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Kurzfassung

Die Methode der Spannungserhdhung an Freileitungen, d.h. die Erhéhung der Betriebsspannung
bei einer bestehenden Freileitung, stellt eine effiziente und giinstige Mdoglichkeit zur Steigerung
der Ubertragungskapazitat bzw. zur Erhohung der Ausfallssicherheit von bestehenden Netzen
dar. Vorteilhaft ist dabei einerseits die Nutzung der bestehenden Freileitungsmasten, wodurch
der Neubau von selbigen vermieden werden kann. Anderseits fihrt diese Thematik zu Prob-
lemstellungen hinsichtlich Isolationskoordination. Das betrifft vor allem die Dimensionierung
der Mindestabstiande unter erhdhten Spannungsbedingungen. Norwegens Ubertragungsnetzbe-
treiber Statnett SF plant auf einem gréBeren Teil des Ubertragungsnetzes eine Erhdhung der
Betriebsspannung von 300 kV auf 420 kV, indem die bestehenden Glaskappen-Isolatorstrange
verlangert werden. Diese Diplomarbeit handelt von der Entwicklung und Konstruktion eines
maBstabsgetreuen Modelles des obersten Bereiches eines betroffenen Tragmastens, wie er von
Statnett SF unter spannungserhohten Bedingungen verwendet wird. Mithilfe dieser Nachbil-
dung ist es mdglich, jeden beliebigen Ausschwingwinkel bzw. Abstand nachzubilden. Nach dem
Entwurf und der Konstruktion des Modelles wurden praktische StoBspannungsversuche in Form
von Blitz- und SchaltstoBspannungstests fiir verschieden festgelegte Abstinde durchgefiihrt,
wobei letztere Tests unter trockenen und beregneten Bedingungen realisiert wurden. Zu diesem
Zweck wurde ein spezieller Versuchsplan entwickelt, welcher Ausschwingwinkel und Abstande
beriicksichtigt, die vor Ort in Norwegen wahrend des Betriebes der Freileitung auftreten konnen.
Nach Beendigung der StoBspannungsversuche wurden anhand der erhaltenen Ergebnisse die
Funkenstreckenfaktoren (im Englischen gap factor genannt) errechnet und daraus resultierend
die erforderlichen Mindestabstande unter spannungserhohten Bedingungen ermittelt. Hauptziel
dieser Arbeit ist die Ermittlung der Funkenstreckenfaktoren sowie der erforderlichen Mindestab-
stande. AbschlieBend erfolgte ein Vergleich der errechneten Werte mit Werten basierend auf

internationalen Normen bzw. einschldgiger Literatur.

Schliisselworter: Spannungserhdhung, Freileitung, maBstabliches Modell, praktische StoBspan-
nungsversuche, Funkenstreckenfaktor, Mindestabstande



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 affected 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 defined distances, whereby the latter tests have been carried
out under dry and raining conditions. Therefore a specific 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 and [I][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 flow in the electrical lines. Also the renewables influence the energy flux,
because they cause power fluctuation 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 affect
the power flow 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
effects caused by excessive current flow 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: difficulties with obtaining right-of-
way and way-leave, possible effects of electromagnetic fields on human health, visual influences,
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ecological impacts and environmental doubts. Certainly, the financial component especially the
lack of financial furtherance is an important factor [8][9].
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Figure 1.1: Gross Electricity Consumption 1990 — 2006 (adapted from [I])
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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 effect. 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].
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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 influenced by the lengthened insulator string as well as environmental
influences. In this context the correct determination of the gap factor which influences 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 affected 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 defined
swing angles and clearances, respectively. For the impulse voltage tests a specific 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 efficient 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.
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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 specified in IEC 60071-Part 1 and 2 and
EN 50341-1 must be achieved uncompromisingly. Based on this demand the tower structure
is influenced by this higher operating voltages [13]. Due to the increased operating voltage,
the use of longer insulators is necessary. As a result of this retrofitting 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:

e Fast front overvoltages
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e Slow front overvoltages

e Permanent operating frequent voltage

1. Fast front overvoltages:

(a)
(b)

lightning strokes hitting a conductor

overvoltages due of the back-flashover

The calculation of the clearance depends on the distance d;s 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)

(b)

Deterministic or conventional method:

In this method an established maximum overvoltage Upax and a minimum withstand
voltage U,,, which is called basic surge insulation level (BSIL) is given. The insula-
tion is dimensioned for the case that the U, exceed Umnax 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].

