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Kurzfassung

Die Methode der Spannungserhöhung an Freileitungen, d.h. die Erhöhung der Betriebsspannung

bei einer bestehenden Freileitung, stellt eine e�ziente und günstige Möglichkeit zur Steigerung

der Übertragungskapazität bzw. zur Erhöhung der Ausfallssicherheit von bestehenden Netzen

dar. Vorteilhaft ist dabei einerseits die Nutzung der bestehenden Freileitungsmasten, wodurch

der Neubau von selbigen vermieden werden kann. Anderseits führt diese Thematik zu Prob-

lemstellungen hinsichtlich Isolationskoordination. Das betri�t vor allem die Dimensionierung

der Mindestabstände unter erhöhten Spannungsbedingungen. Norwegens Übertragungsnetzbe-

treiber Statnett SF plant auf einem gröÿeren Teil des Übertragungsnetzes eine Erhöhung der

Betriebsspannung von 300 kV auf 420 kV, indem die bestehenden Glaskappen-Isolatorstränge

verlängert werden. Diese Diplomarbeit handelt von der Entwicklung und Konstruktion eines

maÿstabsgetreuen Modelles des obersten Bereiches eines betro�enen Tragmastens, wie er von

Statnett SF unter spannungserhöhten Bedingungen verwendet wird. Mithilfe dieser Nachbil-

dung ist es möglich, jeden beliebigen Ausschwingwinkel bzw. Abstand nachzubilden. Nach dem

Entwurf und der Konstruktion des Modelles wurden praktische Stoÿspannungsversuche in Form

von Blitz- und Schaltstoÿspannungstests für verschieden festgelegte Abstände durchgeführt,

wobei letztere Tests unter trockenen und beregneten Bedingungen realisiert wurden. Zu diesem

Zweck wurde ein spezieller Versuchsplan entwickelt, welcher Ausschwingwinkel und Abstände

berücksichtigt, die vor Ort in Norwegen während des Betriebes der Freileitung auftreten können.

Nach Beendigung der Stoÿspannungsversuche wurden anhand der erhaltenen Ergebnisse die

Funkenstreckenfaktoren (im Englischen gap factor genannt) errechnet und daraus resultierend

die erforderlichen Mindestabstände unter spannungserhöhten Bedingungen ermittelt. Hauptziel

dieser Arbeit ist die Ermittlung der Funkenstreckenfaktoren sowie der erforderlichen Mindestab-

stände. Abschlieÿend erfolgte ein Vergleich der errechneten Werte mit Werten basierend auf

internationalen Normen bzw. einschlägiger Literatur.

Schlüsselwörter: Spannungserhöhung, Freileitung, maÿstäbliches Modell, praktische Stoÿspan-

nungsversuche, Funkenstreckenfaktor, Mindestabstände



Abstract

The method of upgrading overhead lines, which means an increased operating voltage by use

of the existing line, is a fast and economic way to increase capacity and/or to improve the

failure reliability of the system. On the one hand the circumstance that the existing towers are

used and no new towers need to be constructed is an advantage, on the other hand this topic

raises some issues in terms of insulation coordination concerning the exact dimensioning of the

required clearances at the upgraded overhead line towers. Statnett SF (Norway's Transmission

System Operator), in cooperation with the Institute of High Voltage Engineering and System

Management of the Graz University of Technology is planning to upgrade a large part of its 300

kV overhead transmission line network to an operating voltage of 420 kV by lengthen the existing

cap-and-pin insulator strings. This diploma thesis contains the development of a practical full-

scale model composed of the highest tower section of an a�ected suspension tower of Statnett

SF under upgraded conditions. It enables the simulation of several swing angles and distances.

After design and construction of the model, it has been used to carry out lightning and switching

impulse voltage tests for several de�ned distances, whereby the latter tests have been carried

out under dry and raining conditions. Therefore a speci�c testing plan has been developed,

which covers distances occurring on-site in Norway while the overhead line is in operation. After

completing these impulse voltage tests, the determined results have been used to calculate

the gap factors and arising thereof the minimum required distances under upgraded conditions.

The main goal of this work is the determination of the gap factors as well as the minimum

required distances. Finally, the calculated values have been compared with the values given in

the international standards and the literature.

Keywords: voltage upgrading, overhead line, full-scale model, practical impulse voltage tests,

gap factor, minimum required distances
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Chapter 1

Introduction

1.1 Background

In the last decades a lot of changes concerning the topic of energy have arisen. Especially the

rising electricity consumption in Europe as well as worldwide is mentioned particularly, as shown

in Figure 1.1 and 1.2 [1][2]. In Europe the rate of growth is at 2% per year [3]. In Austria

it has risen between 1970 and 2001 from 74.4 PJ to 200.6 PJ which is a growth of 270% [4].

During 2006 and 2007 the increase amounted to 1.2% [5]. There are a lot of reasons for

this progression. The rising standard of living and the technological progress are only two of

the reasons for the growing demand of energy [6]. The rising electricity requirements lead to

an increased power �ow in the electrical lines. Also the renewables in�uence the energy �ux,

because they cause power �uctuation as a result of their unpredictable behaviour [6]. That is

a matter of special importance, because for example the wind power output in the European

Union has risen more than 150% since 2000 (see also Figure 1.3). Furthermore, one of their

general target is the rise of renewables onto 20% until year 2020 [3][7]. In Europe also the

deregulation of the electrical sector and the consequent changes in the generation sector a�ect

the power �ow across transmission lines.

In consequence of these considerations some lines are operated close to the ampacity limit,

which is the allowed maximum in terms of design, security and safety criteria. A consequence of

the excessive conductor temperature is an increased elongation of the conductor which results

in a reduction of clearance to ground. Moreover, annealing and high temperature creep of the

conductor as well as a decreased suitability of compression joints could be possible. All these

e�ects caused by excessive current �ow pose a risk for public safety and must be avoided [6].

Therefore one solution of this problem would be the installation of a new line, which is problem-

atical concerning social obstacles, environmental protection issues and long project durations.

For example in Austria the environmental impact assessment of a transmission line with a length

of 97.8 km continued about three and a half years. In this context also other aspects that limit

the projection of new transmission lines must be mentioned: di�culties with obtaining right-of-

way and way-leave, possible e�ects of electromagnetic �elds on human health, visual in�uences,

1
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ecological impacts and environmental doubts. Certainly, the �nancial component especially the

lack of �nancial furtherance is an important factor [8][9].

Figure 1.1: Gross Electricity Consumption 1990 � 2006 (adapted from [1])

Figure 1.2: World Total Net Electricity Consumption 1980 � 2006 (adapted from [2])

Therefore power supply companies attempt to increase the transmission capacity by upgrading

the existing transmission lines. There are several methods for increasing the power rating:

increasing the ampacity or increasing the voltage [6][8]. Increasing the ampacity takes place

through increasing the number of conductors and/or increasing the conductor section. The

increasing of the conductor section causes a decrease of the Joule e�ect. It is also possible to

replace the existing conductors by conductors with a high temperature resistance and low thermal
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expansion. Increasing the value of the line voltage leads to a decreased value of current for the

same transmitted power [6][10]. Another method of upgrading, which Statnett SF is applying

currently in several projects, is called temperature upgrading. Thereby the basic consideration

is to increase the maximum rated temperature of the conductor (in practice from 50°C up to

80°C), if that is possible due to the construction of the existing conductors. The occuring value

of current for the increased value of the temperature must be calculated. In the next step, the

corresponding occuring sag of the conductors and the distances to the surrounding area have

to be determined. After that, these values are compared with the required distances in the

standards to evaluate if upgrading is permitted or not [11].

 

EN 11   EN 

The industry has set a new target of 75,000 MW by 2010. This capacity would provide 
approximately 160 TWh, representing between 4% and 6% of the 2010 European electricity 
consumption. For this deployment to be achieved, the club of countries “performing well” 
must be enlarged. The offshore market will most certainly be a key element in wind energy 
development in the next few years.  

Integration of major shares of wind power in the grid can be tackled. For example, in 2005, 
wind power delivered 18% of Danish electricity demand. 

The European wind energy industry has kept pace with the growth of the global market. 
German and Spanish industrialists are becoming less and less dependent on growth in their 
own domestic markets, with increasing shares for export. Denmark has been able to maintain 
the number of wind power sector jobs at 20 000 due to its export market. According to the 
BWE (German Wind Energy Association), the German wind energy industry boasted a €5.03 
billion turnover in 2005. Half of this figure, i.e. €2.51 billion, is the turnover for exports. The 
situation is identical when it comes to jobs, with exports now accounting for 31 900 of the 
63 800 jobs in the German wind power industry.  

The growth of the global wind energy market has been accompanied by a phase of industrial 
reorganisation of the sector. This reorganisation has deeply modified the wind power 
industrial situation since 2002. There has been considerable industry consolidation, with 
fewer, larger players, particularly in the global market. Medium and smaller sized firms still 
play a role, though, at a more regional market level.  
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Figure 5: Historical development of electricity generation from wind in the EU-25 Member States from 
1990 to 200519. 

                                                 
19 Source Eurostat until 2004. The year 2005 includes provisional figures from IEA and Member States. 

Figure 1.3: Electricity generation from wind 1990 � 2005 [3]

1.2 Motivation

The method of upgrading an existing overhead line involves advantages but also disadvantages.

The major advantage is the fact that it is a fast and economic way to increase capacity and/or

improve the reliability of the system. This reduction of costs is due to the fact, that the existing

towers are used and no new towers need to be constructed. This is of particular importance

in areas where it is not environmentally possible or economically feasible to acquire a new right

of way. Also the lengthy and cost intensive environmental processes are observable reduced

in time and scope [12]. On the other hand, several projects in the last years have shown

that upgrading an existing line is not necessarily better regarding to the structural electrical

opinion [6]. Especially the observance of the required clearance levels for the uprated structure

is often problematic. One possibility to tackle this problem is to use line arresters for controlling

overvoltages. The required distances in terms of insulation design and coordination can be

reduced in that case. Nevertheless the required clearances for safety operating are given [13]
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and must be maintained. Furthermore, this topic raises issues in terms of insulation coordination

concerning the exact dimensioning of the required clearances at the upgraded overhead line

towers. These distances are in�uenced by the lengthened insulator string as well as environmental

in�uences. In this context the correct determination of the gap factor which in�uences the

withstand voltages and arising thereby the required distances is of particular interest.

1.3 Scope

Statnett SF (Norway's Transmission System Operator), with the support of the Institute of High

Voltage Engineering and System Management of the Graz University of Technology (TU Graz)

and the NTNU Trondheim, would like to upgrade approximately 5000 km of its 300 kV overhead

transmission line network to an operating voltage of 420 kV by lengthen the existing cap-and-pin

insulator strings. This thesis contains the development of a practical full-scale model of the upper

tower section of an a�ected suspension tower of Statnett SF under upgraded conditions, which

means an operating voltage of 420 kV. Using this model it is possible to simulate several swing

angles and distances. After the design and construction phase, impulse voltage tests including

lightning and switching impulse voltage (dry and rain) have been carried out for several de�ned

swing angles and clearances, respectively. For the impulse voltage tests a speci�c testing plan

has been developed. It covers swing angles respectively distances occurring on-site in Norway

during operation of the overhead line on the one hand and considers and e�cient design and

realization of the experiments during the testing procedure on the other hand. The impulse

voltage tests took place at the test High Voltage Laboratory of the Institute of High Voltage

Engineering and System Management at the Graz University of Technology. After completing

the impulse voltage tests, the determined results have been used to calculate the gap factors

and arising thereby the minimum required distances under upgraded conditions. The main goal

of this work is the determination of the gap factors and the minimum required distances as well

as the comparison of the calculated values with the values given in the international standards

and the literature.



Chapter 2

Insulation Design

2.1 Required gaps

2.1.1 Basics

For the upgrading of overhead lines by increasing the value of the operating voltage it is necessary

to observe the required tower air clearances in order to the higher voltage level. The increased

clearance due to the higher voltage rating as they are speci�ed in IEC 60071-Part 1 and 2 and

EN 50341-1 must be achieved uncompromisingly. Based on this demand the tower structure

is in�uenced by this higher operating voltages [13]. Due to the increased operating voltage,

the use of longer insulators is necessary. As a result of this retro�tting the vertical distances

between conductor and ground are reduced. Also the distances between the phases as well

as phase and tower construction may not be enough to guarantee the safety. In the case of

the reduced vertical gap it is possible to raise the point of connection of the conductor, which

perhaps leads to changes in the structure. To better handle the distance between the phases or

phase and tower, the use of an I-strut or V-string is a possible solution [6]. Another method is

the limitation of switching overvoltages especially when used in conjunction with surge arrester

or reducing switching overvoltages by using circuit breakers equipped with pre-insertion resistors

[13] [14].

2.1.2 Electric strength and characteristic values

The behaviour of an overhead line under electrical and mechanical stress is an important factor

for a reliable and safe electrical grid, especially for the construction and the involved costs but

also for the time of failure. Due to this fact the dimensioning of the gaps at the towers has

to be considered carefully. That means that the insulation level must constitute a compromise

between the electrical behaviour and sustainable costs.

There are three types of voltages that must be taken into account for calculation of the required

gaps:

� Fast front overvoltages

5
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� Slow front overvoltages

� Permanent operating frequent voltage

1. Fast front overvoltages:

(a) lightning strokes hitting a conductor

(b) overvoltages due of the back-�ashover

The calculation of the clearance depends on the distance dis of the insulation chain and

the type of spark gap.

2. Slow front overvoltages:

Slow front overvoltages occur due to switching actions in an electrical grid, which leads

to a transient overvoltage. There are two methods for the insulation coordination of slow

front overvoltages:

(a) Deterministic or conventional method:

In this method an established maximum overvoltage Umax and a minimum withstand

voltage Uw , which is called basic surge insulation level (BSIL) is given. The insula-

tion is dimensioned for the case that the Uw exceed Umax considering a collateral

security margin. This method is conservative, because it is based on the highest over-

voltages and it is unusual, that the insulation strength reaches the minimum rating.

Nevertheless, there is a slight probability of coexisting of both occurrences [15].

(b) Statistical method for calculation of �ashover probability:

At this method, a probability of exceeding a certain value of overvoltage instead of

a de�ned overvoltage due to a switching action is described. The overvoltage is

described completely by a density or distribution function. The capability (probability

of �ashover or the probability of failure) is de�ned as the integrated probability for

combining of the two properties (overvoltage and strength of the spark gap) as shown

in Figure 2.1.

Figure 2.1: Statistical method [15]



Chapter 2: Insulation Design 7

Figure 2.2: Density function of overvoltage [15]

U50%real = U50% �
(
�0

H

)n

= U50% � RIS (2.1)

� : : : relative humidity

H : : : correction factor

n : : : exponent depending on air gap(
�0

H

)n
: : : relative insulation strength (RIS)

U50% � � � value of voltage, that withstand in 50% of cases

If the distribution of overvoltages and strengths is unknown, it is possible to calculate

an approximate value of risk by using the simpli�ed statistical method. For this method

the real distribution is replaced by a Gaussian distribution which is de�ned by standard

deviation and the statistical overvoltage U2%. U2% is the overvoltage that exceededs with

a probability of 2% (Figure 2.2). The distribution of withstand voltage is marked by the

statistical withstand voltage UW90%, which means a probability of withstand of 90% and a

probability of breakdown of 10% (Figure 2.3). The distribution of slow front overvoltages

and the distribution of withstand voltage need to be brought in relation to get the forced

reliability [15].

3. Operating frequent voltage:

In that case the representative permanent operating voltage is equal to the peak value of

the highest operating voltage [15].

There are 4 kinds of electrical gaps in air which depend on the possible stresses [15][16]:

(a) Avoidance of �ashovers between outer conductor and objects on earth potential for

slow and fast front overvoltage. The minimum air gap, which is necessary, is called
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Del . It can be either an inner distance (distance between conductor and tower) or

an outer distance (distance between conductor and surrounding object).

(b) Avoidance of �ashovers between outer conductors for slow and fast front overvoltage.

The minimum air gap is called Dpp and is an inner distance.

(c) Avoidance of �ashovers between outer conductor and objects on earth potential

during operating frequency voltage. The minimum air gap is called D50Hz_p_e and

is an inner distance.

(d) Avoidance of �ashovers between outer conductors during operating frequency voltage.

The minimum air gap is called D50Hz_p_p and is an inner distance.

Figure 2.3: Cumulative frequency of impulse withstand voltage [15]

To ensure that �ashovers occur to parts of the overhead line and not to obstacles or crossing

objects, a minimum distance has to be determined which is larger than the shortest distance

between conductor and objects on earth potential [15].

2.1.3 Standard and calculations

The property of an air gap to be able to resist the electric stress resulting of overvoltages can

be described by statistical methods. Therefore the required withstand voltage of air gaps can

be determined as shown in DIN EN 50341-1. Therein for a given insulation system, altitude and

surge in de�ned form, the probability of a breakdown can be calculated for every voltage value.

For assessment of gaps the proper withstand voltage of spark gap must sustain with probability

x%. There are three parameters which describe this voltage:

1. 50%-withstand voltage of the spark gap (U50%)

2. standard deviation �u

3. number of standard variance Nx (di�erence between 50 and x%)
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Urw = Ux = U50% � Nx � �u (2.2)

In case of transient overvoltages (fast front, slow front) the 90%-withstand voltage of the air

gap will be consulted.

Urw = U90% = U50% � 1:3 � �u (2.3)

In case of operating frequency the withstand voltage is considered deterministic:

Urw = U100% = U50% � 3 � �u (2.4)

The withstand voltage can be described by use of the variation coe�cient �u and variation factor

Kz . Table 2.1 shows typical values of �u and Kz for di�erent types of stress.

Urw = (1� �u � N) � U50% = Kz � U50% (2.5)

Table 2.1: Typical values for �u and Kz [15][16]

Types of stress Variance coe�cient

�u

Standard deviation

�u

Variation factor

Kz

lightning impulse 0.03 0:03 � U50% Kz_f f = 0:961

switching impulse 0.06 0:06 � U50% Kz_sf = 0:922

operating frequency 0.03 0:03 � U50% Kz_pf = 0:910

The withstand voltage U50% of a spark gap of an arrangement can be described as a function

of the 50%-withstand voltage of a rod-plate-arrangement (RP).

U50% = Kg � U50%rp (2.6)

The factor Kg is called the gap factor and depends on the type of stress (see also section 2.3).

Using Equation (2.5) in combination with Equation (2.6) it follows [15]:

Urw = Kz �Kg � U50%rp (2.7)

The �ashover voltage also depends on the altitude above sea level, which is considered in

Equation (2.8) by the altitude factor Ka [15].

Urw = Kz �Kg �Ka � U50%rp (2.8)

Table 2.2 shows typical values of Ka for di�erent altitudes [15][16][17][18].
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Table 2.2: Typical values for Ka depending on the coordination withstand voltage [15][16][17][18]

Altitude Altitude factor Ka

[m] <200 kV 201 - 400 kV 401 - 700 kV 701 - 1100 kV >1100 kV

0 1.000 1.000 1.000 1.000 1.000

100 0.994 0.995 0.997 0.998 0.999

300 0.982 0.985 0.990 0.993 0.996

500 0.970 0.975 0.982 0.987 0.992

1000 0.938 0.946 0.959 0.970 0.978

1500 0.904 0.915 0.934 0.948 0.960

2000 0.870 0.883 0.906 0.923 0.938

2500 0.834 0.849 0.875 0.896 0.913

3000 0.798 0.815 0.844 0.867 0.885

For the three types of voltage that must be taken into account for the calculation of the electrical

gaps the following relations can be applied:

1. Fast front overvoltage:

For standard lightning surge (1.2/50�s) the calculation of the 50%-withstand voltage of a

sparking distance in form of a rod-plane con�guration can be described as follows [15][16]:

U50%rp_f f = 530 � d (2.9)

U50%rp_f f : : : peak value of voltage impulse (lightning impulse voltage)

d : : : striking distance in [m]

This equation is applicable for a striking distance of 10m and impulses with positive

polarity.

