
field, impulse breakdown voltage depends only on the 
peak-to-peak value and is not affected by the AC stress. 

�  Effect of  non-standard lightning impulse voltages 

When investigating test voltages, it is important to 
evaluate the waveforms of actual lightning surges into 
substations. During tests, to prove the dielectric 
performance of equipment, standard lightning impulse 
waveforms are used. Therefore, from the viewpoint of 
proper insulation design, it is very important to convert 
non-standard waveforms into standard waveforms. 

�  Various kinds of non-standard lightning 
impulse  

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

                                                                 
2 CV Cable : Cross-linked polyethylene insulated vinyl sheath  

cable 

can be classified into two groups: one having a large first 
wave and other showing a sustained oscillation. On the 
basis of these waveform, four waveforms were selected as 
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 of the 
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 2nd wave. 

 
 
 

�  Characteristics of GIS  

Test gaps consisted of rod-plane electrode. Two field 
utilization factors h (where h = average field strength / 
maximum field strength) were selected for testing , i.e.0.45 
and 0.60 to consider equivalence in actual use. The 
electrode size and gap length of two kinds of electrode 
were designed for same flashover voltage obtained under 
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 at h=0.45. Flashover 
almost occurred near peak region. In a few cases, flashover 
occurred on flat region that voltage level is about 1/5 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 1st wave, but also on the peak on 2nd wave.  

Fig.6.2.2.2(d) shows the V-t characteristics on the 
waveform-D. Since the peak voltage on 2nd wave is higher 
than the peak on the 1st wave, the flashover often occurred 
on the peak region on 2nd wave. 
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Fig. 6.2.2.2(e) and (f) show the voltage and wave front 
duration characteristics for G1 and G2 gap, respectively. 
The plots from non-standard waveform indicates one curve 
approximately. The curve for the G1 which corresponds to 
a lower utilization factor than G2, has a large rising ratio. 

The breakdown voltage ratio at 1� s is 1.06 to 1.10 times 
higher than on the long time region.  

In this result, the ratio at the wave front region is a little 
bit lower than breakdown voitage for standard lightning 
impulse waveform.  

�  Characteristics of transformer  

The breakdown voltage characteristics of oil filled 
transformer insulation models, including an oil gap, a turn-
to-turn insulation model and a section-to-section insulation 
model were investigated under fast front short duration 
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-standard impulses 
are 1.3 – 1.5 times higher than those under standard 
lightning impulse voltages.  

Fig.6.2.2.3 (b) shows the relation between voltage 
duration and breakdown voltages. In this case, it seems to 
be quite all right that various results are expressed with the 
single curve.  

 
�  Characteristics of cable  

The difference of the insulation characteristics of a cable, 
between standard and non-standard impulse voltage, was 
also considered.  

Fig.6.2.2.4 shows the breakdown voltage of CV cable 
under 4.5 kHz oscillatory-damping wave superimposing a 
direct current voltage. When there is no direct current 
voltage, the breakdown stresses are equivalent to those 
corresponding to the standard lightning impulse 
voltages(A1, A2).  

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

It is equivalent to the case where there is no direct current 
bias in this polarity (B1, B2).  

Relation between breakdown stress and rise time of the 
impulse voltage for CV cable were investigated. According 
to these results, the impulse breakdown stress can be 
expressed as per the following equation. 

 
          Est �� Esi �� Esw   
where 
          Est   : steep wave impulse breakdown stress  
          Esi   : lightning impulse breakdown stress 
          Esw : switching surge impulse breakdown stress 
 
The fact that the breakdown stresses of CV cable do not 

vary significantly compared to regions where the rise time 
of the applied voltage is short, confirms that the CV cable 
does not have a pronounced impulse V-t characteristics, 
and behaves like a general gaseous insulation. 

This result indicates that in designing the insulation for 
impulse voltage in CV cable, one can take the lightning 
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 investigating the 
test voltage of equipment. Investigation of the insulation 
characteristics of the equipment against the various 
waveforms has significant importance. The conversion 
factors among the various waveforms, AC, switching 
impulse and lightning impulse have been investigated. 

Table 6.3 shows the conversion factors of various 
equipment in substations. The values in the Table indicate 
the ratios when insulation characteristics of switching 
impulse are taken as 1.00. 
 

�  Evaluation method of lightning surge waveforms   

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

�  Analysis of a wave front portion  

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

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

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

�  Analysis of a wave tail portion  

1) It is based on actual breakdown voltage V-t cuve (Ca) 
2) Curve (Ca) is obtained connecting two points, which 

are 2� s and 50� s (or 90% value of LIWV at 10� s ) 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 have beeing used as 
V-t characteristics for insulation coordination analysis. 
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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)  

 

 
 
 



 

Page 22 

�  Characteristics of transformer  

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

only AC only AC 

only AC only AC 
turn insulation 

model 
:  break down     

:  AC corona (PIV) 

:  L. Imp corona (PIV) 
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�  Various kinds of non-standard lightning impulse  

 
(a) Waveform-A 
 
Pulse-like waveform having a front 

duration tf 0.2~1.0ms 

 
(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  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

  

Fig.6.2.2.2 a), b), c) and d) :  Examples of V-t characteristics of non-standard waveforms 

(a) Waveform - A (b) Waveform - B 

(c) Waveform - C 
(d) Waveform - D 
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Fig.6.2.2.2 e), f )  Insulation characteristics of non-standard waveforms 
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�  Characteristics of transformer  

 

 
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)  

P.I.V 
Breakdown 
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�  Characteristics of cable 

 
 

Fig.6.2.2.4  Various non-standard impulse voltage breakdown of cable 
 
 

 Table 6.3  Conversion factor of power apparatus in substation 
 
 
 

(a) without DC (b) with DC35kV 

  (same polarity) 

(c) with DC35kV 

  (reverse polarity) 

(d) with DC75kV 

  (reverse polarity) 
Non-standard Imp. 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. 

 
 