Statistical method for calculation of flashover probability:

At this method, a probability of exceeding a certain value of overvoltage instead of
a defined overvoltage due to a switching action is described. The overvoltage is
described completely by a density or distribution function. The capability (probability
of flashover or the probability of failure) is defined as the integrated probability for
combining of the two properties (overvoltage and strength of the spark gap) as shown

in Figure 2.1}

U=00
R :j 1U)F(Y,)dU
0

Probability of occurence p

o

Voltage U ——=

Figure 2.1: Statistical method [15]
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f(U)

Probability density

ya

Overvoltage U

Figure 2.2: Density function of overvoltage [15]

AN
Uso%rear = Uso% - (H) = Usgy, - RIS (2.1)
0 relative humidity
H ... correction factor
n ... exponent depending on air gap
s\ 1
(%) ... relative insulation strength (RIS)
Usgy, --- 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 simplified statistical method. For this method
the real distribution is replaced by a Gaussian distribution which is defined by standard
deviation and the statistical overvoltage Use,. Uso, Is the overvoltage that exceededs with
a probability of 2% (Figure . The distribution of withstand voltage is marked by the
statistical withstand voltage Uyygqo,. 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 flashovers between outer conductor and objects on earth potential for
slow and fast front overvoltage. The minimum air gap, which is necessary, is called



Chapter 2: Insulation Design 8

De¢;. 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 flashovers between outer conductors for slow and fast front overvoltage.
The minimum air gap is called Dy, and is an inner distance.

(c) Avoidance of flashovers between outer conductor and objects on earth potential
during operating frequency voltage. The minimum air gap is called D50H27pie and
is an inner distance.

(d) Avoidance of flashovers between outer conductors during operating frequency voltage.
The minimum air gap is called D50H2_p_p and is an inner distance.
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Figure 2.3: Cumulative frequency of impulse withstand voltage [15]

To ensure that flashovers 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 defined 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 (Usge,)
2. standard deviation o,

3. number of standard variance N, (difference between 50 and x %)
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Urw = Ux = U50% - Nx'Uu

(2.2)

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

gap will be consulted.

UrW = Ugo% = U50% —1.3- Oy (23)
In case of operating frequency the withstand voltage is considered deterministic:
Urw = Ur00% = Uso% — 3 - 0u (2.4)

The withstand voltage can be described by use of the variation coefficient v, and variation factor
K,. Table shows typical values of v, and K, for different types of stress.

Urw = (1 = vy - N) - Usgy, = Kz - Usgo,

Table 2.1: Typical values for v, and K [15][16]

(2.5)

Types of stress Variance coefficient | Standard deviation Variation factor
vy oy Ky

lightning impulse 0.03 0.03 - Usgy, Kz_ff =0.961

switching impulse 0.06 0.06 - Uggey, Kz sr =0.922

operating frequency 0.03 0.03 - Uggey, Kz pr =10.910

The withstand voltage Ugqge, of a spark gap of an arrangement can be described as a function
of the 50%-withstand voltage of a rod-plate-arrangement (RP).