2. Slow front overvoltage:

Similar to the fast front overvoltage the 50%-withstand voltage in case of standard switch-

ing impulse voltage with a front time of 250�s for a rod-plane con�guration up to a striking

distance of 25m can be calculated as follows [15][16]:

U50%rp_sf = 1080 � ln(0:46 � d + 1) (2.10)

U50%rp_sf : : : peak value of voltage impulse (switching impulse voltage)

d : : : striking distance in [m]

3. Operating frequent voltage:

Similar to the fast and slow front overvoltage the 50%-withstand voltage in case of oper-

ating frequent voltage for a rod-plane con�guration can be calculated as follows [15][16]:

U50%rp_pf = 750 �
p
2 � ln(1 + 0:55 � d1:2) (2.11)
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U50%rp_pf : : : peak value of voltage

d : : : striking distance in [m]

For the four types of electrical gaps that depend on the electrical stress the following equations

can be applied:

1. Minimum air gap Del for the avoidance of �ashovers between outer conductor and objects

on earth potential during slow and fast front overvoltage, whereby Equation (2.12) is ap-

plied for fast front overvoltage and Equation (2.13) for slow front overvoltage [15][16][17][18]:

Del =
U90%_f f_is

530 �Ka �Kz_f f �Kg_f f
=

1

Ka
� Kg_f f_is

Kg_f f
� dis (2.12)

Del : : : minimum air gap between outer conductor and earth potential

dis : : : distance between the outer part of insulation chain

Ka : : : altitude factor

Kg_f f : : : lightning impulse gap factor (expressed by switching impulse gap fac-

tor Kg, see also Equation (2.32))

Kg_f f_is : : : lightning impulse gap factor of the insulation chain

Kz_f f : : : variation factor of the withstand voltage distribution for the spark

gap for fast front overvoltage (see also Table 2.1)

U90%_f f_is : : : highest value of the 90%-LI-voltage of the insulation chain

Del =
1

0:46
� (e

Kcs �Ue2%_sf
1080�Ka �Kz_sf �Kg_sf � 1) (2.13)

Del : : : minimum air gap between outer conductor and earth potential

Ka : : : altitude factor

Kcs : : : statistical coordination coe�cient

Kg_sf : : : SI - gap factor , Kg_sf = Kg (see also Equation (2.31))

Kz_sf : : : variation factor of the withstand voltage distribution for the spark

distance for slow front overvoltage (see also Table 2.1)

Ue2%_sf : : : slow front 2%-overvoltage between outer conductor and earth poten-

tial (the overvoltage that is exceeded with a probability of 2%)

2. The minimum air gap Dpp for avoidance of �ashovers between outer conductors during

slow and fast front overvoltage whereby Equation (2.14) is applied for fast front overvolt-

age and Equation (2.15) for slow front overvoltage [15][16][17][18]:

Dpp =
1:2 � U90%_f f_is

530 �Ka �Kz_f f �Kg_f f
(2.14)
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Dpp : : : minimum air gap between outer conductors

Ka : : : altitude factor

Kg_f f : : : lightning impulse gap factor (expressed by switching impulse gap fac-

tor Kg, see also Equation (2.32))

Kz_f f : : : variation factor of the withstand voltage distribution for the spark

gap for fast front overvoltage (see also Table 2.1)

U90%_f f_is : : : highest value of the 90%-LI-voltage of the insulation chain

Dpp =
1

0:46
(e

1:4�Kcs �Ue2%_sf
1080�Ka �Kz_sf �Kg_sf � 1) (2.15)

Dpp : : : minimum air gap between outer conductors

Ka : : : altitude factor

Kcs : : : statistical coordination coe�cient

Kg_sf : : : SI - gap factor , Kg_sf = Kg (see also Equation (2.31))

Kz_sf : : : variation factor of the withstand voltage distribution for the air dis-

tance for slow front overvoltage (see also Table 2.1)

Ue2%_sf : : : slow front 2%-overvoltage between outer conductor and earth poten-

tial (the overvoltage that is exceeded with a probability of 2%)

Table 2.3 and 2.4 show typical values of Del and Dpp for slow and fast front overvoltage

(altitude 1000m above sea level) [15]:

Table 2.3: Typical values for Del and Dpp for fast front overvoltages [15]

Del and Dpp for fast front overvoltages (altitude 1000m above sea level)

LI withstand voltage [kV] Del [m] Dpp[m]

400 0.77 0.85

600 1.14 1.26

800 1.50 1.68

1000 1.88 2.08

1200 2.23 2.50

1400 2.61 2.92

1600 2.98 3.33

1800 3.35 3.75

2000 3.72 4.17

2050 3.82 4.27

2100 3.91 4.38

2150 4.00 4.48

Table 2.5 shows empirical values of Del and Dpp for common voltage levels, which are

based on an analysis of values used in Europe to guarantee the public safety of people

[15][16].
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Table 2.4: Typical values for Del and Dpp for slow front overvoltages [15]

Del and Dpp for slow front overvoltages (altitude 1000m above sea level)

SI withstand voltage [kV] Del [m] Dpp[m]

400 0.88 1.02

600 1.44 1.67

800 2.07 2.45

1000 2.84 3.41

1200 3.71 4.57

1400 4.77 5.97

1600 6.02 7.66

1800 7.50 9.70

Table 2.5: Empirical values of Del and Dpp [15][16]

Empirical values of Del and Dpp

Highest operating voltage Us [kV] Del [m] Dpp [m]

52 0.60 0.70

72.5 0.70 0.85

82.5 0.75 0.85

100 0.90 1.05

123 1.00 1.15

145 1.20 1.40

170 1.30 1.50

245 1.70 2.00

300 2.10 2.40

420 2.80 3.20

525 3.50 4.00

765 4.90 5.60

3. The minimum air gap D50Hz_p_e for avoidance of �ashovers between outer conductor

and objects on earth potential during operating frequency voltage [16][17][18]:

D50Hz_p_e =

e
Us

750�
p
3�Ka �Kz_pf �Kg_pf � 1

0:55

0:83

(2.16)

D50Hz_p_e : : : minimum air gap between outer conductor and earth potential during

permanent operating frequency voltage

Ka : : : altitude factor

Kcs : : : statistical coordination coe�cient

Kg_pf : : : gap factor for operating voltage (see also Equation (2.31))

Kz_pf : : : variation factor of the withstand voltage distribution for operating

voltage (see also Table 2.1)

Us : : : highest operating frequent voltage (root mean square in [kV])
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4. The minimum air gap D50Hz_p_p for avoidance of �ashovers between outer conductors

during operating frequency voltage [16][17][18]:

D50Hz_p_e =

e
Us

750�Ka �Kz_pf �Kg_pf � 1

0:55

0:83

(2.17)

Ka : : : altitude factor

Kcs : : : statistical coordination coe�cient

Kg_pf : : : gap factor for operating voltage (see also Equation (2.31))

Kz_pf : : : variation factor of the withstand voltage distribution for the air dis-

tance operating voltage (see also Table 2.1)

Us : : : highest operating frequent voltage (root mean square in [kV])

2.2 Environmental in�uence on the gaps

2.2.1 Basics

Environmental in�uences, especially lightning strokes, temperature as well as wind and ice load

represent the uppermost threat to the performance of overhead lines and lead to faults, failures

and voltage drops. Therefore it is necessary to operate the overhead line with focus on continuity

of supply to the load as well as the quality of power supply.

2.2.2 Temperature

The vertical distances of the conductors must be dimensioned su�ciently for the highest tem-

perature speci�cation of the conductors [15]. The standard DIN EN 50341-part 1 describes

�ve di�erent situations of temperature in�uence, which are also depending on other climate

in�uences.

1. lowest temperature (must be mentioned without climate in�uences)

2. usual ambient temperature for extreme wind speed

3. if applicable a lowest temperature in combination with reduced wind speed

4. temperature that occur with ice accretion

5. temperature (must be mentioned for combination of wind and ice e�ect)

The decisive temperatures and situations are appointed in the national normative aspects (NNA)

[16].

2.2.3 Ice load

There are two di�erent types of ice on conductors corresponding the origin:
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1. formation of ice in fact of humidity

2. formation of ice in fog or aqueous air (consequences thereof are soft and hard hoarfrost)

Ice load in form of hoarfrost is unimportant, because it does not lead to essential loads. Forma-

tion of ice due to humidity occur in three types:

1. clear ice due to frozen rain

2. approach of dry snow

3. approach of wet snow

In this case the approach of ice depends on the magnitude and duration of precipitation, the

wind speed and the temperature. The ice load referring to length that must be chosen for a

speci�c place, called IK (in N/m), means ice load regarding the di�erent regions of the country,

called IR, which is speci�ed in the NNA or other project speci�cation. For the ice load of

conductors it must be distinguished between normal ice load and raised ice load, which must be

mentioned when occurring at regular intervals. The national demands are de�ned in the NNA

[15][16]. The ice load of conductors causes vertical forces as well as tensile forces inside the

conductors. By the use of the two adjacent spans the ice load of every conductor in one support

point can be calculated as [16]:

Ql = I � (LW1 + LW2) (2.18)

I : : : ice load on the conductors referring to length

LW1; LW2 : : : parts of the two adjacent weight spans

Ice load model according to IEC 60826 [15]: In this standard the annual maximum values of

ice load are described with a Gumbel-distribution. Employing a statistical analysis of existing

information of ice load a reference ice load gIR can be calculated, which depends on the con-

struction of the line. For the case of ice approach there are de�ned 4 requirements for the load

of the towers:

1. Similar approach of ice on the conductors:

All conductors and the guard wire are burdened with the reference ice load gIR

2. Dissimilar approach of ice at one of the outer conductors or guard wire:

This case occur in fact of ice drop or disparate growth and leads to a longitudinal load at

the support structure. In IEC 60826 the ice load on the conductors is 0:7 �gIR and on the

outer conductor and guard wire is 0:28 � gIR.

3. Dissimilar approach of ice at all of the outer conductors in adjacent spans :

In this case the ice load on all conductors in the span on one side of the tower is 0:28 �gIR
whether on the other side it is 0:7 � gIR.
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4. Dissimilar approach of ice at one of the current circuits:

In this case the ice load on all conductors of one of the current circuit is 0:28 �gIR whether

on the conductor of the other current circuit it is 0:7 � gIR.

Speci�c national ice load models are also de�ned in the according NNA.

2.2.4 Wind load

There are three requirements that must be mentioned for the electrical gaps concerning the

wind [16][17]:

1. No wind

2. wind load with recurrence of 3 years

3. wind load with recurrence of 50 years for gusts of wind, but the probability that a transient

overvoltage appears at the same time can be regarded as acceptable small.

The following points must be mentioned when the electrical gaps are considered [18]:

1. The inner distances must be equal or greater than Del and Dpp when there is no wind

2. The inner distances for the recurrence of 3 years can be reduced, because there is a

minimal probability of concurring of an overvoltage that leads to a �ashover. The factor

of reducing must be de�ned by the national committees.

3. The inner distances for the recurrence of 50 years must withstand the highest conductor-

earth-voltage for direct grounded neutral point with an earth-failure-factor of 1:3 or smaller.

For higher earth-failure-factor, especially in grids with insulated neutral point or earth fault

compensation, it is necessary to have a look at the temporary overvoltage.

Wind load model according to IEC 60826 [15]:

This model is based on the wind speed measurement, whereby the 10-minute-averages of the

wind speeds, which are measured 10 metres above the ground in open country, are used as

reference. The reference dynamic pressure for all types of terrain can be speci�ed as [15]:

q0 = 0:612 � (kR � VR)2 (2.19)

q0 : : : reference dynamic pressure

kR : : : depends on type of terrain

VR : : : reference wind speed

Furthermore the wind load on the conductor can be calculated as [15]:

QWC = q0 � GL � CC � GC � d � aw cos2 � (2.20)
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QWC : : : wind load on conductor

q0 : : : reference dynamic pressure (see also Equation (2.19))

GC : : : combined wind factor (considered height dependence and speed of gusts)

CC : : : wind resistance coe�cient (value=1.0 can be chosen)

GL : : : span length factor (considered variability of wind pressure due to span length)

� : : : angle between wind direction and vertical of the conductor

The wind load on the insulators can be calculated as [15]:

QWI = q0 � Cis � Gis � Ais (2.21)

QWI : : : wind load on insulator

q0 : : : reference dynamic pressure (see also Equation (2.19))

Cis : : : wind resistance coe�cient (value=1.2 can be chosen)

Gis : : : combined wind factor

Ais : : : area which the wind is �owing against

The wind load on towers can be calculated as [15]:

QWM = q0 � GM � (1 + 0:2 � sin2 2
) � (CM1 � AM1 � cos2
+ CM2 � AM2 � sin2
) (2.22)

QWM : : : wind load on tower

q0 : : : reference dynamic pressure (see also Equation (2.19))

AM1; AM2 : : : area of the tower shape

CM1; CM2 : : : wind resistance coe�cient

GM : : : gust factor


 : : : angle of wind to axis of crossmember

Wind load model according to European standard DIN EN 50341-1 [15][16]:

With the help of this model it is possible to derive the wind load from the wind speed. Equally

to the model in the standard IEC 60826 it is based on the 10-minutes-averages of the wind

speeds, which are measured 10 metres above the ground in open country. The dependency on

the altitude can be described as follows [15][16]:

Vz = kT � VR � ln
(
z

z0

)
(2.23)

kT : : : coe�cient depending on the type of terrain (values are given in [16])

z : : : altitude above the terrain

z0 : : : roughness length (values are given in [16])

VR : : : reference wind speed of the terrain II in an altitude of 10m and 10-min-average

(values are given in the NNA)

The dynamic pressure (in [N=m2]) of the altitude z can be written as [15][16]:

qz =
1

2
� � � V 2

z (2.24)
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� : : : air density (=1.225 kg=m3)

Vz : : : wind speed in [m=s] in altitude z

Furthermore the wind load on the conductor can be calculated as [15][16]:

QWC = qz � Gq � CC � GL � d � aw cos2 � (2.25)

qz : : : dynamic pressure (see also Equation (2.24))

Gq : : : gust factor Gq = [1 + 2:28=(ln z=z0)]
2

CC : : : wind resistance coe�cient (value = 1 can be chosen)

GL : : : span length factor (values and calculation are given in [16])

d : : : diameter of the conductor

aw : : : (L1 + L2)=2) L1; L2 : : : length of the two adjacent spans (average is called wind

span length)

� : : : angle between wind direction and vertical of the conductor

The wind load on towers can be calculated as [15][16]:

QWM = qz � Gq � Gx � (1 + 0:2 � sin2 2
) � (CM1 � AM1 cos
2
+ CM2 � AM2 � sin2
) (2.26)

qz : : : dynamic pressure (see also Equation (2.24))

Gq : : : gust factor Gq = [1 + 2:28=(ln z=z0)]
2 (see also Equation (2.25))

Gx : : : building reaction coe�cient (for buildings lower than 60 m, value=1.05

can be chosen)

AM1; AM2 : : : area of the tower shape

CM1; CM2 : : : wind resistance coe�cient


 : : : angle of wind to axis of crossmember

2.2.5 Concurrent activity of wind and ice

The e�ect of wind on conductors with approach of ice depends on three parameters [15]:

1. Wind speed during the approach of ice

2. Ice weight

3. Shape of approach and appropriate wind resistance coe�cient

Statistics concerning the concurrent activity of the both parameters are very often unavailable

and also di�cult to determine. Therefore variables of observation are combined in such a kind,

that the probability of occurrence corresponds with the target recurrence T . Therefore the

parameter with low probability, which is denoted with the index L, is combined with a parameter

with high probability with the index H. Practically the highest values of a parameter are joined

with the averages of the annual maximums to de�ne a loading case. For the wind loads only

the values during the presence of ice must be mentioned, but the annual peak values can be

neglected. Determination of the parameters [15]:
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1. Ice load: If no stats are available the ice load with low probability can be equated with

the reference ice load. The average of the annual maximum ice loads can be assumed

by the ice load with a recurrence of 50 years multiplied with 0.45. The corresponding

temperature is -5 °C.

2. Wind load: If stats of the wind speed during approach of ice are available, they can be

evaluated statistically [15]. Otherwise the reference wind speed with low probability of

occurrence can be derived from the wind speed without approach.

Wind-ice load model according to IEC 60826 [15]: In the standard IEC 60826 only the concurrent

activity of wind and ice of conductors is taken into account. Two load cases are treated in the

model:

1. Ice with the recurrence T in combination with average of the annual maximum values of

wind load on the conductors

2. Ice concerning average of the annual extreme value together with one wind load with

approach and recurrence T

Regarding the ice load it is equal to the reference ice load gIR. The ice load with a low probability

of occurrence is equal gIR, whereby gIR is the reference ice load from the ice load model in IEC

60826. For ice load with a high probability of occurrence, gIR must be multiplied with 0.4. The

corresponding temperature is -5 °C. The wind load with a low probability of occurrence is equal

0:6 : : : 0:85 � VR, whereby VR is the reference wind load from the wind load model in IEC 60826.

For wind load with a high probability of occurrence, gIR must be multiplied with 0:4 : : : 0:5 [15].

Model for concurrent activity of wind and ice according to European standard DIN EN 50341-

1[16]: There are two main combination mentioned in the standard:

1. Extreme ice load in combination with moderate wind load

2. High wind speed in combination with moderate ice load

Load combination and combination coe�cient are given in the NNA. The dynamic pressure is

equal to the model of wind load (see also Equation (2.24) [16]).

The equivalent radius D of conductors with approach of ice can be calculated as [16]:

D =

√
d2 +

4 � l
9:81 � � � � (2.27)

d : : : diameter of conductor in [m]

l : : : ice load in [N=m] corresponding to combination of wind

� : : : density of ice in [kg=m3] corresponding to type of ice and wind resistance coe�cient

Wind verdures in suspension points due to conductors with approach of ice can be written as

[16]:

QWC = qz � Gq � Gc � Ccl �D � aw cos2 � (2.28)
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qz : : : dynamic pressure (see also Equation (2.24))

Gq : : : gust factor Gq = [1 + 2:28=(ln z=z0)]
2 (see also Equation (2.25))

Gc : : : span length factor (values and calculation are given in [16])

Ccl : : : wind resistance coe�cient (values are given in [16])

D : : : equivalent radius (see also Equation (2.27))

aw : : : (L1 + L2)=2) L1; L2 ....length of the two adjacent spans

� : : : angle of wind for critical direction of wind

2.3 Swing angle and gap factor

The swing angle � is de�ned by the wind load QWC and the own weight QK of the conductor

and can be calculated as follows [17]:

� = arctan

(
QWC

QK

)
(2.29)

Therefore the required wind load QWC can be written as [17]:

QWC = qc � GXC � CXC � d � L (2.30)

qc : : : 58% of dynamic pressure

GXC : : : reaction coe�cient of conductor (GXC = 0:75 : : : span length < 200m; GXC =

0:45 + 60=L : : : span length > 200m )

CXC : : : wind resistance coe�cient

d : : : diameter of the conductor in [m]

L : : : wind span length in [m] ) (L1 + L2)=2

For a long time duration and constant wind speed the calculation would not be di�cult. The

variation of the wind speed e�ects the behaviour of the swing angle enormously. Peak values

of wind speeds do not lead to a statically equivalent swing angle corresponding to the swing

angle of the local maximum wind speed. Due to the inertia of the conductors, wind with short

duration e�ects neither the swing angle nor the verdures occurring in the tower. Only winds

speed which are averaged over a longer duration lead to a movement in form of swinging. For

that purpose it can be shown, that the measured values of swing angle are smaller than the

theoretically calculated ones. The time distribution of the swing angle can be described by

the Weibull-distribution. The parameters are derived by the wind distribution with a recurrence

of two years. Another possibility of calculating the swing angle is to derive it from measured

wind speeds. Therefore an often used method is described by measurements in Hornisgrinde in

Germany [15].