Usos, = Kg - Uso%rp (2.6)

The factor Kq 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 . U5O%I’p (27)

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

Equation ([2.8)) by the altitude factor K, [15].
Uw =Kz Kg - Ka-Usoorp (2.8)

Table [2.2] shows typical values of K, for different altitudes [I5][16][17][18].
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Table 2.2: Typical values for K, depending on the coordination withstand voltage [15][16][I7][L8]

Altitude Altitude factor K,
[m] <200kV | 201 - 400kV | 401 - 700kV | 701 - 1100kV | >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 us) the calculation of the 50%-withstand voltage of a
sparking distance in form of a rod-plane configuration can be described as follows [15][16]:

Uso%rp £ =530-d (2.9)
Uso%rp £f --- Peak value of voltage impulse (lightning impulse voltage)
d ... striking distance in [m]

This equation is applicable for a striking distance of 10 m 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 ws for a rod-plane configuration up to a striking
distance of 25m can be calculated as follows [I5][16]:

Uso%rp sr = 1080 - In(0.46-d+1) (2.10)
U50%,p_5f ... 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 configuration can be calculated as follows [15][16]:

Uso%rp pr = 750 - V2 In(1+0.55- d*?) (2.11)
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Uso%rp pr --- 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 Dg; for the avoidance of flashovers 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][L7][18]:

Uso% ff is 1 Kg ff is
Del = 530 K. Ko i Ky i Ko Ko ir - dis (2.12)
Dey ... minimum air gap between outer conductor and earth potential
d; ... distance between the outer part of insulation chain
K, ... altitude factor
Kg_ff ... lightning impulse gap factor (expressed by switching impulse gap fac-
tor Ky, see also Equation (2.32))
Kg ff is ... lightning impulse gap factor of the insulation chain
KZ_,c,c ... variation factor of the withstand voltage distribution for the spark
gap for fast front overvoltage (see also Table
Uoo% ff is --- highest value of the 90%-LI-voltage of the insulation chain
1 1080?5-.;362%_-?
De = T (e oWz _sffg_sf 1) (2.13)
Dgy ... minimum air gap between outer conductor and earth potential
K, ... altitude factor
Kes ... statistical coordination coefficient
Ky sf ... Sl-gapfactor , Ky sr = Ky (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
Uero, s ... 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 Dp, for avoidance of flashovers 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][L18]:

b _ 1.2-Usow fr_is
PP B30 Ka- K, fr- Ky f

(2.14)
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Dpp ... minimum air gap between outer conductors
K, ... altitude factor
Kg_ff ... lightning impulse gap factor (expressed by switching impulse gap fac-
tor Ky, see also Equation (2.32))
Kz ff ... variation factor of the withstand voltage distribution for the spark
gap for fast front overvoltage (see also Table [2.1)
Usow, ff is .. highest value of the 90%-LI-voltage of the insulation chain
1 10;(.:;.<K?;.U62%-)R5f
Dpp = m(e 7Kz st Rg st — 1) (2.15)
Dpp ... minimum air gap between outer conductors
K, ... altitude factor
Kes ... statistical coordination coefficient
Ky sr ... Sl-gapfactor , Ky sr = Ky (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
Uero, s ... slow front 2%-overvoltage between outer conductor and earth poten-

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

Table and show typical values of D¢ and D, for slow and fast front overvoltage
(altitude 1000 m above sea level) [15]:

Table 2.3: Typical values for D¢ and Dy, for fast front overvoltages [15]

D.; and D, for fast front overvoltages (altitude 1000 m above sea level)

LI withstand voltage [kV] | D¢ [m] Dpplm]
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 shows empirical values of D¢ and Dj, 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 D¢ and D,y for slow front overvoltages [15]

D.; and D, for slow front overvoltages (altitude 1000 m above sea level)

SI withstand voltage [kV] | D¢;[m] Dpplm]
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 D¢ and D, [15][16]

Empirical values of D, and D,
Highest operating voltage Us [kV] | D¢ [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 Dsonx, p e for avoidance of flashovers between outer conductor

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

DSOHzipie

Ka
KCS

Kg?pf
Kz_pf

Us

D50Hz_p_e =

Us
750V3Ka' K, oKy pf 1

€

0.55

0.83

(2.16)

minimum air gap between outer conductor and earth potential during

permanent operating frequency voltage

altitude factor
statistical coordin

ation coefficient

gap factor for operating voltage (see also Equation (2.31

)

variation factor of the withstand voltage distribution for operating

voltage (see also Table

highest operating frequent voltage (root mean square in [kV])
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4. The minimum air gap D50Hz_p_p for avoidance of flashovers between outer conductors
during operating frequency voltage [16][17][18]:

Us 0.83
e750-Ka-KZ_pf-Kg_pf 1
Dsorz p e = 055 (2.17)

K, ... altitude factor
Kes ... statistical coordination coefficient
Kg pf ... gap factor for operating voltage (see also Equation (2.31)))
Kzipf ... variation factor of the withstand voltage distribution for the air dis-

- tance operating voltage (see also Table
Us ... highest operating frequent voltage (root mean square in [kV])

2.2 Environmental influence on the gaps

2.2.1 Basics

Environmental influences, 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 sufficiently for the highest tem-
perature specification of the conductors [15]. The standard DIN EN 50341-part 1 describes
five different situations of temperature influence, which are also depending on other climate
influences.

1. lowest temperature (must be mentioned without climate influences)
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 effect)
The decisive temperatures and situations are appointed in the national normative aspects (NNA)

[16].

2.2.3 Ice load

There are two different 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
specific place, called /x (in N/m), means ice load regarding the different regions of the country,
called /g, which is specified in the NNA or other project specification. 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 defined in the NNA
[I5][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]:

Q=1 (Lwi+ Lwo) (2.18)
/ ... ice load on the conductors referring to length
Lwi, Lwo ... 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 g;r can be calculated, which depends on the con-
struction of the line. For the case of ice approach there are defined 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 gz

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 - g;z and on the
outer conductor and guard wire is 0.28 - gjr.

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- gr
whether on the other side it is 0.7 - g;r.
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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- g;r whether
on the conductor of the other current circuit it is 0.7 - g/5.

Specific national ice load models are also defined 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 D¢ and D,, 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 flashover. The factor
of reducing must be defined 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 specified as [15]:

go = 0.612 - (kg - Vg)? (2.19)
go ... reference dynamic pressure
kr ... depends on type of terrain

Ve ... reference wind speed

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

QWC:qO-GL~Cc-Gc-d-aWC052A (2.20)
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Qwc ... wind load on conductor

Jo ... reference dynamic pressure (see also Equation (2.19)))

Gc ... combined wind factor (considered height dependence and speed of gusts)

Cc ... wind resistance coefficient (value=1.0 can be chosen)

Gy ... span length factor (considered variability of wind pressure due to span length)
A ... angle between wind direction and vertical of the conductor

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

Qwi =do-Cis Gjs - Ajs (2.21)
Qw; ... wind load on insulator
Jo ... reference dynamic pressure (see also Equation (2.19)))
Cis ... wind resistance coefficient (value=1.2 can be chosen)
Gis ... combined wind factor
Ais ... area which the wind is flowing against

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

Qwm =qo- Gy - (1+0.2-5in%2Q) - (Cppr - Apr - €052 Q + Cayz - Az - sin Q) (2.22)

Qwm ... wind load on tower

do ... reference dynamic pressure (see also Equation (2.19))
Am1. Apmo ... area of the tower shape

Cmi1,Cmo ... wind resistance coefficient

G ... gust factor

Q ... angle of wind to axis of crossmember

Wind load model according to European standard DIN EN 50341-1 [I5][L6]:

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-In<Z> (2.23)
20

kr ... coefficient depending on the type of terrain (values are given in [16])

z ... altitude above the terrain

zo ... roughness length (values are given in [16])

Vi ... reference wind speed of the terrain Il in an altitude of 10 m and 10-min-average

(values are given in the NNA)

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

1
Gz =5p- V7 (2.24)
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p ... airdensity (=1.225kg/m?)
V., ... wind speed in [m/s] in altitude z