The gap factor k of an air gap is de�ned as the ratio between the �ashover voltage of the

air gap to the positive rod-plane air gap �ashover voltage with air gaps of identical spacings

and submitted to the same switching impulse. The gap factor is practically independent of the

length of the air gap [19]. The di�erent gap factors are expressed by the gap factor for switching

impulses for [15]:
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� slow front overvoltages:

Kg_sf = Kg (2.31)

� fast front overvoltages:

Kg_f f = 0:74 + 0:26Kg (2.32)

� operating frequent voltages:

Kg_pf = 1:35� 0:35K2
g (2.33)

2.3.1 Calculation of swing angle

The swing angle of an insulator chain can be calculated from the wind speed as follows [15]:

�I = tan�1

( �2) � CC � V 2
R � GL �D � aW +

(
FWI

2

)
WC +

(
Wl

2

)
 (2.34)

� : : : air density, depending on temperature and sea level

VR : : : reference wind speed

CC : : : wind resistance coe�cient (can be chosen with 1.0)

D : : : diameter of the conductor

GL : : : correction factor of span length

aw : : : wind span width

FWI : : : wind on the insulator chain

WC : : : conductor weight corresponding the height di�erence at the suspension points

WI : : : weight of the insulator chain

The swing angle of conductor can be calculated from the wind speed as follows [15]:

�c = tan�1

[(
�
2

)
� CC � V 2

R � GL �D � a
mcg � a

]
(2.35)

� : : : air density, depending on temperature and sea level

VR : : : reference wind speed

CC : : : wind resistance coe�cient (can be chosen with 1.0)

D : : : diameter of the conductor

GL : : : correction factor of span length

a : : : span length

mcg : : : linear weight of conductor
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The standard deviation of swing angle (in [°]) can be described with following equation [15]:

�� = 2:25 �
[
1� e(�V

2
R
=230)

]
(2.36)

VR : : : reference wind speed

Swing angle and distances in the span middle

The required gaps should be dimensioned in such a way that �ashovers for middle wind speeds

and overvoltage as well as for highest wind speeds and permanent operating frequent voltage

are prevented. For getting the most unfavorable positions of 2 conductors, the swing angle is

calculated as follows [15]:

�c = �c � 2 � �� (2.37)

�c : : : average of swing angle of conductor (see also Equation (2.35))

�� : : : standard deviation (see also Equation (2.36))

The minimum distance c (in [m]) of the static conductors in the middle of the span must be

[15] [17]:

c = k �
√
fc + Ik + 0:75 �Dpp (2.38)

f : : : sag of the conductor in [m] for a temperature of 40 °C

Ik : : : length of the conductor part (in [m]) which swings rectangular

k : : : coe�cient (see Table 2.6)

Dpp : : : minimum air gap between the outer conductors depending on the type of voltage

(see also Equation (2.14), Equation (2.15) and Table 2.4, 2.6)

but not less than k . The minimum distance c (in [m]) between the conductor and the guard

wire in static case must be [15] [17]:

c = k �
√
fc + Ik + 0:75 �Del (2.39)

f : : : sag of the conductor in [m] for a temperature of 40 °C

Ik : : : length of the conductor part (in [m]) which swings rectangular

k : : : coe�cient (see Table 2.6)

Del : : : minimum air gap between the outer conductor and earth wire depending on the

type of voltage (see also Equation (2.12), Equation (2.13) and Table 2.4, 2.6)

but not less than k . Table 2.6 shows typical values of coe�cient k [17]:
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Table 2.6: Typical values for coe�cient k [17]

Swing angle � in °

Factor k

0 ° - 30 ° >30 ° - 80 ° >80 ° - 90 °

� 65:1 0.95 0.75 0.70

55:1� 65:0 0.85 0.70 0.65

40:1� 55:0 0.75 0.65 0.62

� 40:0 0.70 0.62 0.60

Figure 2.4: Position of conductor 2 to vertical conductor 1 regarding Table 2.6 [17]

The minimum distance D of static conductors in the middle of the span can be calculated,

regarding to the Austrian Standard, with [18]

D = k �
p
f + l + Z: (2.40)

f : : : sag of the conductor in [m] for the loading case that leads to the biggest

value

l : : : length of the insulator chain (in [m])

k : : : coe�cient (see Table 2.7)

Z : : : Addition (in [m]) depending on the rated insulation of the line (see also

[18])

Table 2.7 shows typical values of coe�cient k as they are de�ned in Austrian standard [18].
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Table 2.7: Typical values for coe�cient k [18]

Swing angle � in °

Factor k

0 ° - 25 °

1 >25 ° - 60 °

2 >60 ° - 90 °

3

� 65 0.70 0.75 0.95

55� 65 0.65 0.70 0.85

40� 55 0.62 0.65 0.75

� 40 0.60 0.62 0.70

1 Conductors arranged parallel
2 Conductors arranged slanting
3 Conductors arranged above each other

2.3.2 Calculation of gap factor

Table 2.8 shows equations and values of typical con�guration [19][20][21]:

Table 2.8: Equations and value of typical con�gurations [19][20][21]

Con�guration Figure Equation Typical value

conductor-

cross

arm

1.45

k = 1:45 � 0:015( Hd1 � 6)0:35e
(�8S

d1
�0:2) �

0:135(d2d1 � 1:5)

Applicable in the range:

d1 = 2� 10m

d2=d1 = 1� 2

S=d1 = 0:1� 1

H=d1 = 2� 10

conductor-

tower

window

1.25

k = 1:25 + 0:005(Hd � 6)0:25e(
�8S
d

�0:2)

Applicable in the range:

d = 2� 10m

S=d = 0:1� 1

H=d = 2� 10

Continued on next page
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Table 2.8 � continued from previous page

Con�guration Figure Equation Typical value

conductor-

lower

structure

1.15 for

cond.-

plane to

1.5 or

more

k = 1:15 � 0:81(H0
H )1:1670:02H

0
d �

A[1:209(H
0

H )1:167

�0:03(H0
H )](0:67� e(

�2S
d

))

where A is 0 if S=d < 0:2 and A is 1 if

S=d > 0:2

Applicable in the range:

d = 2� 10m

H
0
=H = 0� 1

conductor-

lateral

structure

1.45

k =

1:45 + 0:024(H
0

H )� 6 � 0:35 � e(�8S
d

�0:2)

Applicable in the range:

d = 2� 10m

S=d = 0:1� 1

H=d = 2� 10

rod-rod-

structure

(open

switchgear)

k1 =

1:3k2 =

1 �
0:6(H

0

H )

Horizontal rod-rod-structure:

k1 = 1:35� 0:1(H
0

H )� (d1H � 0:5)

Rod-lower-structure:

k2 =

1�0:6(H
0

H )�A1:093H
0

H [(0:549�e
(
�3S
d2

)
)]

where A is 0 if S=d2 < 0:2 and A is 1 if

S=d2 > 0:2

Applicable in the range:

(k1)d1 = 2� 10m

d1=H = 0:1� 0:8

if d1 < d2

(k2)d2 = 2� 10m

Table 2.9 shows typical values of Kg for di�erent types of arrangements [15][16][18][21].

The values of gap factor for the insulator string given in the standard [21][16] are ambiguous,

because in contrast to the value for the air gap, where the factor for the con�guration conductor

- tower window can be chosen, for the insulator string two value are possible. On the one hand

the value for the con�guration conductor - tower window (Kg = 1:25) and on the other hand
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for the conductor - tower construction (Kg = 1:45) can be chosen. In [22] the typical value of

the gap factor of insulator string is de�ned with Kg = 0:96 (1:30) and in [23] with Kg = 1:10.

Table 2.9: Typical values for Kg [15][16][18][21]

Arrangement
sf-ov4 �-ov5 of-ov6

Kg_sf = Kg Kg_f f Kg_pf

Rod - plate 1.00 1.00 1.00

Outer conductor - obstacle 1.30 1.08 1.16

Conductor - plate 1.15 1.04 1.09

Outer conductor - tower window 1.25 1.07 1.14

Outer conductor - tower construction 1.45 1.12 1.22

Conductor - guy wire 1.40 1.10 1.2

Outer conductor - conductor 1.60 1.16 1.26

4 slow front overvoltage
5 fast front overvoltage
6 operating frequent voltage

2.3.3 In�uence of the swing angle on the gap factor

In Figure 2.5 the typical construction of a suspension insulator string assembly including the

arcing horns is shown [24].

The gap factor Ks for the assembly in Figure 2.5 in case of switching overvoltage can be

described by the following equation [24]:

Ks = 1:68 � e
(

�0:34
D
d

)
(2.41)

Ks : : : gap factor of the arcing horn

D : : : clearance between line side horn and tower [m]

d : : : horn gap length [m]

As can be seen from Figure 2.5 the distance D can be expressed as:

D = cos� � (d + la + x) (2.42)

D : : : clearance between line side horn and tower [m]

d : : : horn gap length [m]

� : : : swing angle

la : : : length of the arcing horn [m]

As can be seen from the circuit in Figure 2.5 the variable x can be calculated according to the

following equations:

x = ls � y (2.43)
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x : : : variable

ls : : : length of the suspension of the arcing horn [m]

tan(�) = tan(90� � �) =
wa

y
! y =

wa

tan(90� � �)
(2.44)

y : : : variable

� : : : angle � = 90� � �

wa : : : width of the arcing horn [m]

x = ls �
wa

tan(�)
= ls �

wa

tan(90� � �)
(2.45)

x : : : variable

� : : : angle � = 90� � �

wa : : : width of the arcing horn [m]

ls : : : length of the suspension of the arcing horn [m]

Therefore the distance D can be expressed as:

D = cos� �
[
d + la + ls �

(
wa

tan(90� � �)

)]
= cos� � [d + la + ls � (wa � tan(�))] (2.46)

D : : : clearance between line side horn and tower [m]

d : : : horn gap length [m]

� : : : swing angle

la : : : length of the arcing horn [m]

ls : : : length of the suspension of the arcing horn [m]

wa : : : width of the arcing horn [m]

Finally the gap factor KS can be written as:

KS = 1:68 � e

(
�0:34

cos�[d+la+ls�(wa �tan(�))]
d

)
(2.47)

Ks : : : gap factor of the arcing horn

D : : : clearance between line side horn and tower [m]

d : : : horn gap length [m]

� : : : swing angle

la : : : length of the arcing horn [m]

wa : : : width of the arcing horn [m]



Chapter 2: Insulation Design 28

 

Figure 2.5: Typical Construction of a suspension insulator string assembly and detailed �gure of

suspension insulator assembly (adapted from [24])



Chapter 3

Insulation coordination

3.1 Basics

Insulation coordination is de�ned as the selection of the dielectric strength of equipment in

relation to the voltages which can appear on the system for which the equipment is intended.

Furthermore, the service environment and the characteristics of the available protective devices

[25] must be taken into account. For the insulation level it must be di�erenced between the

stress due to the operating voltage and the stress due to overvoltages. The reason is that

overvoltages are less common and of short duration, whereas the operating frequent voltage

has a comparable amplitude, but is applied to the equipment as long as the line is operating

[15].

3.2 Insulator

3.2.1 Types and materials

The materials of an insulation system have to meet di�erent requirements. On the one hand

it has to be an excellence dielectric, capable of accommodating high electrical stress over long

time duration and on the other hand it has to withstand the environmental e�ects such as

lightning strokes. Hereinafter, the most common insulating materials used at overhead lines are

described [26]:

1. Porcelain:

This material is produced from clays and inorganic materials. After �ring in a kiln, they

consist of various oxides and silicon in their glassy matrix. Due to the �ring process

it is completely impervious to moisture, as well as highly resistant against degradation

by environmental factors and damage by surface electrical discharge and leakage current

activity. They are usually glazed for inhibiting the adherence of contaminants, facilitating

the natural washing by the rain and increasing the compressive strength. The greatest

disadvantage of this material is its brittle nature, which leads to breakage, chipping and

cracking [26].

29
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2. Toughened glass:

Most of the appointed glass units are of the toughened type instead of the annealed type

in order to achieve the mechanical requirements. The process of hardening occurs due

to an accelerated cooling of the insulator surface whereas the inner regions are cooling

more slowly. These di�erential rate of solidi�cation leads to a permanent compressive pre-

stressing of the outer layers, which prevents the material from surface microcracks and

crack propagation. The advantages of glass are its unusual resistance against environmen-

tal e�ects and electrical puncture, its high dielectric strength and the good compressive

strength. The disadvantages are its mechanical characteristics (limitation of certain appli-

cations) and its the tendency to shatter (target of vandals) [26].

3. Epoxy resin:

Epoxy resin belongs to the group of casting resins, which are composite systems consisting

of resin, hardener, accelerator, �exibilization, �ller and colorant. The single components

are all stable and storable for a certain time duration, but they are reactive and the

processing time (so called pot life) is limited. First the components are mixed up and

homogenized, after that the resin compound is �lled in forms for hardening. The positive

features of this material are the possibility of suiting a variety of applications due to its

ability of mouldeling in many di�erent forms. A further advantage is that integral metal

ware can be supplied whereby external �ttings are not necessary anymore. The possibility

of erosion due to leakage current leads to a disadvantageous impact on the applicability.

General the use of resin for overhead lines is limited to medium voltage [26][27].

4. Polymer composite:

A polymer composite insulator consists of a �berglass core for providing the mechanical

strength, covered by a housing to protect the core from environmental in�uences and

to ensure the required electrical characteristics. Nowadays, materials used for housing

are either based on ethylene propylene diene monomers (EPDM) or on silicone. EPDM

has a high mechanical strength whereas silicones have a higher resistance to ultraviolet

degradation. The advantages of composites are its high tensile strength-to-weight ratio

and an improved performance in highly polluted areas when compared to glass or porcelain.

The disadvantages are erosion owing to leakage current, if the material is incorrectly used

or dimensioned [26].

General these are two class of overhead insulators [26]:

1. Class A:

They are characterized by the fact, that the puncture distance through the solid insulating

material is at least equal to the half arcing distance. Class A insulators are considered to

be unpuncturable (e.g. long rod insulator) [26][28].
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2. Class B:

They are characterized by the fact, that the puncture distance through the solid insulating

material is less than the half arcing distance. Class B insulator types are considered to be

puncturable (e.g. cap-and-pin insulator made of glass, base insulator) [26][28].

The type of insulator, Statnett SF is using currently at the a�ected overhead lines, are cap-and-

pin disc insulator, which are made of glass (see also section 5.3).

This insulator of class B consisting of an insulating part (glass, porcelain) in form of a disc or

bell and the �xing device formed as an outside cap and inside pin. Typical applications of this

insulator type are suspension and strain positions of overhead lines (see also Figure 3.1) [26].

Figure 3.1: Cap-and-pin disc insulator [26]

3.2.2 Types of arcing horns

Arcing horns are used to provide a predetermined air gap of the discharge current in case of a

phase-to-earth-fault. Practically they are usually only used for porcelain insulators as they are

prone to insulation puncturing or cracking [29]. Arcing horns are also installed to protect the

conductor and insulator from possible damages caused by lightning �ashovers and arc currents

arising thereby [24]. In general there are two di�erent types of insulator assemblies with di�erent

positions and implementation of arcing horns [24]:

1. Suspension insulator assembly: In this case the arcing horns are installed conductor-sided

and tower-sided on the insulator string. In Figure 3.2 the suspension insulator assembly

of a 1000 kV AC UHV transmission line is shown.

2. Tension insulator assembly: Thereby the arcing horns are installed on the upper part of the

jumper and vertically above on the cross arm. In Figure 3.3 the tension insulator assembly

of a 1000 kV AC UHV transmission line is shown [24].
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335 

Consequently, the length of the insulators required by AC insula- 
tion (1 1 m) will have an insulation strength of 2,090 kV, which 
secures a margin of almost 3 standard deviation against the switching 
impulse target withstand voltage (1,524 kV). Therefore, it has been 
shown that the string length determined from the AC insulation is also 
sufficient to counter the switching surge. 

TARGET VALUE FOR RADIO NOISE LEVEL 

The demonstration test conducted on the UHV Akagi test line[31 
has shown that the audible noise caused by an insulator assembly is 
relatively weak. Therefore, it does not contribute to  the audible noise 
of the total transmission line. Consequently, the countermeasures to  
be taken for the insulator assembly is to suppress the radio noise in 
rainfall down to a level smaller than that of the conductor. The target 
value for the radio noise under heavy rain caused by the insulator 
assembly is then estimated to  be 57 dB above 1 microvolt per meter 
(at 1.5 m above ground directly below the lowest conductor of 8 x 
38.4 mm ACSR with spiral wire, at 1 MHz) taking into account the 
artificial tests in the laboratory which were conducted at  heavy 
precipitation rate of 3 "/min. 

The relationship between radio influence voltage (RIV) and 
radio interference field strength (RI), both measured on a line, can be 
approximately described as: 

20log$ln+) c 2 O l o g Q  RI s 20 Iog(h1nF)!91 that is 

38(dB) 5 20 l o g w  S 44 (dB) 

where h: lowest conductor height from the ground = 33 m 
r : equivalent radius of 8 x 38.4 ACSR = 0.45 m 

i 

With a correction factor of 20 log(237/150) = 4 dB derived from 
the detecting impedance 150 ohm specified by the NEMA standard 
and the surge impedance 237 ohm of the transmission line (8 x 38.4 
mm ACSR), a target RIV value of 9 1 to 97 dB is obtained for the in- 
sulator assembly in the testing laboratory. Although the relation of 
RIV to RI is also influenced by the specific conductivity of the 
ground, the target value at the design stage is set to be 91 dB above 1 
microvolt, allowing a certain amount of freedom in design application. 
Another target is set that, with 1.2 times the maximum voltage 
namely 1 , 3 2 0 / 0  kV applied in dry condition, no visible corona will 
be generated, basing on the design practice for EHV class insulator 
assembly is taken into consideration. 

CORONA CHARACTERISTICS OF ARC HORN 

Generally speaking, the lightning outage rate decreases with the 
increase in system voltage. However, since the height of the towers 
for AC 1 ,OO@kV double circuit transmission lines becomes as high as 
100 m, it is subjected to lightning stroke much more than the towers 
of lower system voltages. Therefore, the arc horn is installed for 
protecting the conductors and insulators from the possible damage 
caused by lightning flashovers which are followed by high power arc 
current. 

The arc horns for the suspension insulator assembly are installed 
on the line and the earth end of the insulator string as shown in Fig. 3. 
In the case of the tension insulator assembly, the arc horns are in- 
stalled on the upper part of the jumper and on the cross arm vertically 
above as shown in Fig. 4, because direct installation on the insulator 
string brings about insufficient insulation under snow-covered condi- 
tions. Consequently, on the line end of the tension insulator string 
is installed a shield ring shown in Fig. 5, in order to extinguish visible 
corona under dry conditions. 101 Fig. 4 Tension Insulator and Jumper Assembly 

Fig. 3 Suspension Insulator Assembly 

Authorized licensed use limited to: Technische Universitaet Graz. Downloaded on February 2, 2010 at 02:52 from IEEE Xplore.  Restrictions apply. 

Figure 3.2: Suspension insulator assembly of a 1000 kV AC UHV transmission line [24]
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100 m, it is subjected to lightning stroke much more than the towers 
of lower system voltages. Therefore, the arc horn is installed for 
protecting the conductors and insulators from the possible damage 
caused by lightning flashovers which are followed by high power arc 
current. 

The arc horns for the suspension insulator assembly are installed 
on the line and the earth end of the insulator string as shown in Fig. 3. 
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Fig. 5 Tension Insulator Assembly 

Suspension Insula tor Assembly 
In order to prevent cascading flashover along insulator strings, a 

large horn gap (Yp) of around 800 mm is desirable for the line side 
horn of suspension insulator string, where Yp is defined as the cover- 
age length of line side horn as shown in Fig. 3. However, since the 
shield effect of conductor bundles will be reduced with increasing 
distance from it, an impractically big horn will be needed for such 
large coverage. Thus, as a compromise, the coverage Yp was modified 
to  250 mm, using a 76 mm@ double ring based on the test result 
shown in Fig. 6 .  

For the earth side horn, on the other hand, several configurations 
of horns were tested as shown in Fig. 7. The result showed that the 
60 mmg loop horn is suitable for the earch side horn with horn gap 
practically used. As shown in Fig. 8, a RIV value of 90 dB was 
achieved on the prototype full-scale insulator assembly shown in 
Fig. 3 at the maximum line-to-ground voltage under wet condition. 

Tension Insulator Assembly 
In order to  make use of the shield effect of the jumper wire 

on a tension insulator string, the conductors are placed as close as 
possible to the insulator string and a multiple number of small shield 
rings are connected to  encircle the line side of the insulator string as 
shown in Fig. 5. As a result of this arrangement, the target value for 
RIV was found to be attainable. Fig. 9 is the RIV characteristics of 
the prototype full-scale tension insulator assembly shown in Fig. 5 
with jumper. 

Since a good result can not be expected by simply placing small 
rings, the authors investigated the appropriate positions for their 
installation. The result is shown in Fig. IO,  where (a)  is the effect 
of the ring position (X and Y) on the radio influence voltage under 
wet condition and (p) is the effect of the same and the inter-ring 
interval (C) on the visible corona extinguishing voltage under dry 
condition. In order to attain the target value 91 dB for the radio 
influence voltage and the target value for the corona extinction 
voltage equal to 1.2 times the maximum line-to-ground voltage, X and 
Yare to satisfy the conditions: 

D/2 + 250 6 X 6 D/2 + 350, 
0 6 Y 6 s / 2  

and the inter-ring interval should be G 6 W/10. In order to use com- 
pact rings and improve the insulation characteristics in snow-covered 
conditions, it is desirable to  select Y near the lower limit of the range. 

The target values for RIV and the visible corona are attainable 
by using a 60 mm@ horizontal ring for the jumper side and a 60 mm@ 
vertical ring for the earch side for arc horns to fix the lightning flash- 
over in between, as shown in Fig. 4. Fig. 11 is the RIV characteristics 
of the said jumper arrangement. 

In order to confirm the field performance, the designed shield 
ring was installed on the tension assembly of the UHV Akagi test line. 
Radio interference field strength was measured with the loop antennas 
below the conductors. Table 2 summarizes the measurement result 
during rain of 3 to  5 mm/hr precipitation rate, compared to those of 
conductors alone. The values for the conductors were obtained when 
a big cage-type shield ring, which is known to generate less radio inter- 
ference than the conductors, was installed on the insulators. 

As a result of this measurement, it was confirmed that the 
designed practical shield ring would not affect the radio interference 
level of the conductors. 
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Figure 3.3: Tension insulator assembly of a 1000 kV AC UHV transmission line [24]
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3.3 Insulation level

3.3.1 Standard insulation level

The insulation level for the di�erent voltage levels are de�ned in the standard IEC 60071 - part

1 [25] and can be seen in Table 3.1.