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

RQwc=0,-Gq-Cc-Gy -d - ay, cos’ A (2.25)
g: ... dynamic pressure (see also Equation ([2.24)))
Gg ... gustfactor Gy =[142.28/(Inz/z)]"
Cc ... wind resistance coefficient (value = 1 can be chosen)
G; ... span length factor (values and calculation are given in [16])
d ... diameter of the conductor
aw ... (L1+12)/2= L1 Ly ... length of the two adjacent spans (average is called wind
span length)
A ... angle between wind direction and vertical of the conductor

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

Qwm =0z - Gq-Gx- (1 +0.2-5in%2Q) - (Cpp - A1 €0s? Q + Cuiz - Ama - sin’ Q) (2.26)

o ... dynamic pressure (see also Equation (2.24]))

Gq ... gust factor Gg =[1+2.28/(Inz/z)]" (see also Equation (2.25)))

Gy ... building reaction coefficient (for buildings lower than 60 m, value=1.05
can be chosen)

Am1.Apmo ... area of the tower shape

Cmi1,Cymo ... wind resistance coefficient

Q ... angle of wind to axis of crossmember

2.2.5 Concurrent activity of wind and ice

The effect of wind on conductors with approach of ice depends on three parameters [15]:

1. Wind speed during the approach of ice
2. lce weight

3. Shape of approach and appropriate wind resistance coefficient

Statistics concerning the concurrent activity of the both parameters are very often unavailable
and also difficult 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 define 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 [I5]. 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 [I5]: 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. lce with the recurrence T in combination with average of the annual maximum values of
wind load on the conductors

2. lce 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 g;r. The ice load with a low probability
of occurrence is equal g;r, whereby g;r is the reference ice load from the ice load model in IEC
60826. For ice load with a high probability of occurrence, g;r 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- Vg, whereby VR is the reference wind load from the wind load model in IEC 60826.
For wind load with a high probability of occurrence, g;g 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 coefficient 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]:

4.
D:\/d2+9_81‘7r.p (2.27)

d ... diameter of conductor in [m]

—~

ice load in [N/m] corresponding to combination of wind
p ... density of ice in [kg/m?] corresponding to type of ice and wind resistance coefficient

Wind verdures in suspension points due to conductors with approach of ice can be written as
[z6]:
QWC:qZ-Gq-GC-CC,-D-aWcos2A (2.28)
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g: ... dynamic pressure (see also Equation ([2.24))

Gy ... gust factor Gy = [1+2.28/(Inz/z)]? (see also Equation ([2.25)))
Gc ... span length factor (values and calculation are given in [16])

Cei ... wind resistance coefficient (values are given in [16])

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

aw ... (Li+L3)/2= L1,y .. length of the two adjacent spans

A ... angle of wind for critical direction of wind

2.3 Swing angle and gap factor

The swing angle ¢ is defined by the wind load Qwc¢ and the own weight Q of the conductor
and can be calculated as follows [17]:

¢ = arctan <QWC> (2.29)
o
Therefore the required wind load Qu/¢ can be written as [17]:
Qwc =dc Gxc-Cxc-d-L (2.30)
Jc ... 58% of dynamic pressure
Gxc ... reaction coefficient of conductor (Gxec = 0.75... span length < 200 m; Gx¢c =
0.45460/L ... span length > 200m )
Cxc ... wind resistance coefficient
d ... diameter of the conductor in [m]
L ... wind span length in [m] = (L1 + L»)/2

For a long time duration and constant wind speed the calculation would not be difficult. The
variation of the wind speed effects 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 effects 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 defined as the ratio between the flashover voltage of the
air gap to the positive rod-plane air gap flashover 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 different gap factors are expressed by the gap factor for switching
impulses for [15]:
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e slow front overvoltages:

Ky sr =Ky (2.31)
e fast front overvoltages:
Kg fr=0.74+0.20K, (2.32)
e operating frequent voltages:
Kg pr=1.35—0.35K (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]:

(§)Cc-VB-G-D-aw + ()

¢ =tan™? - (2.34)
we+ ()
0 ... air density, depending on temperature and sea level
Vr ... reference wind speed
Cc ... wind resistance coefficient (can be chosen with 1.0)
D ... diameter of the conductor
Gy ... correction factor of span length
aw ... wind span width
Fw; ... wind on the insulator chain
Wc ... conductor weight corresponding the height difference at the suspension points
W, ... weight of the insulator chain
The swing angle of conductor can be calculated from the wind speed as follows [15]:
¢c =tan! (5)- CCr.n\C/é SL ba (2.35)

0 ... air density, depending on temperature and sea level
V& ... reference wind speed
Cc ... wind resistance coefficient (can be chosen with 1.0)
D ... diameter of the conductor
G, ... 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]:

op =225 |1— e(~V&/230) (2.36)
Vk ... reference wind speed

Swing angle and distances in the span middle

The required gaps should be dimensioned in such a way that flashovers 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]:

bc=PcE2- 0y (2.37)
¢ ... average of swing angle of conductor (see also Equation (2.35))
os ... standard deviation (see also Equation (2.36)))

The minimum distance ¢ (in [m]) of the static conductors in the middle of the span must be
[15] [17]:

c=k-\/fe+1Ix+0.75- Dy, (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 ... coefficient (see Table
Dy, ... minimum air gap between the outer conductors depending on the type of voltage

(see also Equation , Equation and Table ,

but not less than k. The minimum distance ¢ (in [m]) between the conductor and the guard
wire in static case must be [15] [17]:

c=k-\/fe+1x+0.75 D (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 ... coefficient (see Table
De; ... minimum air gap between the outer conductor and earth wire depending on the

type of voltage (see also Equation , Equation and Table ,

but not less than k. Table [2.6] shows typical values of coefficient k [17]:
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Table 2.6: Typical values for coefficient 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
0° -30° > 30° - 80° >80° - 90°
Conductor 2

0° 0°

Conductor 2

A
s
2
\ Conductor 2 Conductor 2
\
X 80°— 80°
- 24 T -~ _ 2
: 90°
Conductor 1 Conductor 1 Conductor 1

Figure 2.4: Position of conductor 2 to vertical conductor 1 regarding Table [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-Vf+I+Z (2.40)
f ... sag of the conductor in [m] for the loading case that leads to the biggest
value
I ... length of the insulator chain (in [m])

k ... coefficient (see Table
Addition (in [m]) depending on the rated insulation of the line (see also

[18])

Table shows typical values of coefficient k as they are defined in Austrian standard [18].



Chapter 2: Insulation Design 24

Table 2.7: Typical values for coefficient k [18]

Swing angle ¢ in ° Factor k
0°-25°1| >25°-60°2 | >60° - 90°
> 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

! 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 configuration [19][20][21]:

Table 2.8: Equations and value of typical configurations [19][20] [21]

Configuration Figure Equation Typical value

—8S
k =1.45.0.015(4 —6)0.35¢ @ *7.
0.135(% — 1.5)

conductor- _ :
Cross Applicable in the range: 145

d1 =2—-10m
arm

dr/dy=1-2

S/di=01-1

H/dp=2-10

k =125+ 0.005(5 —6)0.25¢(7 02

conductor- Applicable in the range:
tower d=2-10m 1.25
window S/d=01-1

H/d=2-10

Continued on next page
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Table 2.8 — continued from previous page

Configuration Figure Equation Typical value
k=1.15-0.81(H)11670.024 —

A[1.209( 1167 1.15 for
conductor- e oy -0.03(%')](0.67 - e(%s)) cond.-
lower -7 }‘HI' where Ais 0if S/d < 0.2 and Ais 1 if plane to
structure %MZ}% S/d>02 1.5 or