Table 3.1: Standard insulation level for range II (Um >245 kV) [25]

Highest voltage

for equipment

Um

Standard switching impulse withstand voltage Standard

lightning impulse

withstand

voltage

Longitudinal

insulation

Phase-to-

earth

Phase-to-

phase (ratio

to the phase-

to-earth peak

value)
kV kV kV kV

(r.m.s value) (peak value) (peak value) (peak value)

300

750 750 1.50
850

950

750 850 1.50
950

1050

362

850 850 1.50
950

1050

850 950 1.50
1050

1175

420

850 850 1.60
1050

1175

950 950 1.60
1175

1300

950 1050 1.60
1300

1425

525

950 950 1.70
1175

1300

950 1050 1.60
1300

1425

950 1175 1.50
1425

1550

765

1175 1300 1.70
1675

1800

1175 1425 1.70
1800

1950

1175 1550 1.60
1950

2100
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3.3.2 In�uence of di�erent insulator materials

The voltage distribution along a glass and ceramic insulator string or a composite insulator is

not linear, which leads to an increased electrical �eld at the high voltage end and the ground

end [30]. This is due to the fact, that the insulator chain is a system built of several materials in

which the end �ttings have a �xed potential whereas the area in between has a �oating potential

[31]. In case of a 400-kV insulator string or composite insulator, voltages greater 10% of the

phase to ground line voltage can occur at the last insulator on high voltage end. This e�ect

is in�uenced by the type of end �tting as well as the conductor bundle confguration. However,

the insulator located in the middle has to absorb only 2% of this voltage. In dry conditions the

maximum of electrical �eld is always located near the high voltage end of insulator, whereby

corona or electrical discharge can appear in air, if the electrical �eld is not controlled. Corona and

electrical discharge at the surface can generate radio interference noise and radio interference

voltage (RIV). In case of composite insulators a frequent or permanent existence of corona and

electrical discharge can in�uence the aging and can lead to a reduced lifetime. That is the

reason why, in case of composite insulator, the electrical �eld at the end of the insulator must

be controlled. At wet composite insulators, water is droping on the housing, which leads to

an increasing of the electrical �eld whereby corona can appear around a water drop or between

adjacent water drops. In case of insulator with silicone rubber housing the hydrophobicity of

the housing surface can be reduced due to this e�ect which does not signi�cantly damage the

insulator. The �eld distribution is signi�cantly di�erent for di�erent type of insulator depending

on some critical insulator factors as they are [30]:

� Type and shape of the end �ttings

� Shed pro�le

� Location of the shed nearest to the end �tting

� Shape of the ring if existent

� Location of the ring if existing

Figure 3.4 and Figure 3.5 show the calculated �eld distribution of two di�erent insulator pro�le

of a 400 kV insulator (applied voltage 243 kVrms phase to ground). In Pro�le 1 the �rst shed is

located over the collar of the end �tting, whereas in pro�le 2 the �rst shed is situated 53mm

above the end �tting [30].

3.3.3 In�uence of di�erent arcing horns

As described in section 2.1.3 the withstand voltage Urw depends on the 50%-withstand voltage

of a rod-plate-arrangement (RP) Urp, the variation factor Kz , the altitude above sea level and

the gap factor Kg (see also Equation (2.8)[15]).

Urw = Kz �Kg �Ka � U50%rp (3.1)
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CASE 1 

INSULATOR  PROFILE 1 WITHOUT RING  
 

Graphs of E-Field and Voltage
along Insulator 400kV Profile 1 without ring
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Figure 1 

 
 

Figure 2 : Insulator profile 1 with no ring. Contours field details  
Figure 3.4: Field distribution of insulator pro�le 1
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CASE 1 

INSULATOR  PROFILE 2 WITHOUT RING  
 

Graphs of E-Field and Voltage
along Insulator 400kV Profile 2 without ring
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Figure 3 

 
 

Figure 4 : Insulator profile 2 with no ring. Contours field details  
Figure 3.5: Field distribution of insulator pro�le 2

Furthermore, the gap factor KS for arcing horns in case of switching impulse voltage depends

on the swing angle and the dimensions is described in section 2.3.3 and can be written as (see

also Equation (2.47):

KS = 1:68 � e

(
�0:34

cos�[d+la+ls�(wa �tan(�))]
d

)
(3.2)

Ks gap factor of the arcing horn

D clearance between line side horn and tower [m]

d horn gap length [m]

� swing angle

la length f the arcing horn [m]

wa width of the arcing horn [m]

In [19] it is de�ned that the gap factor for switching impulse voltage (slow front overvoltage)

is equal to the gap factor of lightning impulse voltage (fast front overvoltage), but there is no

evidence mentioned.
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Example of calculation: Table 3.2 shows calculated values by use of Equation (3.1) and Equation

(3.2), whereas the following values were assumed:

� d = 2:89m

� la = 0:30m

� wa = 0:35m

� lS = 0:355m

� KZ = 0:922 (see also Table 2.1)

� Ka = 0:922 (Altitude 1000m above sea level, 201 - 400 kV, see also Table 2.2)

� withstand voltage U50%rp = 340 kV

Table 3.2: Example of calculation

Swing angle � [°] Clearance D [m] Gap factor KS Withstand voltage URW [kV]

5 3.5 1.27 376.29

10 3.43 1.26 374.12

15 3.33 1.25 371.02

20 3.21 1.24 366.89

25 3.06 1.22 361.56

30 2.90 1.20 354.82

35 2.70 1.17 346.37

40 2.49 1.13 335.80

45 2.26 1.10 322.49

In Figure 3.6 and Figure 3.7 the clearance D as well as the gap factor KS is shown as a function

of the swing angle �.
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Figure 3.6: Plot � Clearance D as a function of the swing angle �

 

 

Figure 3.7: Plot � Gap factor KS as a function of the swing angle �



Chapter 4

Model development

The practical full-scale model of an a�ected overhead line suspension tower, which has been

designed and constructed in the course of this work is a realistic replication of an a�ected

suspension tower, which Statnett SF is using currently. Therefore several towers with di�erent

dimensions have been evaluated to choose the tower with the slightest clearances to ensure a

simulation of a "worst-case-scenario" of clearances (see also section 4.1.2).

4.1 Technical analysis of the a�ected tower

4.1.1 Basics

The a�ected suspension towers, which Statnett SF is using currently, are arranged in mono

layer design, whereby the middle phase is mounted inside and the remaining two phases are

�xed sidewards of the tower window (see also Figure 4.1).

Figure 4.1: A�ected tower of Statnett SF

4.1.2 Technical description of the tower

The a�ected towers consist of three tower sections, whereby the tower window including the

middle phase is in the upper part of the tower. Inside the tower window of the highest tower

section there are two short guy wires in the upper corners and two longer guy wires in the lower

39
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corners. The short guy wires are carried out in steel in form of a L-pro�le and the lower guy

wires are made of steel ropes with a diameter of 15mm. Figure 4.2 shows a picture of the guy

wires inside the tower window. The a�ected towers, which Statnett SF is using currently are

all the same design, but have di�erent dimensions to ensure the required distances between the

overhead line and the surrounding area. Figure 4.3 shows a drawing of an a�ected suspension

tower of the overhead line between Ogndal and Namsos. It is the a�ected tower with the lowest

dimensions concerning the tower window and the dimensions between the centre phase and the

tower. Therefore it was taken as a basis for designing of the model to guarantee a simulation

of a "worst-case-scenario" of clearances.

 

Upper guy wires 

Lower guy wires 

Figure 4.2: Tower window with guy wires

 

Figure 4.3: Drawing of an a�ected suspension tower
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4.2 Design of the model

4.2.1 Basics

Preliminary investigations on side of Statnett SF have shown that most of the problems con-

cerning insulation coordination concern the middle phase of the suspension towers and the two

lateral conductors can be seen as uncritical. This is largely because the distance between the

centre phase and the tower window are comparable shorter than the distance between the con-

ductors sidewise and the tower. Due to the small diameter of the steel ropes, the lower guy

wires of the tower window could be damaged by a �ashover caused by an impulse overvoltage

due to a lightning stroke or switching operation.

4.2.2 Replication of the tower section

Based on the previous considerations in section 4.2.1, a replication of the upper part of the

suspension tower including the tower window and the middle phase is appropriate and was

therefore chosen. Figure 4.4 shows the replication of the upper tower section including the

tower window and the centre phase.

 
Highest tower section 

Tower window 

Centre phase 

Figure 4.4: Replication of the upper tower section including tower window and centre phase

4.2.3 Dimensions of the model

As mentioned in section 4.1.2, the tower, which is shown in Figure 4.3, is the a�ected suspension

tower with the lowest dimensions and was therefore taken as a basis for model design. Based

on the dimensions of this tower the outer dimensions of the whole model are 9308 x 8650 x

1048mm and the inner dimensions are 9260 x 8100 x 952mm. The most important demand

was a strictly adherence of the given actual dimensions to ensure a realistic replication of the

tower section. Regarding to the maximum hoisting capacity of the cranes used in the testing

setup (see section 5.2) an important requirement was to reduce weight for the model. Therefore

it was made of aluminum and the total weight including the insulator was approximately 700 kg.
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It was built by the company JUST LEITERN AG in Zeiselmauer in Lower Austria. Due to the

large dimensions, the model was not built in one piece, because that would have led to high

transportation costs. Therefore, the model was delivered in sub-groups, which have been put

together on-site. Detailed drawings of the model are given in the Appendix (see chapter 9).



Chapter 5

Measurements

Using the practical full-scale model in combination with the testing setup a method has been de-

veloped to simulate several swing angles and distances, respectively (see also section 5.2). They

have been required in the following impulse voltage tests which are covered below. Furthermore,

for these impulse voltage tests a speci�c testing plan covering swing angles respectively distances

occuring on-site in Norway has been scheduled (see also sections 6.2, 6.3, 6.5, 6.6, 6.7, 6.8).

In the testing plans lightning impulse voltage tests and switching impulse voltage tests as well

as two types of corona rings (see also section 5.3) are included.

5.1 Basics

The tests took place at the open air testing area of the High Voltage Laboratory of the Institute

of High Voltage Engineering and System Management at the Graz University of Technology.

The normative shape forms for lightning and switching impulse voltage stress as de�ned in [32]

were used for the tests (see also Figure 5.1).

 (f ile Ableitertest_1.2_50.pl4; x-v ar t)  v :1.2/50     

0 10 20 30 40 50 60 70[us]
0

150

300

450

600

750

900

[kV]

 (f ile Ableitertest_250_2500.pl4; x-v ar t)  v :OHNE     

0,0 0,5 1,0 1,5 2,0 2,5 3,0[ms]
0

150

300

450

600

750

900

[kV]

Figure 5.1: Normative shape form 1:2=50�s (left) and 250=2500�s (right)

The appropriate tolerances for lightning impulse voltage for normative shape form (1:2=50�s)

are also de�ned in [32]:
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Peak value: �3%
Front time: �30%
Time to halve: �20%

In case of switching impulse voltage the tolerances for normative shape form (250=2500�s) are

de�ned as [32]:

Peak value: �3%
Front time: �20%
Time to halve: �60%

5.2 Testing setup

The tests took place at the open air testing area of the High Voltage Laboratory of the Graz

University of Technology, whereby the model was hung up on the two cranes of the testing

portal (see also Figure 5.2).

 

Suspension 
Crane 1 

Crane 2 

Crane 1 

Suspension 
Crane 2 

Model 

Test portal 

Figure 5.2: Testing setup with testing portal

Figure 5.3 shows a schematic of the whole testing setup with the High Voltage Laboratory

Hall and the testing open air area. The impulse voltage generator, which is located inside

the Laboratory Hall, was connected with the model hanging on the testing portal by use of

a stranded wire. The stranded wire led from the generator to the voltage divider, which was

necessary for measurement, and from there via two post insulator to the model.

The conductor wires mounted at the bottom of the corona ring were replicated by use of two

metal tubes with the diameter of the wires (34.5mm) and spacers on both ends to ensure the

exact distance between the tubes (see also Figure 5.4). The stranded wire was connected with

one of the tubes.
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Post insulator 

Stranded wire 

Testing portal 

Impulse voltage generator 

Full scale model with insulator 

High Voltage Laboratory 

Testing open air area 

Voltage divider for measurement 

Figure 5.3: Schematic of the testing setup

 

Metal tubes (  34,5 mm) 

Corona ring 

Insulator string 

Spacer 

Figure 5.4: Insulator, corona ring and metal tubes (replication of conductor wire)

To simulate speci�ed swing angles respectively distances between conductor/ corona ring and

the guy wire the two cranes were used. Therefore the model was raised up one-sided whereas

the other side was left in place (see also Figure 5.5, Figure 5.6 and Figure 5.7).

5.3 Tested insulators and corona rings

The insulators Statnett SF is using currently on the a�ected lines are glass insulators of the

cap-and-pin disc type, whereby the insulator string for the 300-kV-Level consists of 14 to 15

insulator discs and for the 420-kV-Level it is planned to lengthen it up to 16 - 17 discs. For the

tests two di�erent numbers of discs have been chosen, depending on the used type of corona

ring. Figure 5.8 shows a drawing of the used cap-and-pin glass insulator including one type of

corona ring and the conductors. The total height of one cap is 170 mm and the total weight

of one cap is approximately 6.9 kg. That implies, that the total weight of the whole insulator

string for the 420-kV-Level in case of 17 insulators is approximately 117 kg.
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Crane raised up 

Crane left in place 

Insulator string in angle 

Straight insulator string  

Swing angle  

Distance conductor – guy wire  
Distance conductor – guy wire  

Figure 5.5: Simulation of swing angle and distances, respectively

 

 

 

 

 

 

 

 

Corona ring 

Insulator 

Crane suspension 

Distance conductor – guy wire  

Straight model (swing angle 0°)  

Figure 5.6: Straight model
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Distance conductor – guy wire  

Model in angle  

Insulator string 

Corona ring 

Figure 5.7: Model in angle

Figure 5.8: Drawing of insulators
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In the tests two di�erent types of corona rings have been tested, which Statnett SF is using at

the a�ected overhead line towers.

1. Corona ring type 1:

This type of corona ring consists of one ring, which is mounted horizontally at the end

of the insulator string and the conductor wires are �xed below the ring on the mounting

device. All the impulse voltage tests have been carried out with 17 insulator discs by use

of this type of corona ring, because this type is covering one whole insulator cap (see also

Figure 5.9 and Figure 5.10).

 

 

 

 

 

Figure 5.9: Drawing of corona ring type 1

Figure 5.10: Corona ring type 1

2. Corona ring type 2:

The second type of corona ring consists of two rings, which are mounted vertical on the

left and the right side of the conductor wires. All the impulse voltage tests have been
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carried out only with 16 insulator discs by use of this ring, because this type of corona

ring is not covering an insulator cap totally (see also Figure 5.11 and Figure 5.12).

 

 

 

 

 

Figure 5.11: Drawing of corona ring type 2

Figure 5.12: Corona ring type 2



Chapter 6

Measurements and calculations

In this chapter the implementation and results of all realized experiments are explained in more

detail. In general, the following types of experiments have been carried out:

� Lightning impulse voltage tests with corona ring type 1 (see section 6.2)

� Lightning impulse voltage tests with corona ring type 1 using a damper loop (see section

6.2)

� Lightning impulse voltage tests with corona ring type 2 (see section 6.3)

� Switching impulse voltage tests with corona ring type 1 (see section 6.5)

� Switching impulse voltage tests with corona ring type 2 (see section 6.6)

� Rain test with switching impulse voltage and corona ring type 2 (see section 6.7)

� Switching impulse voltage tests with bare insulator string (see section 6.8)

6.1 Basics � Lightning impulse voltage Tests

In case of lightning impulse voltage tests the main goal of the tests was to �nd out where

the �ashover occur. This is due to the fact that for the calculation of the gap factor for

the air gap the percentages of the �ashover occurrence inside the tower window are necessary,

which is explained in more detail in section 7.1. The lightning impulse voltage tests have been

carried out with the two di�erent types of corona rings as they are described in section 5.3.

To generate enough �ashovers it was necessary to choose an appropriate high value of impulse

voltage. Therefore the U90%-voltage, which is de�ned as the value of in�uenced voltage, which

leads with a probability of 90% to a �ashover [32], �ts very well. The U90%-voltage in case of

lightning impulse voltage is de�ned as following, whereby z = 0:03 in case of lightning impulse

voltage [32]:

U90 = U50 � (1 + 1:3 � z) (6.1)

In section 2.1.3 the determination of the 90%-withstand voltage (=U10%-voltage) of the air gap

using the U50%-voltage and the standard deviation �u is described. Similar to Equation (2.3)
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the U10%, which is described as the value of in�uenced voltage which leads with a probability of

10% to a �ashover [32] can be calculated by use of Equation (6.2).

U10 = U50 � (1� 1:3 � z) (6.2)

As it can be seen in Equation (6.1) and Equation (6.2) the estimation of the U50%-voltage is

necessary for the calculation of the U90%-voltage and the U10%-voltage, respectively. In general

the estimation of the Up-voltage, whereby p de�nes the probability of a voltage breakdown, is

also de�ned in [32]. Therefore the up-and-down method can be used, where the testing object

is tested with m-equal voltage stresses for similar de�ned voltage levels. Depending on the result

of the previous voltage stress, the voltage is either increased or decreased by a step of �U. In

case of m = 1, the U50%-voltage can be calculated as shown in Equation (6.3), whereby ki is

the number of stresses for a voltage level and n = �ki [32].

U�

p =
∑ ki � Ui

n
(6.3)

Due to the previous considerations an introduction test has been carried out at the beginning of

the lightning impulse voltage tests for both types of corona rings to determine the U50%-voltage

(see also testing plans � Figure 6.3 and Figure 6.14). Based on this value the U90%-voltage

has been calculated and used for the following lightning impulse voltage tests to evaluate where

the �ashovers occur. To convert the determined values under testing conditions in values under

standard basic reference atmosphere conditions correction factors are used. The conversion is

necessary, because the �ashover for an outer insulation depends on the atmosphere conditions.

The atmospheric correction factor Kt is the product of the factor of air density and of the factor

for air humidity and can be calculated as following [32]:

Kt = k1 � k2 (6.4)

The detailed calculation of the two factors k1 and k2 are also described in [32]. The given

�ashover voltage U can be converted to standard basic reference atmosphere by dividing through

the factor Kt [32]:

U0 = U=Kt (6.5)

To calculate the atmospheric correction factor respectively the given �ashover voltage under

standard basic reference atmosphere, the atmospheric outdoor conditions have been measured

during the tests by use of the measuring device mounted at the High Voltage Laboratory. Specif-

ically, the following three values of atmospheric outdoor conditions have been measured:

1. Temperature in [°C]

2. Air pressure in [mbar]

3. Air humidity in [%] and [g=m3]
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The correction factor Kt arising from this measured atmospheric outdoor conditions have been

calculated. As mentioned before - especially in case of lightning impulse voltage - the occurrence

of the �ashover inside the tower window was of particular interest. To evaluate, where the

�ashovers occur inside the model, the tower window has been classi�ed into 6 areas (see also

Figure 6.1) and all �ashovers had been photographed to assign them to the appropriate area.

 

3 2 
4 1 

5 6 

Figure 6.1: Classi�cation of tower window for evaluation of �ashover occurrence

Concerning the results of the tests it must be mentioned that the impulse voltage generator of

the High Voltage Laboratory consists of 13 stages, which are charged in parallel and discharged

in series by use of spark gaps. The leftmost column of the voltage level in all tables of results

is the charging voltage (per stage) and the second value of the measured load voltage which

arise from the series connection of the capacitances. The variation of the voltage level has

been accomplished by variation of the charging voltage of the capacitances, whereby a �U of

3 kV was chosen. Between the impulses an waiting time of 1 minute was chosen in all tests.

The value in the column "area of �ashover in tower window" of the tables in case of �ashover

denotes the area of the tower window in which the �ashover occur according to Figure 6.1.
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6.2 Lightning impulse voltage Tests � Corona ring type 1

Figure 6.2: Corona ring type 1

Figure 6.3 shows the total testing plan for the lightning impulse voltage tests in case of the

corona ring type 1 (1-ring corona ring, see also Figure 6.2). In the additional tests a damper

loop has been used in the same con�guration (see section 6.2.6, section 6.2.7, section 6.2.8).

INTRODUCTION TEST I

� # insulators = 17

� corona ring type 1

� Swing angle = 0 �

� Distance to guy wire a = 2:87m

� Up-and-down-method (44 enhancement, 21 �ashovers)

� Determination U50%

� Classi�cation of tower window in 6 areas

� Photography of �ashover (where does �ashover occur?)

#
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TEST 1

� # insulators = 17

� corona ring type 1

� Distance to guy wire a = 2:6m

� 20 shots with �ashover

� Test voltage U90% = U50% + 1:3 � z = 1476 kV

� Classi�cation of tower window in 6 areas

� Photography of �ashover (where does �ashover occur?)

#
TEST 2A

� # insulators = 17

� corona ring type 1

� Distance to guy wire a = 2:35m

� 20 shots with �ashover

� Test voltage U90% = U50% + 1:3 � z = 1476 kV

� Classi�cation of tower window in 6 areas

� Photography of �ashover (where does �ashover occur?)