Applicable in the range: more
d=2-10m
H/H=0-1
duct k=
conductor 1.45+0.024(H) — 6035 - e(502)
lateral _ _ 1.45
Applicable in the range:
structure d—2_10m
S/d=0.1-1
H/d=2-10
Horizontal rod-rod-structure:
ki =1.35-0.1(%) - (% —0.5)
Rod-lower-structure:
ko =
1-0.6(H)— A1.0934 (%)
rod-rod- . . -0.6(ﬁ?— . 09374[(0.549—¢ .2 ?] ky =
structure » -;;/—‘L where Ais 0 if S/d» < 0.2 and Alis 1 if 1 3k =
(open T d _ S/dz_ >0.2 1-
switchgear) 2 Applicable in the range: 0.6(%/)
(kl)dl =2—-10m
d/H=01-0.38
if di < db
(kg)dg =2—-10m

Table shows typical values of K for different 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 configuration conductor
- tower window can be chosen, for the insulator string two value are possible. On the one hand
the value for the configuration conductor - tower window (K4 = 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 defined with Ky = 0.96 (1.30) and in [23] with Kg = 1.10.

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

sf-ov* ff-ov® | of-ov®
Arrangement
Ky_sf = Ky Kg_ff Ky_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

* slow front overvoltage
5 fast front overvoltage
5 operating frequent voltage

2.3.3 Influence of the swing angle on the gap factor

In Figure the typical construction of a suspension insulator string assembly including the
arcing horns is shown [24].

The gap factor Ky for the assembly in Figure in case of switching overvoltage can be
described by the following equation [24]:

()
Ks=168 e\ @ (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+ 1+ x) (2.42)
D ... clearance between line side horn and tower [m]
d ... horn gap length [m]
¢ ... swing angle
I, ... 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=1ls—y (2.43)
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variable
length of the suspension of the arcing horn [m]

Wa

o Wa
= —¢)=—2 =2 2.44
tan(B) = tan(90° — ¢) ) -y fan(90° — ) (2.44)
variable
angle B =90° — ¢
width of the arcing horn [m]
E a e (2.45)

S R - B—
° tan(B) ° tan(90° — ¢)

variable

angle B =90° — ¢

width of the arcing horn [m]

length of the suspension of the arcing horn [m]

Therefore the distance D can be expressed as:

D =cos¢- [d+/a+/5—<

Wa

tan(90°—q,’>)>] =cos¢-[d+la+ls—(wy-tan(4))]  (2.46)

clearance between line side horn and tower [m]
horn gap length [m]

swing angle

length of the arcing horn [m]

length of the suspension of the arcing horn [m]
width of the arcing horn [m]

Finally the gap factor Ks can be written as:

—0.34
cos ¢[d+/a+tls—(wa-tan($))]

K5:1.68-e< a

(2.47)

gap factor of the arcing horn

clearance between line side horn and tower [m]
horn gap length [m]

swing angle

length of the arcing horn [m]

width of the arcing horn [m]
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Figure 2.5: Typical Construction of a suspension insulator string assembly and detailed figure of
suspension insulator assembly (adapted from [24])
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Insulation coordination

3.1 Basics

Insulation coordination is defined 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 differenced 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 different 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 effects 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 firing in a kiln, they
consist of various oxides and silicon in their glassy matrix. Due to the firing 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].
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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 differential rate of solidification 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 effects 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, flexibilization, filler 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 filled 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 different forms. A further advantage is that integral metal
ware can be supplied whereby external fittings 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 fiberglass core for providing the mechanical
strength, covered by a housing to protect the core from environmental influences 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].



Chapter 3: Insulation coordination 31

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 affected 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 fixing 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 [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 flashovers and arc currents
arising thereby [24]. In general there are two different types of insulator assemblies with different
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 the suspension insulator assembly
of a 1000 kV AC UHYV 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 1000kV AC UHV transmission line is shown [24].
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Figure 3.2: Suspension insulator assembly of a 1000 kV AC UHV transmission line [24]
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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 different voltage levels are defined in the standard IEC 60071 - part
1 [25] and can be seen in Table [3.1]