#
TEST 2B

� # insulators = 17

� corona ring type 1

� Distance to guy wire a = 2:44m

� 20 shots with �ashover

� Test voltage U90% = U50% + 1:3 � z = 1476 kV

� Classi�cation of tower window in 6 areas

� Photography of �ashover (where does �ashover occur?)

#
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TEST 2C

� # insulators = 17

� corona ring type 1

� Distance to guy wire a = 2:5m

� 20 shots with �ashover

� Test voltage U90% = U50% + 1:3 � z = 1476 kV

� Classi�cation of tower window in 6 areas

� Photography of �ashover (where does �ashover occur?)

#

Additional TEST 1

� # insulators = 17

� corona ring type 1

� Distance to damper loop � guy wire a = 2:45m

� Distance to conductor tube � guy wire a = 2:63m

� 20 shots with �ashover

� Test voltage U90% = U50% + 1:3 � z = 1476 kV

� Classi�cation of tower window in 6 areas

� Photography of �ashover (where does �ashover occur?)

#
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Additional TEST 2

� # insulators = 17

� corona ring type 1

� Distance to damper loop � guy wire a = 2:27m

� Distance to conductor tube � guy wire a = 2:45m

� 20 shots with �ashover

� Test voltage U90% = U50% + 1:3 � z = 1476 kV

� Classi�cation of tower window in 6 areas

� Photography of �ashover (where does �ashover occur?)

#
Additional TEST 3

� # insulators = 17

� corona ring type 1

� Distance to damper loop � guy wire a = 2:40m

� Distance to conductor tube � guy wire a = 2:60m

� 20 shots with �ashover

� Test voltage U90% = U50% + 1:3 � z = 1476 kV

� Classi�cation of tower window in 6 areas

� Photography of �ashover (where does �ashover occur?)

Figure 6.3: Testing plan: Lightning impulse voltage Tests � Corona ring type 1

6.2.1 Lightning impulse voltage � Introduction Test I (Corona ring type 1)

Thereby a swing angle of 0 ° has been simulated and a distance of 2.87m between conductor

and the lower guy wire has been measured. As mentioned in section 6.1 the main target of this

test was to determine the U50%-voltage and the calculation of the U90%-voltage.

Results

Table 6.1 shows a summary of the results of the Introduction Test I for corona ring type 1 using

the up-and-down method.
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Table 6.1: Summary of results: LI � Introduction Test I (Corona ring type 1)

Lightning impulse voltage � Introduction Test I (Corona ring type 1)

Voltage level

�ashover
Area of �ashover

in tower window
No �ashoverCharging voltage Load voltage

[kV] [kV]

121 1399 X

124 1431 X 2

121 1397 X

124 1429 X 2

121 1398 X

124 1434 X 2

121 1399 X

124 1434 X 2

121 1398 X

124 1433 X 2

121 1398 X

124 1434 X 2

121 1398 X

124 1434 X 2

121 1399 X

124 1434 X 2

121 1399 X

124 1435 X 2

121 1399 X

124 1434 X 2

121 1401 X

124 1436 X 2

121 1401 X

124 1435 X 2

121 1401 X

124 1437 X 2

121 1404 X

124 1435 X 2

121 1403 X

124 1437 X 2

121 1402 X

124 1437 X 2

121 1402 X

Continued on next page
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Table 6.1 � continued from previous page

124 1438 X 2

121 1403 X

124 1438 X

127 1469 X 2

124 1435 X 2

121 1402 X

124 1438 X

127 1469 X 2

124 1437 X 2

121 1403 X

Table 6.2 shows the measured values of atmospheric conditions at the time of the Introduction

Test I for corona ring type 1 using the up-and-down method.

Table 6.2: Atmospheric conditions at the time of LI � Introduction Test I (Corona ring type 1)

Atmospheric conditions: LI � Introduction Test I (Corona ring type 1)

Temperature [°C] 26.0

Air pressure [mbar] 968.9

Air humidity [%] 44.2

Air humidity [g=m3] 10.3

Calculation

U50%under testing conditions:

U�

p =
∑ ki � Ui

n
) U50%test =

∑ Ui
n

=
61079

43
= 1420 kV

Conversion to U50%under standard basic reference atmosphere:

Kt = 0:9372) U50%basicref = 1516 kV

Calculation of U90%under testing condition:

U90%test = U50%test � (1 + 1:3 � 0:03) = 1420 kV � (1 + 1:3 � 0:03) = 1476 kV

Conversion to U90%under standard basic reference atmosphere:

Kt = 0:9372) U90%basicref = 1575 kV

Calculation of U10%under testing condition:

U10%test = U50%test � (1� 1:3 � 0:03) = 1420 kV � (1� 1:3 � 0:03) = 1365 kV

Conversion to U10%under standard basic reference atmosphere:

Kt = 0:9372) U10%basicref = 1457 kV
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Representing result

Figure 6.4 shows a plot of a voltage breakdown due to a �ashover during Introduction Test I.

Figure 6.4: Voltage breakdown in case of �ashover - Introduction Test I

6.2.2 Lightning impulse voltage � Test 1 (Corona ring type 1)

For this experiment a distance between the conductor and the lower guy wire of 2.60m has

been simulated. Thereby the U90%-voltage with a value of 1476 kV under testing conditions was

chosen as testing voltage. The calculation of this U90%-value is described in section 6.1. The

main target of this test was to determine in which sector of the tower window the �ashover

occur.

Results

Table 6.3 shows the summary of the results of the Lightning impulse voltage � Test 1 for corona

ring type 1.
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Table 6.3: Summary of results: LI � Test 1 (Corona ring type 1)

Lightning impulse voltage � Test 1 (Corona ring type 1)

Voltage level

�ashover
Area of �ashover

in tower window
No �ashoverCharging voltage Load voltage

[kV] [kV]

127.2

1471 X 2

1472 X 2

1473 X 2

1473 X 2

1474 X 2

1474 X 2

1473 X 2

1472 X 2

1472 X 2

1472 X 2

1474 X 2

1472 X 2

1472 X 2

1472 X 2

1473 X 2

1473 X 2

1473 X 2

1473 X 2

1471 X 2

1473 X 2

Table 6.4 shows the measured values of atmospheric conditions at the time of the Lightning

impulse voltage � Test 1 for corona ring type 1.

Table 6.4: Atmospheric conditions at the time of LI � Test 1 (Corona ring type 1)

Atmospheric conditions: LI � Test 1 (Corona ring type 1)

Temperature [°C] 26.0

Air pressure [mbar] 968.9

Air humidity [%] 44.2

Air humidity [g=m3] 10.3

As it can be seen in Table 6.3 all the �ashovers occur in area 2, which means that they occur

along the insulator.
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6.2.3 Lightning impulse voltage � Test 2A (Corona ring type 1)

For this experiment a distance between the conductor and the lower guy wire of 2.35m has

been simulated. Thereby the U90%-voltage with a value of 1476 kV under testing conditions was

chosen as testing voltage. The calculation of this U90%-value is described in section 6.1. The

main target of this test was to determine in which sector of the tower window the �ashover

occur.

Results

Table 6.5 shows the summary of the results of the Lightning impulse voltage � Test 2A for

corona ring type 1.

Table 6.5: Summary of results: LI � Test 2A (Corona ring type 1)

Lightning impulse voltage � Test 2A (Corona ring type 1)

Voltage level

�ashover
Area of �ashover

in tower window
No �ashoverCharging voltage Load voltage

[kV] [kV]

127.2

1478 X 5

1477 X 5

1479 X 5

1478 X 5

1477 X 5

1477 X 5

1478 X 5

1478 X 5

1478 X 5

1478 X 5

1477 X 5

1477 X 5

1477 X 5

1478 X 5

1479 X 5

1478 X 5

1477 X 5

1478 X 5

1475 X 5

1477 X 5

Table 6.6 shows the measured values of atmospheric conditions at the time of the Lightning

impulse voltage � Test 2A for corona ring type 1.
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Table 6.6: Atmospheric conditions at the time of LI � Test 2A (Corona ring type 1)

Atmospheric conditions: LI � Test 2A (Corona ring type 1)

Temperature [°C] 21.0

Air pressure [mbar] 967.0

Air humidity [%] 56.4

Air humidity [g=m3] 10.8

As it can be seen in Table 6.5 all the �ashovers occur in area 5, which means that went to the

lower guy wire.

Representing result

In Figure 6.5 a �ashover to the lower guy wire during Lightning impulse voltage � Test 2A is

shown.

Figure 6.5: Flashover to the lower guy wire: LI � Test 2A

6.2.4 Lightning impulse voltage � Test 2B (Corona ring type 1)

For this experiment a distance between the conductor and the lower guy wire of 2.44m has

been simulated. Thereby the U90%-voltage with a value of 1476 kV under testing conditions was

chosen as testing voltage. The calculation of this U90%-value is described in section 6.1. The

main target of this test was to determine in which sector of the tower window the �ashover

occur.
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Results

Table 6.7 shows the summary of the results of the Lightning impulse voltage � Test 2B for

corona type 1.

Table 6.7: Summary of results: LI � Test 2B (Corona ring type 1)

Lightning impulse voltage � Test 2B (Corona ring type 1)

Voltage level

�ashover
Area of �ashover

in tower window
No �ashoverCharging voltage Load voltage

[kV] [kV]

127.2

1477 X 3

1477 X 3

1478 X 5

1477 X 3

1479 X 5

1479 X 5

1479 X 3

1480 X 5

1480 X 5

1478 X 5

1478 X 5

1480 X 5

1479 X 5

1479 X 5

1479 X 5

1475 X 5

1479 X 5

1480 X 5

1479 X 5

1478 X 5

Table 6.8 shows the measured values of atmospheric conditions at the time of the Lightning

impulse voltage � Test 2B for corona ring type 1.

Table 6.8: Atmospheric conditions at the time of LI � Test 2B (Corona ring type 1)

Atmospheric conditions: LI � Test 2B (Corona ring type 1)

Temperature [°C] 21.0

Air pressure [mbar] 967.0

Air humidity [%] 56.4

Air humidity [g=m3] 10.8
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As it can be seen in Table 6.7, 20% of the �ashovers occur in the area 3 which means that

they occur along the insulator. The remaining 80% went to the lower guy wire.

6.2.5 Lightning impulse voltage � Test 2C (Corona ring type 1)

For this experiment a distance between the conductor and the lower guy wire of 2.50m has

been simulated. Thereby the U90%-voltage with a value of 1476 kV under testing conditions was

chosen as testing voltage. The calculation of this U90%-value is described in section 6.1. The

main target of this test was to determine in which sector of the tower window the �ashover

occur.

Results

Table 6.9 shows the summary of the results of the Lightning impulse voltage � Test 2C for

corona type 1.

Table 6.9: Summary of results: LI � Test 2C (Corona ring type 1)

Lightning impulse voltage � Test 2C (Corona ring type 1)

Voltage level

�ashover
Area of �ashover

in tower window
No �ashoverCharging voltage Load voltage

[kV] [kV]

127.2

1479 X 3

1480 X 3

1479 X 3

1480 X 3

1480 X 3

1482 X 3

1480 X 5

1476 X 3

1475 X 3

1476 X 3

1478 X 5

1475 X 3

1473 X 5

1476 X 5

1470 X 3

1473 X 5

1476 X 5

1479 X 3

1479 X 3

1475 X 3
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Table 6.10 shows the measured values of atmospheric conditions at the time of the Lightning

impulse voltage � Test 2C for corona ring type 1.

Table 6.10: Atmospheric conditions at the time of LI � Test 2C (Corona ring type 1)

Atmospheric conditions: LI � Test 2C (Corona ring type 1)

Temperature [°C] 22.0

Air pressure [mbar] 967.0

Air humidity [%] 56.4

Air humidity [g=m3] 10.8

As it can be seen in Table 6.9, 70% of the �ashovers occur in the area 3 which means that

they occur along the insulator. The remaining 30% went to the lower guy wire.

Representing result

In Figure 6.6 a �ashover to the lower guy wire during Lightning impulse voltage � Test 2C is

shown.

Figure 6.6: Flashover along the insulator: LI � Test 2C

6.2.6 Lightning impulse voltage � Additional Test 1 (Damper loop + Corona ring

type 1)

Additional to the tests only with a corona ring, lightning impulse voltage tests using a damper

loop mounted underneath one of the two conductor tubes have been carried out. The main

function of this damper loop mounted at the conductor wires inside the tower window is the

reduction of corona losses. Due to their position underneath the conductor tubes they also

in�uence the electrical distances inside the tower window in reality. In Figure 6.7 a drawing of

the damper loop and in Figure 6.8 a picture of the damper loop in reality is shown. Figure 6.9

shows a picture of the mounted damper loop in the testing setup. The damper loop was realized

in form of a conductor wire with a diameter of 34.5mm.
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Figure 6.7: Drawing of damper loop

 

Figure 6.8: Damper loop in reality

 

Damper loop 

Conductor tube 

Figure 6.9: Damper loop in testing setup

At the �rst experiment using a damper loop a distance between the damper loop and the lower

guy wire of 2.45m and between the conductor and the lower guy wire of 2.63m has been
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simulated. Thereby the U90%-voltage with a value of 1476 kV under testing conditions was

chosen as testing voltage. The calculation of this U90%-value is described in section 6.1. The

main target of this test was to determine in which sector of the tower window the �ashover

occur.

Results

Table 6.11 shows the summary of the results of the Lightning impulse voltage � Additional Test

1 for damper loop plus corona type 1.

Table 6.11: Summary of results: LI � Additional Test 1 (Damper loop + Corona ring type 1)

Lightning impulse voltage � Additional test 1 (Damper loop + Corona ring type 1)

Voltage level

�ashover
Area of �ashover

in tower window
No �ashoverCharging voltage Load voltage

[kV] [kV]

125.9

1474 X 2

1471 X 5

1471 X 5

1473 X 5

1472 X 5

1473 X 2

1474 X 2

1471 X

1477 X 5

1477 X 5

1475 X 2

1479 X 2

1473 X 5

1472 X 2

1471 X 5

1476 X 2

1474 X 5

1475 X 2

1474 X 5

1479 X 5

1479 X 2

Table 6.12 shows the measured values of atmospheric conditions at the time of the Lightning

impulse voltage � Additional Test 1 for damper loop plus corona ring type 1.

As it can be seen in Table 6.11, 45% of the �ashovers occur in the area 2 which means that

they occur along the insulator string. The remaining 55% went to the lower guy wire.
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Table 6.12: Atmospheric conditions at the time of LI � Additional Test 1 (Damper loop + Corona

ring type 1)

Atmospheric conditions: LI � Additional Test 1 (Damper loop + Corona ring type 1)

Temperature [°C] 20.0

Air pressure [mbar] 976.4

Air humidity [%] 76.0

Air humidity [g=m3] 13.2

Representing result

In Figure 6.10 a �ashover to the lower guy wire in case of Lightning impulse voltage � Additional

Test 1 is shown.

Figure 6.10: Flashover to the lower guy wire: LI � Additional Test 1

6.2.7 Lightning impulse voltage � Additional Test 2 (Damper loop + Corona ring

type 1)

At this experiment using a damper loop a distance between the damper loop and the lower guy

wire of 2.27m and between the conductor and the lower guy wire of 2.45m has been simulated.

Thereby the U90%-voltage with a value of 1476 kV under testing conditions was chosen as testing

voltage. The calculation of this U90%-value is described in section 6.1. The main target of this

test was to determine in which sector of the tower window the �ashover occur.
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Results

Table 6.13 shows the summary of the results of the Lightning impulse voltage � Additional Test

2 for damper loop plus corona type 1.

Table 6.13: Summary of results: LI � Additional Test 2 (Damper loop + Corona ring type 1)

LI � Additional test 2 (Damper loop + Corona ring type 1)

Voltage level

�ashover
Area of �ashover

in tower window
No �ashoverCharging voltage Load voltage

[kV] [kV]

125.9

1479 X 5

1471 X 5

1474 X 5

1475 X 5

1478 X 5

1475 X 5

1477 X 5

1473 X 5

1474 X 5

1474 X 5

1474 X 5

1473 X 5

1471 X 5

1473 X 5

1473 X 5

1473 X 5

1474 X 5

1475 X 5

1472 X 5

1476 X 5

Table 6.14 shows the measured values of atmospheric conditions at the time of the Lightning

impulse voltage � Additional Test 2 for damper loop plus corona ring type 1.

Table 6.14: Atmospheric conditions at the time of LI � Additional Test 2 (Damper loop + Corona

ring type 1)

Atmospheric conditions: LI � Additional Test 2 (Damper loop + Corona ring type 1)

Temperature [°C] 21.0

Air pressure [mbar] 976.4

Air humidity [%] 70.7

Air humidity [g=m3] 12.9
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As it can be seen in Table 6.13, all the �ashovers occur in the area 5 which means that they

occur along the lower guy wire.

Representing result

Figure 6.11 shows a �ashover to the lower guy wire during Lightning impulse voltage � Additional

Test 2.

Figure 6.11: Flashover to the lower guy wire: LI � Additional Test 2

6.2.8 Lightning impulse voltage � Additional Test 3 (Damper loop + Corona ring

type 1)

At this experiment using a damper loop a distance between the damper loop and the lower guy

wire of 2.27m and between the conductor and the lower guy wire of 2.40m has been simulated.

Thereby the U90%-voltage with a value of 1476 kV under testing conditions was chosen as testing

voltage. The calculation of this U90%-value is described in section 6.1. The main target of this

test was to determine in which sector of the tower window the �ashover occur.

Results

Table 6.15 shows the summary of the results of the Lightning impulse voltage � Additional Test

3 for damper loop plus corona type 1.
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Table 6.15: Summary of results: LI � Additional Test 3 (Damper loop + Corona ring type 1)

LI � Additional test 3 (Damper loop + Corona ring type 1)

Voltage level

�ashover
Area of �ashover

in tower window
No �ashoverCharging voltage Load voltage

[kV] [kV]

125.9

1471 X 2

1474 X 2

1471 X 2

1471 X 2

1473 X 2

1470 X 2

1473 X 2

1473 X 2

1478 X 5

1474 X 2

1477 X 2

1474 X 5

1479 X 2

1478 X 2

1477 X 2

1477 X 2

1476 X 2

1474 X 2

1475 X 2

1476 X 5

Table 6.16 shows the measured values of atmospheric conditions at the time of the Lightning

impulse voltage � Additional Test 3 for damper loop plus corona ring type 1.

Table 6.16: Atmospheric conditions at the time of LI � Additional Test 3

Atmospheric conditions: LI � Additional Test 3 (Damper loop + Corona ring type 1)

Temperature [°C] 24.0

Air pressure [mbar] 975.3

Air humidity [%] 60.7

Air humidity [g=m3] 13.0

As it can be seen in Table 6.15, 85% of the �ashovers occur in the area 2 which means that

they occur along the insulator string. The remaining 15% went to the lower guy wire.
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Representing result

In Figure 6.12 a �ashover to the lower guy wire in case of Lightning impulse voltage � Additional

Test 3 is shown.

Figure 6.12: Flashover along the insulator: LI � Additional Test 3

6.2.9 Discussion of test results

As shown in section 6.2.1, in case of corona ring type 1 and lightning impulse voltage, for

a swing angle of 0° a withstand voltage U10% of 1457 kV has been measured under standard

basic reference atmosphere. In Table 3.1 the required withstand voltage values given in the

international standard IEC 60071 � Part 1 [25] for several operating voltage levels are shown.

A comparison of the value from the practical test with these values shows, that the measured

result is higher than the applicable withstand voltage range (1050� 1425 kV).
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6.3 Lightning impulse voltage Tests � Corona ring type 2

Figure 6.14 shows the total testing plan for the lightning impulse voltage tests in case of the

type 2 of corona ring (2-ring corona ring, see also Figure 6.13)

Figure 6.13: Corona ring type 2

INTRODUCTION TEST II

� # insulators = 16

� corona ring type 2

� Swing angle = 0�

� Distance to guy wire a = 2:70m

� Up-and-down-method (40 enhancement, 20 �ashovers)

� Determination U50%

� Classi�cation of tower window in 6 areas

� Photography of �ashover (where does �ashover occur?)

#
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TEST 1

� # insulators = 16

� corona ring type 2

� Distance to guy wire a = 2:45m

� 20 shots with �ashover

� Test voltage U90% = U50% + 1:3 � z = 1519 kV

� Classi�cation of tower window in 6 areas

� Photography of �ashover (where does �ashover occur?)

#
TEST 2A

� # insulators = 16

� corona ring type 2

� Distance to guy wire a = 2:35m

� 20 shots with �ashover

� Test voltage U90% = U50% + 1:3 � z = 1519 kV

� Classi�cation of tower window in 6 areas

� Photography of �ashover (where does �ashover occur?)

#
TEST 2B

� # insulators = 16

� corona ring type 2

� Distance to guy wire a = 2:28m

� 20 shots with �ashover

� Test voltage U90% = U50% + 1:3 � z = 1519 kV

� Classi�cation of tower window in 6 areas

� Photography of �ashover (where does �ashover occur?)

Figure 6.14: Testing plan: Lightning impulse voltage Tests � Corona ring type 2
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6.3.1 Lightning impulse voltage � Introduction Test II (Corona ring type 2)

Thereby a swing angle of 0 ° has been simulated and a distance of 2.70m between conductor

and the lower guy wire has been measured. As mentioned before the main target of this test

was to determine the U50%-voltage and the calculation of the U90%-voltage.

Results

Table 6.17 shows a summary of the results of the Introduction Test II for corona ring type 2

using the up-and-down method.

Table 6.17: Summary of results: LI � Introduction Test II (Corona ring type 2)

Lightning impulse voltage � Introduction Test II (Corona ring type 2)

Voltage level

�ashover
Area of �ashover

in tower window
No �ashoverCharging voltage Load voltage

[kV] [kV]

124 1449 X

127 1483 X 3

124 1449 X

127 1484 X 2

124 1447 X

127 1483 X 2

124 1448 X

127 1484 X 2

124 1448 X

127 1483 X 2

124 1448 X

127 1483 X

130 1517 X 2

127 1480 X 2

124 1447 X

127 1483 X 3

124 1448 X

127 1483 X 3

124 1448 X

127 1483 X 2

124 1446 X

127 1482 X 2

124 1449 X

127 1483 X 3

Continued on next page
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Table 6.17 � continued from previous page

124 1449 X

127 1483 X 3

124 1449 X

127 1484 X 3

124 1450 X

127 1484 X 2

124 1449 X

127 1483 X 3

124 1449 X

127 1483 X 2

124 1447 X

127 1485 X 3

124 1448 X

127 1484 X 2

124 1450 X

127 1483 X 2

Table 6.18 shows the measured values of atmospheric conditions at the time of the Introduction

Test II for corona ring type 2 using the up-and-down method.

Table 6.18: Atmospheric conditions at the time of LI � Introduction Test II (Corona ring type 2)

Atmospheric conditions: LI � Introduction Test II (Corona ring type 2)

Temperature [°C] 21.0

Air pressure [mbar] 969.3

Air humidity [%] 73.6

Air humidity [g=m3] 13.7

Calculation

U50%under testing conditions:

U�

p =
∑ ki � Ui

n
) U50%test =

∑ Ui
n

=
58489

40
= 1462 kV

Conversion to U50%under standard basic reference atmosphere:

Kt = 0:9857) U50%basicref = 1483 kV

Calculation of U90%under testing condition:

U90%test = U50%test � (1 + 1:3 � 0:03) = 1462 kV � (1 + 1:3 � 0:03) = 1519 kV
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Conversion to U90%under standard basic reference atmosphere:

Kt = 0:9857) U90%basicref = 1541 kV

Calculation of U10%under testing condition:

U10%test = U50%test � (1� 1:3 � 0:03) = 1462 kV � (1� 1:3 � 0:03) = 1405 kV

Conversion to U10%under standard basic reference atmosphere:

Kt = 0:9857) U10%basicref = 1426 kV

6.3.2 Lightning impulse voltage � Test 1 (Corona ring type 2)

For this experiment a distance between the corona ring and the lower guy wire of 2.45m has

been simulated. Thereby the U90%-voltage with a value of 1519 kV under testing conditions was

chosen as testing voltage. The calculation of this U90%-value is described in section 6.1. The

main target of this test was to determine in which sector of the tower window the �ashover

occur.

Results

Table 6.19 shows the summary of the results of the Lightning impulse voltage � Test 1 for

corona type 2.

Table 6.19: Summary of results: LI � Test 1 (Corona ring type 2)

Lightning impulse voltage � Test 1 (Corona ring type 2)

Voltage level

�ashover
Area of �ashover

in tower window
No �ashoverCharging voltage Load voltage

[kV] [kV]

131

1518 X 2

1520 X 2

1518 X 2

1518 X 2

1519 X 2

1519 X 2

1519 X 2

1520 X 2

1520 X 2

1521 X 2

1520 X 2

1519 X 3

1519 X 3

1520 X 2

Continued on next page
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Table 6.19 � continued from previous page

131

1519 X 2

1518 X 2

1519 X 2

1518 X 3

1518 X 2

1518 X 2

Table 6.20 shows the measured values of atmospheric conditions at the time of the Lightning

impulse voltage � Test 1 for corona ring type 2.

Table 6.20: Atmospheric conditions at the time of LI � Test 1 (Corona ring type 2)

Atmospheric conditions: LI � Test 1 (Corona ring type 2)

Temperature [°C] 21.0

Air pressure [mbar] 971.1

Air humidity [%] 53.8

Air humidity [g=m3] 9.8

As it can be seen in Table 6.19 all the �ashovers occur in area 2 and area 3, which means that

they occur along the insulator.

6.3.3 Lightning impulse voltage � Test 2A (Corona ring type 2)

For this experiment a distance between the corona ring and the lower guy wire of 2.35m has

been simulated. Thereby the U90%-voltage with a value of 1519 kV under testing conditions was

chosen as testing voltage. The calculation of this U90%-value is described in section 6.1. The

main target of this test was to determine in which sector of the tower window the �ashover

occur.

Results

Table 6.21 shows the summary of the results of the Lightning impulse voltage � Test 2A for

corona type 2.

Table 6.21: Summary of results: LI � Test 2A (Corona ring type 2)

Lightning impulse voltage � Test 2A (Corona ring type 2)

Voltage level

�ashover
Area of �ashover

in tower window
No �ashoverCharging voltage Load voltage

[kV] [kV]

131
1522 X 2

1522 X 2

Continued on next page
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Table 6.21 � continued from previous page

1522 X 2

131

1522 X 2

1523 X 2

1519 X 2

1520 X 2

1522 X 5

1521 X 2

1521 X 2

1520 X 2

1518 X 2

1518 X 2

1518 X 2

1519 X 2

1519 X 2

1520 X 2

1520 X 2

1519 X 2

1518 X 2

Table 6.22 shows the measured values of atmospheric conditions at the time of the Lightning

impulse voltage � Test 2A for corona ring type 2.

Table 6.22: Atmospheric conditions at the time of LI � Test 2A (Corona ring type 2)

Atmospheric conditions: LI � Test 2A (Corona ring type 2)

Temperature [°C] 21.0

Air pressure [mbar] 971.0

Air humidity [%] 53.4

Air humidity [g=m3] 9.6

As it can be seen in Table 6.21, 95% of the �ashovers occur in area 2, which means that they

occur along the insulator. The remaining 5% of the �ashovers went to the lower guy wire.

6.3.4 Lightning impulse voltage � Test 2B (Corona ring type 2)

For this experiment a distance between the corona ring and the lower guy wire of 2.28m has

been simulated. Thereby the U90%-voltage with a value of 1519 kV under testing conditions was

chosen as testing voltage. The calculation of this U90%-value is described in section 6.1. The

main target of this test was to determine in which sector of the tower window the �ashover

occur.
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Results

Table 6.23 shows the summary of the results of the Lightning impulse voltage � Test 2B for

corona type 2.

Table 6.23: Summary of results: LI � Test 2B (Corona ring type 2)

Lightning impulse voltage � Test 2B (Corona ring type 2)

Voltage level

�ashover
Area of �ashover

in tower window
No �ashoverCharging voltage Load voltage

[kV] [kV]

131

1518 X 5

1518 X 5

1519 X 5

1517 X 5

1516 X 5

1514 X 5

1517 X 5

1515 X 5

1516 X 5

1518 X 5

1516 X 5

1515 X 5

1517 X 5

1515 X 5

1516 X 5

1514 X 5

1514 X 5

1514 X 5

1516 X 5

1514 X 5

Table 6.24 shows the measured values of atmospheric conditions at the time of the Lightning

impulse voltage � Test 2B for corona ring type 2.

Table 6.24: Atmospheric conditions at the time of LI � Test 2B (Corona ring type 2)

Atmospheric conditions: LI � Test 2B (Corona ring type 2)

Temperature [°C] 21.0

Air pressure [mbar] 968.0

Air humidity [%] 52.8

Air humidity [g=m3] 9.3
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As it can be seen in Table 6.21, all the �ashovers occur in area 5, which means that they went

to the lower guy wire.

6.3.5 Discussion of test results

As shown in section 6.3.1, in case of corona ring type 2 and lightning impulse voltage, for a

swing angle of 0° a withstand voltage U10%of 1426 kV has been measured under basic reference

atmosphere. In Table 3.1 the required withstand voltage values given in the international stan-

dard IEC 60071 � Part 1 [25] for several operating voltage levels are shown. A comparison of

the value from the practical test with these values shows, that the measured result is higher

than the applicable withstand voltage range (1050� 1425 kV).
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6.4 Basics � Switching impulse voltage Tests

In contrast to the lightning impulse voltage tests the main goal of the tests with switching

impulse voltage was to �nd out the value of the U50%-voltage and arising thereby the U90%-

voltage and the U10%-voltage. Similar to the lightning impulse voltage tests the tests have been

carried out with the two di�erent types of corona rings as they are described in section 5.3

to make a point concerning the voltage behaviour of the corona ring additional to the voltage

behaviour of speci�ed swing angles and distances, respectively. The equation for the calculation

of the U90%-voltage in case of switching impulse voltage is equal to lightning impulse voltage

(see Equation (6.1) in section 6.1), whereby z = 0:06 in case of switching impulse voltage [32].

Using Equation (6.2) (section 6.1) the U10%-voltage, can be calculated similar to lightning

impulse voltage.

Similar to lightning impulse voltage the U50%-voltage is necessary for the calculation of the

U90%-voltage and the U10%-voltage, respectively. Also the calculation of the U50%-withstand-

voltage using the up-and-down method as well as the conversion in values under standard basic

reference atmosphere is equal to lightning impulse voltage tests (see Equation (6.3) (6.4) (6.5)

in section 6.1).

To calculate the atmospheric correction factor respectively the given �ashover voltage under

standard basic reference atmosphere, the atmospheric outdoor conditions have been measured

during the tests by use of the measuring device mounted at the High Voltage Laboratory. Specif-

ically, the following three values of atmospheric outdoor conditions have been measured:

1. Temperature in [°C]

2. Air pressure in [mbar]

3. Air humidity in [%] and [g=m3]

The correction factor Kt arising from this measured atmospheric outdoor conditions have been

calculated by use of an excel-sheet. Additional to the estimation of the U50%-voltage and

arising thereby the calculation of the U90%-voltage and the U10%-voltage, an evaluation, where

the �ashover occur inside the model, has been carried out. Therefore similar to the lightning

impulse voltage the tower window has been classi�ed in 6 areas (see also Figure 6.1) and all

�ashovers had been photographed to assign to the appropriate area. Concerning the results

of the tests it must be mentioned that the impulse voltage generator of the High Voltage

Laboratory consists of 13 stages, which are charged parallel and discharged in series by use of

spark gaps. The �rst value of the voltage level in all tables of results is the charging voltage (per

stage) and the second value of the measured load voltage which arise from the series connection

of the capacitances. The variation of the voltage level has been accomplished by variation of

the charging voltage of the capacitances. Attention should be paid to the fact that in case of a

�ashover the load voltage break down before peak value. The values given in the table in that

case are calculated by the ratio of the charging voltages.
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Between the impulses an waiting time of 1 minute was chosen in all tests. The value in the

column "area of �ashover in tower window" of the tables in case of �ashover denotes the area

of the tower window in which the �ashover occur according to Figure 6.1.
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6.5 Switching impulse voltage Tests � Corona ring type 1

Figure 6.15 shows the total testing plan for the switching impulse voltage tests in case of the

type 1 of corona ring (1-ring corona ring, see also Figure 6.2).

INTRODUCTION TEST I

� # insulators = 17

� corona ring type 1

� Distance to guy wire a = 1:40m

� Up-and-down-method (32 enhancement, 17 �ashovers)

� Determination U50%-voltage, U90%-voltage and U10%-voltage

� Classi�cation of tower window in 6 areas

� Photography of �ashover (where does �ashover occur?)

#

TEST 1
� # insulators = 17

� corona ring type 1

� Distance to guy wire a = 1:55m

� Up-and-down-method (32 enhancement, 17 �ashovers)

� Determination U50%-voltage, U90%-voltage and U10%-voltage

� Classi�cation of tower window in 6 areas

� Photography of �ashover (where does �ashover occur?)

#
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TEST 2A
� # insulators = 17

� corona ring type 1

� Distance to guy wire a = 1:9m

� 20 shots with �ashover

� Up-and-down-method (10 enhancement, 5 �ashovers)

� Determination U50%-voltage, U90%-voltage and U10%-voltage

� Classi�cation of tower window in 6 areas

� Photography of �ashover (where does �ashover occur?)

#

TEST 2B
� # insulators = 17

� corona ring type 1

� swing angle = 0�

� Up-and-down-method (9 enhancement, 5 �ashovers)

� Determination U50%-voltage, U90%-voltage and U10%-voltage

� Classi�cation of tower window in 6 areas

� Photography of �ashover (where does �ashover occur?)

Figure 6.15: Testing plan: Switching impulse voltage Tests � Corona ring type 1

6.5.1 Switching impulse voltage � Introduction Test I (Corona ring type 1)

At the �rst experiment a distance of 1.55m between conductor and the lower guy wire has been

simulated. As mentioned before the main target of this test was to determine the U50%-voltage

and the calculation of the U90%-voltage and U10%-voltage, respectively.

Results

Table 6.25 shows a summary of the results of the Introduction Test I for corona ring type 1

using the up-and-down method.
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Table 6.25: Summary of results: SI � Introduction Test I (Corona ring type 1)

Switching impulse voltage � Introduction Test I (Corona ring type 1)

Voltage level

�ashover
Area of �ashover

in tower window
No �ashoverCharging voltage Load voltage

[kV] [kV]

86 846 X

89 875 X 5

86 846 X 5

83 814 X

86 845 X

89 875 X

92 904 X 5

89 875 X 5

86 845 X 5

83 815 X

86 847 X

89 875 X 5

86 845 X

89 878 X

92 904 X 5

89 875 X 5

86 845 X 5

83 815 X

86 845 X 5

Table 6.26 shows the measured values of atmospheric conditions at the time of the Introduction

Test I for corona ring type 1 using the up-and-down method.

Table 6.26: Atmospheric conditions at the time of SI � Introduction Test I (Corona ring type 1)

Atmospheric conditions: SI � Introduction Test I (Corona ring type 1)

Temperature [°C] 19.0

Air pressure [mbar] 967.4

Air humidity [%] 83.5

Air humidity [g=m3] 13.0

Calculation

U50%under testing conditions:

U�

p =
∑ ki � Ui

n
) U50%test =

∑ Ui
n

=
16269

19
= 856 kV
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Conversion to U50%under standard basic reference atmosphere:

Kt = 0:9828) U50%basicref = 871 kV

Calculation of U90%under testing condition:

U90%test = U50%test � (1 + 1:3 � 0:06) = 856 kV � (1 + 1:3 � 0:06) = 923 kV

Conversion to U90%under standard basic reference atmosphere:

Kt = 0:9828) U90%basicref = 939 kV

Calculation of U10%under testing condition:

U10%test = U50%test � (1� 1:3 � 0:06) = 856 kV � (1� 1:3 � 0:06) = 789 kV

Conversion to U10%under standard basic reference atmosphere:

Kt = 0:9828) U10%basicref = 803 kV

Representing result

In Figure 6.16 a standard impulse voltage due to a non-�ashover during Introduction Test I is

shown.

Figure 6.16: Standard impulse voltage (250=2500�s) in case of non-�ashover: SI � Introduction

Test I
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6.5.2 Switching impulse voltage � Test 1 (Corona ring type 1)

At this experiment a distance of 1.40m between conductor and the lower guy wire has been

simulated. As mentioned before the main target of this test was to determine the U50%-voltage

and the calculation of the U90%-voltage and U10%-voltage, respectively.

Results

Table 6.27 shows the summary of the results of the Switching impulse voltage � Test 1 for

corona type 1.

Table 6.27: Summary of results: SI � Test 1 (Corona ring type 1)

Switching impulse voltage � Test 1 (Corona ring type 1)

Voltage level

�ashover
Area of �ashover

in tower window
No �ashoverCharging voltage Load voltage

[kV] [kV]

81 795 X

84 824 X 5

81 795 X

84 824 X 5

81 794 X

84 824 X 5

81 794 X 5

78 763 X

81 794 X 5

78 763 X 5

75 734 X

78 763 X

81 796 X 5

78 763 X 5

75 734 X

78 763 X 5

75 734 X

78 763 X

81 795 X

84 824 X

87 853 X 5

84 825 X

87 853 X 5

84 825 X 5

Continued on next page
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Table 6.27 � continued from previous page

81 795 X 5

78 765 X

81 795 X 5

78 765 X 5

75 734 X

78 765 X 5

75 734 X 5

72 701 X

Table 6.28 shows the measured values of atmospheric conditions at the time of the Switching

impulse voltage � Test 1 for corona ring type 1 using the up-and-down method.

Table 6.28: Atmospheric conditions at the time of SI � Test 1 (Corona ring type 1)

Atmospheric conditions: SI � Test 1 (Corona ring type 1)

Temperature [°C] 21.0

Air pressure [mbar] 968.4

Air humidity [%] 74.6

Air humidity [g=m3] 13.5

Calculation

U50%under testing conditions:

U�

p =
∑ ki � Ui

n
) U50%test =

∑ Ui
n

=
25049

32
= 783 kV

Conversion to U50%under standard basic reference atmosphere:

Kt = 0:9829) U50%basicref = 796 kV

Calculation of U90%under testing condition:

U90%test = U50%test � (1 + 1:3 � 0:06) = 783 kV � (1 + 1:3 � 0:06) = 844 kV

Conversion to U90%under standard basic reference atmosphere:

Kt = 0:9829) U90%basicref = 859 kV

Calculation of U10%under testing condition:

U10%test = U50%test � (1� 1:3 � 0:06) = 783 kV � (1� 1:3 � 0:06) = 722 kV

Conversion to U10%under standard basic reference atmosphere:

Kt = 0:9829) U10%basicref = 734 kV
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Representing result

In Figure 6.17 a �ashover to the lower guy wire during Switching impulse voltage � Test 1 can

be seen.

Figure 6.17: Flashover to the lower guy wire: SI � Test 1

6.5.3 Switching impulse voltage � Test 2A (Corona ring type 1)

At this experiment a distance of 1.90m between conductor and the lower guy wire has been

simulated. As mentioned before the main target of this test was to determine the U50%-voltage

and the calculation of the U90%-voltage and U10%-voltage, respectively.

Results

Table 6.29 shows the summary of the results of the Switching impulse voltage � Test 2A for

corona type 1 using the up-and-down method.
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Table 6.29: Summary of results: SI � Test 2A (Corona ring type 1)

Switching impulse voltage � Test 2A (Corona ring type 1)

Voltage level

�ashover
Area of �ashover

in tower window
No �ashoverCharging voltage Load voltage

[kV] [kV]

92 902 X

95 931 X 5

92 903 X

95 933 X

98 962 X 5

95 933 X

98 962 X 3

95 933 X 5

92 903 X

95 932 X 5

Table 6.30 shows the measured values of atmospheric conditions at the time of the Switching

impulse voltage � Test 2A for corona ring type 1 using the up-and-down method.

Table 6.30: Atmospheric conditions at the time of SI � Test 2A (Corona ring type 1)

Atmospheric conditions: SI � Test 2A (Corona ring type 1)

Temperature [°C] 26.0

Air pressure [mbar] 975.6

Air humidity [%] 53.8

Air humidity [g=m3] 12.6

Calculation

U50%under testing conditions:

U�

p =
∑ ki � Ui

n
) U50%test =

∑ Ui
n

=
9294

10
= 929 kV

Conversion to U50%under standard basic reference atmosphere:

Kt = 0:9659) U50%basicref = 962 kV

Calculation of U90%under testing condition:

U90%test = U50%test � (1 + 1:3 � 0:06) = 929 kV � (1 + 1:3 � 0:06) = 1002 kV

Conversion to U90%under standard basic reference atmosphere:

Kt = 0:9659) U90%basicref = 1037 kV
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Calculation of U10%under testing condition:

U10%test = U50%test � (1� 1:3 � 0:06) = 929 kV � (1� 1:3 � 0:06) = 857 kV

Conversion to U10%under standard basic reference atmosphere:

Kt = 0:9659) U10%basicref = 887 kV

Representing result

Figure 6.18 shows a plot of a voltage breakdown due to a �ashover during Switching impulse

voltage � Test 2A.

Figure 6.18: Voltage breakdown in case of �ashover � Switching impulse voltage � Test 2A

6.5.4 Switching impulse voltage � Test 2B (Corona ring type 1)

At this experiment a swing angle of 0 ° has been simulated and a distance of 2,87m between

conductor and the lower guy wire has been measured. As mentioned before the main target

of this test was to determine the U50%-voltage and the calculation of the U90%-voltage and

U10%-voltage, respectively.

Results

Table 6.31 shows a summary of the results of the Switching impulse voltage � Test 2B for

corona ring type 1 using the up-and-down method.
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Table 6.31: Summary of results: SI � Test 2B (Corona ring type 1)

Switching impulse voltage � Test 2B (Corona ring type 1)

Voltage level

�ashover
Area of �ashover

in tower window
No �ashoverCharging voltage Load voltage

[kV] [kV]

110 1093 X

115 1143 X 2

110 1093 X 2

105 1042 X

110 1093 X 2

105 1042 X

110 1093 X 2

105 1045 X

110 1093 X 2

Table 6.32 shows the measured values of atmospheric conditions at the time of the Switching

impulse voltage � Test 2B for corona ring type 1 using the up-and-down method.

Table 6.32: Atmospheric conditions at the time of SI � Test 2B (Corona ring type 1)

Atmospheric conditions: SI � Test 2B (Corona ring type 1)

Temperature [°C] 21.0

Air pressure [mbar] 977.6

Air humidity [%] 67.8

Air humidity [g=m3] 11.6

Calculation

U50%under testing conditions:

U�

p =
∑ ki � Ui

n
) U50%test =

∑ Ui
n

=
9739

9
= 1082 kV

Conversion to U50%under standard basic reference atmosphere:

Kt = 0:9853) U50%basicref = 1098 kV

Calculation of U90%under testing condition:

U90%test = U50%test � (1 + 1:3 � 0:06) = 1082 kV � (1 + 1:3 � 0:06) = 1167 kV

Conversion to U90%under standard basic reference atmosphere:

Kt = 0:9853) U90%basicref = 1184 kV
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Calculation of U10%under testing condition:

U10%test = U50%test � (1� 1:3 � 0:06) = 1082 kV � (1� 1:3 � 0:06) = 998 kV

Conversion to U10%under standard basic reference atmosphere:

Kt = 0:9853) U10%basicref = 1013 kV

6.5.5 Discussion of test results

As shown in section 6.5.4, in case of corona ring type 1 and switching impulse voltage, for

a swing angle of 0° a withstand voltage U10%of 1013 kV has been measured under standard

basic reference atmosphere. In Table 3.1 the required withstand voltage values given in the

international standard IEC 60071 � Part 1 [25] for several operating voltage levels are shown.

A comparison of the value from the practical test with these values shows, that the measured

result is within the applicable withstand voltage range (850� 1050 kV).
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6.6 Switching impulse voltage Tests � Corona ring type 2

Figure 6.19 shows the total testing plan for the Switching impulse voltage tests in case of the

type 2 of corona ring (2-ring corona ring, see also Figure 6.13).

INTRODUCTION TEST II

� # insulators = 16

� corona ring type 2

� Distance to guy wire a = 2:70m

� Up-and-down-method (11 enhancement, 5 �ashovers)

� Determination U50%-voltage, U90%-voltage and U10%-voltage

� Classi�cation of tower window in 6 areas

� Photography of �ashover (where does �ashover occur?)

#
TEST 1

� # insulators = 16

� corona ring type 2

� Distance to guy wire a = 1:90m

� Up-and-down-method (12 enhancement, 5 �ashovers)

� Determination U50%-voltage, U90%-voltage and U10%-voltage

� Classi�cation of tower window in 6 areas

� Photography of �ashover (where does �ashover occur?)

Figure 6.19: Testing plan: Switching impulse voltage Tests � Corona ring type 2

6.6.1 Switching impulse voltage � Introduction Test II (Corona ring type 2)

At the �rst experiment a swing angle of 0 ° has been simulated and a distance of 2.70m between

corona ring and the lower guy wire has been measured. As mentioned before the main target

of this test was to determine the U50%-voltage and the calculation of the U90%-voltage and

U10%-voltage, respectively.
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Results

Table 6.33 shows a summary of the results of the Introduction Test II of corona ring type 2

using the up-and-down method.

Table 6.33: Summary of results: SI � Introduction Test II (Corona ring type 2)

Switching impulse voltage - Introduction Test II (Corona ring type 2)

Voltage level

�ashover
Area of �ashover

in tower window
No �ashoverCharging voltage Load voltage

[kV] [kV]

100 987 X

105 1036 X 2

100 990 X

105 1035 X

110 1088 X

115 1137 X 2

110 1089 X

115 1137 X 2

110 1089 X 2

105 1040 X

110 1090 X 2

Table 6.34 shows the measured values of atmospheric conditions at the time of the Introduction

Test II for corona ring type 2 using the up-and-down method.

Table 6.34: Atmospheric conditions at the time of SI � Introduction Test II (Corona ring type 2)

Atmospheric conditions: SI � Introduction Test II (Corona ring type 2)

Temperature [°C] 26.0

Air pressure [mbar] 976.2

Air humidity [%] 51.5

Air humidity [g=m3] 10.8

Calculation

U50%under testing conditions:

U�

p =
∑ ki � Ui

n
) U50%test =

∑ Ui
n

=
11718

11
= 1065 kV

Conversion to U50%under standard basic reference atmosphere:

Kt = 0:9671) U50%basicref = 1102 kV
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Calculation of U90%under testing condition:

U90%test = U50%test � (1 + 1:3 � 0:06) = 1065 kV � (1 + 1:3 � 0:06) = 1148 kV

Conversion to U90%under standard basic reference atmosphere:

Kt = 0:9671) U90%basicref = 1187 kV

Calculation of U10%under testing condition:

U10%test = U50%test � (1� 1:3 � 0:06) = 1065 kV � (1� 1:3 � 0:06) = 982 kV

Conversion to U10%under standard basic reference atmosphere:

Kt = 0:9671) U10%basicref = 1016 kV

6.6.2 Switching impulse voltage � Test 1 (Corona ring type 2)

At this experiment a distance of 1.90m between corona ring and the lower guy wire has been

simulated. As mentioned before the main target of this test was to determine the U50%-voltage

and the calculation of the U90%-voltage and U10%-voltage, respectively.

Results

Table 6.35 shows the summary of the results of the Switching impulse voltage � Test 1 for

corona type 2 using the up-and-down method.

Table 6.35: Summary of results: SI � Test 1 (Corona ring type 2)

Switching impulse voltage � Test 1 (Corona ring type 2)

Voltage level

�ashover
Area of �ashover

in tower window
No �ashoverCharging voltage Load voltage

[kV] [kV]

86 840 X

89 869 X 5

86 838 X

89 867 X 3

86 839 X

89 870 X

92 899 X 5

89 870 X

92 899 X 5

89 870 X

92 900 X

95 929 X 5
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Table 6.36 shows the measured values of atmospheric conditions at the time of the Switching

impulse voltage � Test 1 for corona ring type 2 using the up-and-down method.

Table 6.36: Atmospheric conditions at the time of SI � Test 1 (Corona ring type 2)

Atmospheric conditions: SI � Test 1 (Corona ring type 2)

Temperature [°C] 28.0

Air pressure [mbar] 975.0

Air humidity [%] 44.4

Air humidity [g=m3] 12.4

Calculation

U50%under testing conditions:

U�

p =
∑ ki � Ui

n
) U50%test =

∑ Ui
n

=
10490

12
= 874 kV

Conversion to U50%under standard basic reference atmosphere:

Kt = 0:9594) U50%basicref = 911 kV

Calculation of U90%under testing condition:

U90%test = U50%test � (1 + 1:3 � 0:06) = 874 kV � (1 + 1:3 � 0:06) = 942 kV

Conversion to U90%under standard basic reference atmosphere:

Kt = 0:9594) U90%basicref = 982 kV

Calculation of U10%under testing condition:

U10%test = U50%test � (1� 1:3 � 0:06) = 874 kV � (1� 1:3 � 0:06) = 806 kV

Conversion to U10%under standard basic reference atmosphere:

Kt = 0:9594) U10%basicref = 840 kV

Representing result

Figure 6.20 shows a �ashover to the lower guy wire during Switching impulse voltage � Test 1.
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Figure 6.20: Flashover to the lower guy wire: SI � Test 1

6.6.3 Discussion of test results

As shown in section 6.6.1, in case of corona ring type 2 and switching impulse voltage, for a swing

angle of 0° a withstand voltage U10%of 1016 kV has been measured under testing conditions. In

Table 3.1 the required withstand voltage values given in the international standard IEC 60071

� Part 1 [25] for several operating voltage levels are shown. A comparison of the value from

the practical test with these values shows, that the measured result is within the applicable

withstand voltage range (850� 1050 kV).
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6.7 Switching impulse voltage Tests � Rain Tests

The rain test as de�ned in [32] should simulate the e�ect of natural rain on external insulations.

To accomplish this e�ect the testing object must be sprayed with water, which has a de�ned

conductivity and temperature. The required conditions are speci�ed in detail in [32] and the

actual parameters are shown in Table 6.37. Relating to the horizontal amount of rain it must

be mentioned, that it should be approximately identically to the vertical part.

Table 6.37: Actual parameters of rain test [32]

Parameter

Horizontal

amount

[mm/min]

Vertical

amount

[mm/min]

Water

temperature

[°C]

Speci�c

resistance

[
m]

Required 1� 2 1� 2 ambient�15 100� 15

Measured 1:1 1:2 20 93

In Figure 6.21 a picture of the testing setup including the raining device is shown and Figure

6.22 shows the testing plan for rain tests concerning switching impulse voltage. All the rain tests

with switching impulse voltage have been carried out with corona ring type 2 and 16 insulator

caps. The variation of the voltage level for the up-and-down method has been accomplished by

variation of the charging voltage of the capacitances. Attention should be paid to the fact that

in case of a �ashover the load voltage break down before peak value. The values given in the

table in that case are calculated by the ratio of the charging voltages. Similar to the previous

tests a waiting time between the impulses of 1 minute was chosen in the rain tests.

 

Raining device 

Figure 6.21: Testing setup: Switching impulse voltage � Rain test
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RAIN TEST 1

� # insulators = 16

� corona ring type 2

� swing angle = 0�

� Distance to guy wire a = 2:70m

� Up-and-down-method (40 enhancement, 20 �ashovers)

� Determination U50%-voltage, U90%-voltage and U10%-voltage

� Classi�cation of tower window in 6 areas

� Photography of �ashover (where does �ashover occur?)

#
RAIN TEST 2

� # insulators = 16

� corona ring type 2

� Distance to guy wire a = 1:50m

� Up-and-down-method (21 enhancement, 11 �ashovers)

� Determination U50%-voltage, U90%-voltage and U10%-voltage

� Classi�cation of tower window in 6 areas

� Photography of �ashover (where does �ashover occur?)

Figure 6.22: Testing plan: Switching impulse voltage � Rain test

6.7.1 Switching impulse voltage � Rain Test 1 (Corona ring type 2)

At the �rst experiment a swing angle of 0 ° has been simulated and a distance of 2.70m between

corona ring and the lower guy wire has been measured. As mentioned before the main target

of this test was to determine the U50%-voltage and the calculation of the U90%-voltage and

U10%-voltage, respectively.

Results

Table 6.38 shows a summary of the results of the Switching impulse voltage � Rain Test 1 of

corona ring type 2 using the up-and-down method.
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Table 6.38: Summary of results: SI � Rain test 1 (Corona ring type 2)

Switching impulse voltage - Rain test 1 (Corona ring type 2)

Voltage level

�ashover
Area of �ashover

in tower window
No �ashoverCharging voltage Load voltage

[kV] [kV]

110 1088 X

115 1137 X 2

110 1088 X 2

105 1036 X

110 1085 X 6

105 1035 X 2

100 985 X 2

95 934 X

100 976 X

105 1034 X

110 1083 X 2

105 1037 X

110 1086 X 2

105 1037 X

110 1086 X 2

105 1037 X 2

100 987 X

105 1036 X 2

100 986 X

105 1035 X 2

100 985 X

Table 6.39 shows the measured values of atmospheric conditions at the time of the Switching

impulse voltage � Rain Test 1 for corona ring type 2 using the up-and-down method.

Table 6.39: Atmospheric conditions at the time of SI � Rain test 1 (Corona ring type 2)

Atmospheric conditions: SI � Rain test 1 (Corona ring type 2)

Temperature [°C] 25.0

Air pressure [mbar] 974.6

Air humidity [%] 63.1

Air humidity [g=m3] 13.7
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Calculation

U50%under testing conditions:

U�

p =
∑ ki � Ui

n
) U50%test =

∑ Ui
n

=
21793

21
= 1038 kV

Conversion to U50%under standard basic reference atmosphere:

Kt = 0:9887) U50%basicref = 1050 kV

Calculation of U90%under testing condition:

U90%test = U50%test � (1 + 1:3 � 0:06) = 1038 kV � (1 + 1:3 � 0:06) = 1119 kV

Conversion to U90%under standard basic reference atmosphere:

Kt = 0:9887) U90%basicref = 1132 kV

Calculation of U10%under testing condition:

U10%test = U50%test � (1� 1:3 � 0:06) = 1038 kV � (1� 1:3 � 0:06) = 957 kV

Conversion to U10%under standard basic reference atmosphere:

Kt = 0:9887) U10%basicref = 968 kV

Representing result

Figure 6.23 shows a �ashover to the lower guy wire during Switching impulse voltage � Rain

Test 1.

Figure 6.23: Flashover to the lower guy wire: SI � Rain tests 1
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6.7.2 Switching impulse voltage � Rain Test 2 (Corona ring type 2)

At the �rst experiment a distance of 1.50m between conductor and the lower guy wire has been

measured. As mentioned before the main target of this test was to determine the U50%-voltage

and the calculation of the U90%-voltage and U10%-voltage, respectively.

Results

Table 6.40 shows a summary of the results of the Switching impulse voltage � Rain Test 2 of

corona ring type 2 using the up-and-down method.

Table 6.40: Summary of results: SI � Rain test 2 (Corona ring type 2)

Switching impulse voltage � Rain test 2 (Corona ring type 2)

Voltage level

�ashover
Area of �ashover

in tower window
No �ashoverCharging voltage Load voltage

[kV] [kV]

83 814 X

86 843 X 5

83 814 X 5

80 785 X 5

77 748 X

80 785 X 5

77 750 X

80 780 X

83 810 X

86 839 X 5

83 815 X

86 844 X 5

83 814 X

86 843 X 5

83 814 X 5

80 780 X

83 811 X

86 840 X 5

83 817 X

86 846 X 5

83 810 X

86 839 X 5

83 811 X

86 840 X 5

Continued on next page
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Table 6.40 � continued from previous page

83 811 X

86 840 X 5

83 812 X

86 841 X 5

83 812 X

86 841 X 5

83 811 X 5

80 780 X

83 813 X

86 844 X

89 873 X 5

86 844 X 5

83 815 X 5

80 795 X

83 812 X

86 841 X 5

Table 6.41 shows the measured values of atmospheric conditions at the time of the Switching

impulse voltage � Rain Test 2 for corona ring type 2 using the up-and-down method.

Table 6.41: Atmospheric conditions at the time of SI � Rain test 2 (Corona ring type 2)

Atmospheric conditions: SI � Rain test 2 (Corona ring type 2)

Temperature [°C] 21.0

Air pressure [mbar] 974.8

Air humidity [%] 76.0

Air humidity [g=m3] 13.8

Calculation

U50%under testing conditions:

U�

p =
∑ ki � Ui

n
) U50%test =

∑ Ui
n

=
32677

40
= 817 kV

Conversion to U50%under standard basic reference atmosphere:

Kt = 0:9915) U50%basicref = 824 kV

Calculation of U90%under testing condition:

U90%test = U50%test � (1 + 1:3 � 0:06) = 817 kV � (1 + 1:3 � 0:06) = 881 kV
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Conversion to U90%under standard basic reference atmosphere:

Kt = 0:9915) U90%basicref = 888 kV

Calculation of U10%under testing condition:

U10%test = U50%test � (1� 1:3 � 0:06) = 817 kV � (1� 1:3 � 0:06) = 753 kV

Conversion to U10%under standard basic reference atmosphere:

Kt = 0:9915) U10%basicref = 760 kV

Representing result

Figure 6.24 shows a �ashover to the lower guy wire during Switching impulse voltage � Rain

Test 2.

Figure 6.24: Flashover to the lower guy wire: SI � Rain tests 2

6.7.3 Discussion of test results

As shown in section 6.7.1, in case of corona ring type 2 and switching impulse voltage under rain

conditions, for a swing angle of 0° a withstand voltage U10%of 968 kV has been measured under

testing conditions. In Table 3.1 the required withstand voltage values given in the international

standard IEC 60071 � Part 1 [25] for several operating voltage levels are shown. A comparison

of the value from the practical test with these values shows, that the measured result is within

the applicable withstand voltage range (850� 1050 kV).
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6.8 Switching impulse voltage Tests � Bare insulator string

To evaluate the voltage behaviour of the bare insulator string without corona rings, the two

vertical rings of corona ring type 2 have been dismantled and tests with switching impulse

voltage have been carried out. Figure 6.25 shows a picture of the bare insulator string without

the corona ring and in Figure 6.26 the testing plan for switching impulse voltage by use of the

bare insulator string can be seen.

Figure 6.25: Insulator plus conductor without corona ring

INTRODUCTION TEST I

� # insulators = 16

� No corona ring

� Swing angle = 0�

� Up-and-down-method (12 enhancement, 5 �ashovers)

� Determination U50%-voltage, U90%-voltage and U10%-voltage

� Classi�cation of tower window in 6 areas

� Photography of �ashover (where does �ashover occur?)

#
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TEST 1

� # insulators = 16

� No corona ring

� Distance to guy wire a = 2:00m

� Up-and-down-method (8 enhancement, 5 �ashovers)

� Determination U50%-voltage, U90%-voltage and U10%-voltage

� Classi�cation of tower window in 6 areas

� Photography of �ashover (where does �ashover occur?)

Figure 6.26: Testing plan: Switching impulse voltage � Bare insulator string

6.8.1 Switching impulse voltage � Introduction Test I (Bare insulator string)

At the �rst experiment a swing angle of 0 ° has been simulated and a distance of 2.86m between

conductor and the lower guy wire has been measured. As mentioned before the main target

of this test was to determine the U50%-voltage and the calculation of the U90%-voltage and

U10%-voltage, respectively.

Results

Table 6.42 shows a summary of the results of the Introduction Test I of the bare insulator string

using the up-and-down method.

Table 6.42: Summary of results: SI � Introduction Test I (Bare insulator string)

Switching impulse voltage � Introduction Test I (Bare insulator string)

Voltage level

�ashover
Area of �ashover

in tower window
No �ashoverCharging voltage Load voltage

[kV] [kV]

105 1036 X

110 1085 X 2

105 1036 X

110 1086 X

115 1138 X

120 1187 X 2

115 1137 X 2

110 1084 X

115 1133 X 2

Continued on next page
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Table 6.42 � continued from previous page

110 1085 X

115 1139 X

120 1188 X 2

Table 6.43 shows the measured values of atmospheric conditions at the time of the Introduction

Test I of the bare insulator string using the up-and-down method.

Table 6.43: Atmospheric conditions at the time of SI � Introduction Test I (Bare insulator string)

Atmospheric conditions: SI � Introduction Test I (Bare insulator string)

Temperature [°C] 25.0

Air pressure [mbar] 974.8

Air humidity [%] 59.4

Air humidity [g=m3] 14.0

Calculation

U50%under testing conditions:

U�

p =
∑ ki � Ui

n
) U50%test =

∑ Ui
n

=
13334

12
= 1111 kV

Conversion to U50%under standard basic reference atmosphere:

Kt = 0:9897) U50%basicref = 1123 kV

Calculation of U90%under testing condition:

U90%test = U50%test � (1 + 1:3 � 0:06) = 1111 kV � (1 + 1:3 � 0:06) = 1198 kV

Conversion to U90%under standard basic reference atmosphere:

Kt = 0:9897) U90%basicref = 1210 kV

Calculation of U10%under testing condition:

U10%test = U50%test � (1� 1:3 � 0:06) = 1111 kV � (1� 1:3 � 0:06) = 1025 kV

Conversion to U10%under standard basic reference atmosphere:

Kt = 0:9897) U10%basicref = 1035 kV

Representing result

Figure 6.27 shows a �ashover along the insulator during Switching impulse voltage � Introduction

Test I.
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Figure 6.27: Flashover over the insulator string: SI � Introduction Test I (Bare insulator string)

6.8.2 Switching impulse voltage � Test 1 (Bare insulator string)

At this experiment a distance of 2.00m between conductor and the lower guy wire has been

simulated. As mentioned before the main target of this test was to determine the U50%-voltage

and the calculation of the U90%-voltage and U10%-voltage, respectively.

Results

Table 6.44 shows the summary of the results of the Switching impulse voltage � Test 1 of the

bare insulator string using the up-and-down method.

Table 6.44: Summary of results: SI � Test 1 (Bare insulator string)

Switching impulse voltage � Test 1 (Bare insulator string)

Voltage level

�ashover
Area of �ashover

in tower window
No �ashoverCharging voltage Load voltage

[kV] [kV]

98 966 X

101 995 X 5

98 966 X

Continued on next page
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Table 6.44 � continued from previous page

101 995 X 5

98 966 X 5

95 935 X

98 966 X 5

95 935 X 5

Table 6.43 shows the measured values of atmospheric conditions at the time of the Switching

impulse voltage � Test 1 of the bare insulator string using the up-and-down method.

Table 6.45: Atmospheric conditions at the time of SI � Test 1 (Bare insulator string)

Atmospheric conditions: SI � Test 1 (Bare insulator string)

Temperature [°C] 25.0

Air pressure [mbar] 947.7

Air humidity [%] 59.7

Air humidity [g=m3] 13.9

Calculation

U50%under testing conditions:

U�

p =
∑ ki � Ui

n
) U50%test =

∑ Ui
n

=
7724

8
= 966 kV

Conversion to U50%under standard basic reference atmosphere:

Kt = 0:9810) U50%basicref = 984 kV

Calculation of U90%under testing condition:

U90%test = U50%test � (1 + 1:3 � 0:06) = 966 kV � (1 + 1:3 � 0:06) = 1041 kV

Conversion to U90%under standard basic reference atmosphere:

Kt = 0:9810) U90%basicref = 1061 kV

Calculation of U10%under testing condition:

U10%test = U50%test � (1� 1:3 � 0:06) = 966 kV � (1� 1:3 � 0:06) = 890 kV

Conversion to U10%under standard basic reference atmosphere:

Kt = 0:9897) U10%basicref = 907 kV

Representing result

Figure 6.28 shows a �ashover to the lower guy wire during Switching impulse voltage � Test 1.
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Figure 6.28: Flashover to the lower guy wire: SI � Test 1 (Bare insulator string)

6.8.3 Discussion of test results

As shown in section 6.8.1, in case of switching impulse voltage using no corona ring, for a swing

angle of 0° a withstand voltage U10%of 1035 kV has been measured under testing conditions. In

Table 3.1 the required withstand voltage values given in the international standard IEC 60071 �

Part 1 [25] for several operating voltage levels are shown. A comparison of the value from the

practical test with these values shows, that the measured result is within the applicable withstand

voltage range (850� 1050 kV). In comparison with the measured value using corona ring type

2 (1016 kV), this value is higher, which can be explained by the in�uence of the electrical �eld

due to resulting changes in geometry based on the missing corona ring.
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Results

Using the results from the practical impulse voltage tests, the gap factors and minimum required

distances under upgraded conditions have been calculated, which is covered below.

7.1 Lightning impulse voltage

A comparison of the U50%-voltage of the two tested corona ring types in case of lightning impulse

voltage for a swing angle of 0 ° shows, that corona ring type 1 has a U50%-withstand voltage

of 1516 kV and corona ring type 2 a U50%-withstand voltage of 1483 kV, both under standard

basic reference condition. By use of these two voltage values, the applicable shortest striking

distance of the corona ring (2.73m for type 1; 2.60m for type 2) and the correct altitude factor

Ka from Table 2.2, the gap factor Kg for the insulator string can be calculated using Equation

(2.8) and (2.9) (see section 2.1.3). In Table 7.1 the calculated values using the results of the

practical tests are compared with the values given in the standards [21][16] and the values given

in the literature [22][23] (see also section 2.3.2).

Table 7.1: Comparison of gap factors for insulator string in case of lightning impulse voltage

Type of corona ring Gap factor test

TU Graz

Gap factor

Standard1;2
Gap factor

Literature3;4

1 1.052
1.07 (1.12) 0.96 (1.30)3; 1.104

2 1.081

1 Standard EN 50341 - Part 1 [16]
2 Standard IEC 60071 - Part 2 [21]
3 See [22]
4 See [23]

As mentioned in section 2.3.2, the values of the gap factor for the insulator string given in the

standard [21][16] are ambiguous, because in contrast to the value for the air gap, where the

factor for the con�guration conductor - tower window can be chosen, for the insulator string two

value are possible. On the one hand the value for the con�guration conductor - tower window

(Kg = 1:07) and on the other hand for the conductor - tower construction (Kg = 1:12) can be

113
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chosen. As it can be seen in Table 7.1, the gap factor in case of corona ring type 1 is up to 6%

lower depending on the chosen value in the standard. In case of corona ring type 2 the gap factor

is either 1% higher or 3% lower depending on the chosen value in the standard. As mentioned

in section 6.1, the main goal of the lightning impulse voltage tests was the determination of the

percentages of the �ashover occurence inside the tower window. These results are the basis for

the calculation of the gap factor of the air gap. Table 7.2 shows a summary of the percentage

of �ashover occurrence inside the tower window for the lightning impulse voltage tests of corona

ring type 1 without use of a damper loop (chosen testing voltage U = U90% = 1476 kV).

Table 7.2: Summary of results � Lightning impulse voltage Tests (Corona ring type 1 without

damper loop)

Lightning impulse voltage Tests � Corona ring type 1 (without damper loop)

Distance conductor � guy wire [m]
Percentage of �ashovers

Insulator string Lower guy wire

2.35 0% 100%

2.44 20% 80%

2.50 70% 30%

2.60 100% 0%

Table 7.3 shows a summary of percentage of �ashover occurrence inside the tower window for

the lightning impulse voltage tests of corona ring type 1 using a damper loop (chosen testing

voltage U = U90% = 1476 kV).

Table 7.3: Summary of results � Lightning impulse voltage Tests (Corona ring type 1 with damper

loop)

Lightning impulse voltage Tests � Corona ring type 1 (with damper loop)

Distance conductor �

guy wire [m]

Distance damper loop

� guy wire [m]

Percentage of �ashovers

Insulator string Lower guy wire

2.45 2.27 0% 100%

2.60 2.40 85% 15%

2.63 2.45 45% 55%

Table 7.4 shows a summary of percentage of �ashover occurrence inside the tower window for

the lightning impulse voltage tests of corona ring type 2 (chosen testing voltage U = U90% =

1519 kV).

For the calculation of the gap factor for the air gap, the distance of the 50%-�ashover occurrence

along the insulator and the 50%-�ashover occurrence to the guy wire is needed, because thereby

the U50%-withstand voltage of the insulator and of the air gap is equal. There are a lot of

theoretical distribution functions established for engineering. In high voltage engineering two

typical distribution functions are applicable: Weibull-distribution and Gaussian distribution [33].

The Gaussian distribution is particularly applicable for description of random processes.
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Table 7.4: Summary of results � Lightning impulse voltage Tests (Corona ring type 2)

Lightning impulse voltage Tests � Corona ring type 2

Distance conductor � guy wire [m]
Percentage of �ashovers

Insulator string Lower guy wire

2.28 0% 100%

2.35 95% 5%

2.45 100% 0%

They are arising very often in high voltage engineering especially at �ashovers in air, �ashovers

along insulators as well as other types of insulation. In comparison to the Gaussian distribution

the Weibull-distribution is geared particularly for questions of lifetime [34]. Figure 7.1 shows

the distribution of the results of the lightning impulse voltage test of corona ring type 1 in form

of a line according to a Gaussian distribution function (results see also Table 7.2). Thereby the

linear equation results due to the both value of results in the middle (20% and 70%). Arising

thereby the outer two points (0% and 100% in the tests) have been determined, whereby these

two values (0.18% and 99.75%)5 �t quite well to the test values. That means that the results

from these practical tests can be looked upon as normally distributed. Based on this knowledge,

also the remaining testing results can be assumed as normally distributed. To determine a more

precise linear equation of the Gaussian distribution, tests with additional distances would be

necessary, which was not possible in this thesis due to limited resources.

Figure 7.1: Distribution of Lightning impulse voltage test results of Corona ring type 1

5 values result from the distribution given by 2.44 m and 2.50 m
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Based on the previous considerations, the U50%-withstand voltage can be determined by an

interpolation of the striking distance based on the determined percentages of �ashovers. As

shown in Table 7.2 a di�erence of 50% of the �ashovers is adequate to a distance of 0.06m,

which means that a di�erence of 10% is equivalent to 0.012m. Due to these considerations

the missing distance for the U50%-withstand voltage of the air gap can be calculated. As it can

be seen in Figure 7.1, the calculated interpolated value of 2.476m (see also Table 7.5) �ts quite

well with the value due to the distribution function in form of the linear equation (see red line

in Figure 7.1). By use of an equalisation of Equation (2.8) of the insulator string and the air

gap (including the calculated values Kg for the insulator string, see Table 7.1), the unknown

gap factor Kg of the air gap can be calculated. Table 7.5 shows a comparison of the calculated

gap factors due to results of the practical tests and the values given in the standard [21][16].
Table 7.5: Comparison of gap factors for air gap in case of lightning impulse voltage

Type of Corona ring Interpolation

striking distance

in [m]

Gap factor �

Test TU Graz

Gap factor �

Standard6;7

1 2.476 1.15
1.07

2 2.317 1.21

6 Standard EN 50341 - Part 1 [16]
7 Standard IEC 60071 - Part 2 [21]

As it can be seen in Table 7.5, the calculated gap factor of the air gap is up to 13% higher than

the value in the standard depending on the chosen type of corona ring. Based on the results of

the gap factor of the air gap (see Table 7.5) and the results of Table 7.1 the minimum required

distances can be calculated using Equation (2.12). A comparison of these values and the results

based on the given values in the standard [21][16] are summarized in Table 7.6. Thereby it must

be mentioned, that in case of corona ring type 2 the striking distance is the same as for corona

ring type 1. That is due to the fact, that for both cases 17 insulator caps have been assumed

and in that case the two striking distances are equal.

Table 7.6: Comparison of required distances in case of lightning impulse voltage

Type of

Corona

ring

Nr. of

insulator

caps

Shortest

striking

distance in

[m]

Required

distances �

Test TU Graz

[m]

Required

distances �

Standard

[m]8;9

Empirical

distance �

Standard

[m]10

1 17 2.73 2.51 2.74 (2.87)

2.802 17 2.73 2.45 2.74 (2.87)

2 17 2.60 2.34 2.62 (2.74)

8 Standard EN 50341 - Part 1 [16]
9 Standard IEC 60071 - Part 2 [21]
10 Standard EN 50341 - Part 1 [16] (see also Table 2.5)
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As it can be seen in Table 7.6, the required distance in case of corona ring type 1 is up to 12.5%

lower depending on the chosen value in the standard. In case of corona ring type 2 it is up to

16.4% lower. In that case, the reduction is depending on the chosen standard value as well as

the chosen number of insulator caps.

7.2 Switching impulse voltage

A comparison of the U50%-voltage of the two tested types of corona rings in case of switching

impulse voltage for a swing angle of 0 ° shows, that corona ring type 1 has a U50%-withstand

voltage of 1098 kV under standard basic reference condition and corona ring type 2 a U50%-

withstand voltage of 1102 kV under standard basic reference condition. By use of these two

voltage values, the applicable shortest striking distance of the corona ring (2.73m for type 1;

2.60m for type 2) and the correct altitude factor Ka from Table 2.2, the gap factor Kg for the

insulator string can be calculated using Equation (2.8) and (2.10) (see section 2.1.3). In Table

7.7 the calculated values of results of the practical tests are compared with the values given in

the standards [21][16] (see also section 2.3.2).

Table 7.7: Comparison of gap factors for insulator string in case of switching impulse voltage

Type of Corona ring Gap factor �

Test TU Graz

Gap factor �

Standard11;12

1 1.26
1.25 (1.45)

2 1.31

11 Standard EN 50341 - Part 1 [16]
12 Standard IEC 60071 - Part 2 [21]

Similar to lightning impulse voltage, in case of switching impulse voltage the values of the gap

factor for the insulator string given in the standard [21][16] are ambiguous, because in contrast

to the value for the air gap, where the factor for the con�guration conductor - tower window

can be chosen, for the insulator string two value are possible. On the one hand the value for the

con�guration conductor - tower window (Kg = 1:25) and on the other hand for the conductor

- tower construction (Kg = 1:45) can be chosen.

Table 7.8 shows a summary of the U50%- , U90%- and U10%-voltages under testing conditions

for the switching impulse voltage tests of corona ring type 1. Table 7.9 shows a summary of

the same values under standard basic reference atmosphere.

Table 7.10 shows a summary of the U50%- , U90%- and U10%-voltages under testing conditions

for the dry tests with switching impulse voltage of corona ring type 2. Table 7.11 shows a

summary of the same values under standard basic reference atmosphere.

Table 7.12 shows a summary of the U50%-, U90%- and U10%-voltages for the rain tests with

switching impulse voltage of corona ring type 2. Table 7.13 shows a summary of the same

values under standard basic reference atmosphere.
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Table 7.8: Results under testing conditions: SI � Tests (Corona ring type 1)

Switching impulse voltage Tests � Corona ring type 1

Shortest striking

distance in [m]

U50% (testing

conditions)

U90% (testing

conditions)

U10% (testing

conditions)

[kV] [kV] [kV]

1.40 796 859 734

1.55 871 939 803

1.90 962 1037 887

2.73 (swing angle= 0 �) 1098 1184 1013

Table 7.9: Results under standard basic reference atmosphere: SI � Tests (Corona ring type 1)

Switching impulse voltage Tests � Corona ring type 1

Shortest striking

distance in [m]

U50% (s.b.r.a.)13 U90%(s.b.r.a.)
13 U10%(s.b.r.a.)

13

[kV] [kV] [kV]

1.40 783 844 722

1.55 856 923 789

1.90 929 1002 857

2.73 (swing angle= 0 �) 1082 1167 998

13 s. b. r. a. = standard basic reference atmosphere

Table 7.10: Results under testing conditions: SI � Tests dry (Corona ring type 2)

Switching impulse voltage Tests (dry) � Corona ring type 2

Shortest striking

distance in [m]

U50% (testing

conditions)

U90% (testing

conditions)

U10% (testing

conditions)

[kV] [kV] [kV]

1.90 874 942 806

2.60 (swing angle= 0 �) 1065 1148 982

Table 7.11: Results under standard basic reference atmosphere: SI � Tests dry (Corona ring type

2)

Switching impulse voltage Tests (dry) � Corona ring type 2

Shortest striking

distance in [m]

U50% (s.b.r.a.)14 U90%(s.b.r.a.)
14 U10%(s.b.r.a.)

14

[kV] [kV] [kV]

1.90 911 982 840

2.60 (swing angle= 0 �) 1102 1187 1016

14 s. b. r. a. = standard basic reference atmosphere
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Using the results of the U50%-withstand voltage in Table 7.9, Table 7.11 and Table 7.13 (except

of the results for a swing angle of 0 °), Equation (2.8) and (2.10) as well as the correct altitude

factor Ka, the gap factor Kg for the air gap can be calculated. Table 7.14 shows a comparison

of the calculated gap factors due to results of the practical tests and the values given in the

standard [21][16].

As it can be seen in Table 7.14, the calculated gap factor of the air gap in case of corona ring type

1 is up to 20% higher than the value in the standard. In case of corona ring type 2 and rain test

conditions the gap factor is 16.8% higher than the standard value. Using these calculated values

the minimum distance for a required U50%-withstand voltage of 780.9 kV (demand by Statnett

SF) can be reduced from 1.70m to 1.36m, which is a reduction of 20%. For switching impulse

tests using no corona ring a U50%-voltage of 1111 kV has been calculated in case of a swing angle

of 0 ° and for a distance of 2.00m between conductor and the lower guy wire a U50%-voltage

of 966 kV.

Table 7.12: Results under testing conditions: SI � Rain Tests (Corona ring type 2)

Switching impulse voltage Tests (rain) � Corona ring type 2

Shortest striking

distance in [m]

U50% (testing

conditions)

U90% (testing

conditions)

U10% (testing

conditions)

[kV] [kV] [kV]

1.50 817 881 753

2.60 (swing angle= 0 �) 1038 1119 957

Table 7.13: Results under standard basic reference atmosphere: SI � Rain Tests (Corona ring type

2)

Switching impulse voltage Tests (rain) � Corona ring type 2

Shortest striking

distance in [m]

U50% (s.b.r.a.)15 U90%(s.b.r.a.)
15 U10%(s.b.r.a.)

15

[kV] [kV] [kV]

1.50 824 888 760

2.60 (swing angle= 0 �) 1050 1132 968

15 s. b. r. a. = standard basic reference atmosphere

Table 7.14: Comparison of gap factors for air gap in case of switching impulse voltage

Type of Corona ring Shortest striking

distance in [m]

Gap factor �

Test TU Graz

Gap factor �

Standard16;17

1 1.55 1.50

1.251 1.40 1.48

2 (rain test) 1.50 1.46

16 Standard EN 50341 - Part 1 [16]
17 Standard IEC 60071 - Part 2 [21]
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8.1 Survey

The method of upgrading an existing overhead line involves several advantages such as the

fact that it is a fast and economic way to increase capacity and/or to improve the reliability

of the system. This reduction of costs is based on the fact, that the existing towers are used

and no new towers need to be constructed. On the other hand this topic raises some issues

in terms of insulation coordination. Especially the dimensioning of the required clearances at

the upgraded overhead line tower has to be accomplished exactly to guarantee the reliability of

the electricity transmission. These distances are in�uenced by factors like the longer insulators

which are necessary due to the higher operating voltage, but also due to environmental factors

like snow and ice. In this context, the correct determination of the gap factor which in�uences

the withstand voltages and arising thereby the required distances are of particular interest. The

international standards and guidelines concerning the gap factor seem to be very conservative.

Statnett SF (Norway's Transmission System Operator) is planning to upgrade approximately

5000 km of its 300 kV overhead transmission line network to an operating voltage of 420 kV

by lengthen the existing cap-and-pin insulators. Within the frame of this work the correct

gap factors respectively the minimum required distances under upgraded conditions have been

determined. Therefore a practical full-scale model of the upper tower section of an a�ected

suspension tower has been developed and constructed. Using this model, impulse voltage tests

with lightning as well as switching impulse voltage (dry and rain) have been carried out at the

High Voltage Laboratory of the Graz University of Technology. For the impulse voltage tests

a speci�c testing plan has been developed, which covers swing angles respectively distances

occurring on-site in Norway on the one hand and an e�cient design and realization of experiment

on the other hand. Based on the results from these practical tests the gap factors respectively

the minimum required distances under upgraded conditions have been evaluated and compared

with the values given in the international standards [21][16].

120
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8.2 Summary

A practical full-scale model of the upper tower section of an a�ected suspension tower has been

developed and constructed and impulse voltage tests have been carried out for several de�ned

distances using this model. Thereby in case of lightning impulse voltage tests a gap factor has

been investigated, which is up to 13% higher than the given value in the standard, depending

on the chosen type of corona ring. Arising thereby the required distance is up to 12.5% (corona

ring type 1) and 16.4% (corona ring type 2) lower than the values in the standard. Thereby

the reduction is depending on the chosen value in the standard, the chosen number of insulator

caps as well as the chosen type of corona ring. In case of switching impulse voltage the gap

factor is up to 20% (corona ring type 1) respectively up to 16.8% (corona ring type 2, rain

conditions) higher than the value in the standard. Due to the required withstand voltage on the

part of Statnett SF, the distance in case of switching impulse voltage can be reduced by about

20%.

8.3 Relevance of the work

The topic of voltage upgrading is getting more and more interesting for transmission system

operators as well as distribution grid operators. This is due to the fact that the demand of

energy is growing continuously, which requires an expansion of the existing grids. However,

the installation of new overhead lines is getting more and more problematic concerning social

obstacles, environmental protection issues and long project durations. Due to these consider-

ations, system operators trend towards upgrading their grids. Unfortunately, there have been

little investigations concerning the topics of gap factor and minimum required distances in the

last two decades. For these reasons this thesis has been carried in cooperation with Statnett

SF. Due to the determined results the reduction of costs in running upgrading voltage projects

of Statnett SF is currently approximately 35 Mio.e [11]. Furthermore, the outcome of these

investigations have been published and presented at several conferences [35][36][37].

8.4 Outlook

This work describes the investigations of the gap factor in case of voltage upgrading for a mono

layer suspension tower of Statnett SF. To investigate this topic in every detail, a comprehensive

study of insulation coordination would be necessary, which is a process in stages and could not be

covered within the scope of this work. Additional outstanding tests, which could not be carried

out in this work for temporal reasons, are planned for spring 2011. Thereby the investigation of

the in�uence of the damper loop to the gap factors as well as the evaluation of the interpolated

striking distance of the U50%-withstand voltage are of particular interest. Based on this work

also similar investigations and testing for corresponding tension towers are planned in autumn

2011. Furthermore, the developed model can also be used on the one hand for further tests
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concerning operating conditions and in�uence of ice and wind load and on the other hand for

additional tests of the insulator string and corona rings.



Chapter 9

Appendix

The appendix consist of the following datasheets:

� Tower model - Assembly drawing (3D)

� Tower model - Assembly drawing (2D), front view

� Tower model - Assembly drawing of top part (2D)

� Tower model - Assembly drawing of side part (2D)

� Tower model - Assembly drawing (2D), details

� Tower model - List of parts
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