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

) Standard switching impulse withstand voltage | Standard
Highest voltage . L.
. L Phase-to- lightning impulse
for equipment Longitudinal Phase-to- . }
. . phase (ratio withstand
Un insulation earth
to the phase- | voltage
to-earth peak
kV kV kV kV
(r.m.s value) (peak value) (peak value) | value) (peak value)
850
750 750 1.50
950
300
950
750 850 1.50
1050
950
850 850 1.50
1050
362
1050
850 950 1.50
1175
1050
850 850 1.60
1175
1175
420 950 950 1.60
1300
1300
950 1050 1.60
1425
1175
950 950 1.70
1300
1300
525 950 1050 1.60
1425
1425
950 1175 1.50
1550
1675
1175 1300 1.70
1800
1800
765 1175 1425 1.70
1950
1950
1175 1550 1.60
2100
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3.3.2 Influence of different 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 field 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 fittings have a fixed potential whereas the area in between has a floating 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 effect
is influenced by the type of end fitting 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 field is always located near the high voltage end of insulator, whereby
corona or electrical discharge can appear in air, if the electrical field 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 influence the aging and can lead to a reduced lifetime. That is the
reason why, in case of composite insulator, the electrical field 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 field 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 effect which does not significantly damage the
insulator. The field distribution is significantly different for different type of insulator depending
on some critical insulator factors as they are [30]:

e Type and shape of the end fittings

Shed profile

Location of the shed nearest to the end fitting

Shape of the ring if existent

Location of the ring if existing

Figure and Figure [3.5] show the calculated field distribution of two different insulator profile
of a 400 kV insulator (applied voltage 243 kV, s phase to ground). In Profile 1 the first shed is
located over the collar of the end fitting, whereas in profile 2 the first shed is situated 53 mm
above the end fitting [30].

3.3.3 Influence of different arcing horns

As described in section the withstand voltage U,,, depends on the 50%-withstand voltage
of a rod-plate-arrangement (RP) U,p, the variation factor K, the altitude above sea level and
the gap factor K4 (see also Equation ([2.8))[15]).

Urw = Kz - Kg - Ka - Usoverp (3.1)
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INSULATOR 400KV - PROFILET
O RING
U applied 1ms = 243 KV phase to ground.

INSULATOR 400KV - PROFILE 2
Al

U aplied rms = 243KV phass to ground.

Figure 3.5: Field distribution of insulator profile 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)):

]

& 2 O X

o

< [ = ( ( ))])
cos ¢p[d+1a+Is—(wa-tan()

Ks =168 e
gap factor of the arcing horn
clearance between line side horn and tower [m]
horn gap length [m]
swing angle
length f the arcing horn [m]
width of the arcing horn [m]

In [19] it is defined 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:

e d=289m

e /;=0.30m

e w,=035bm

e /s =0.355m

o Kz =0.922 (see also Table[2.1)

e K, =0.922 (Altitude 1000 m above sea level, 201 - 400kV, see also Table [2.2)

e withstand voltage Usge,rp, = 340kV

Table 3.2: Example of calculation

Swing angle ¢ [*] | Clearance D [m] | Gap factor Ks | Withstand voltage Ugy, [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 ¢
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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 affected overhead line suspension tower, which has been
designed and constructed in the course of this work is a realistic replication of an affected
suspension tower, which Statnett SF is using currently. Therefore several towers with different
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 affected tower

4.1.1 Basics

The affected 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
fixed sidewards of the tower window (see also Figure |4.1]).

Figure 4.1: Affected tower of Statnett SF

4.1.2 Technical description of the tower

The affected 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-profile and the lower guy
wires are made of steel ropes with a diameter of 15 mm. Figure [4.2] shows a picture of the guy
wires inside the tower window. The affected towers, which Statnett SF is using currently are
all the same design, but have different dimensions to ensure the required distances between the
overhead line and the surrounding area. Figure [4.3] shows a drawing of an affected suspension
tower of the overhead line between Ogndal and Namsos. It is the affected 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

)

95

Figure 4.3: Drawing of an affected 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 flashover 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 [£.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 shows the replication of the upper tower section including the
tower window and the centre phase.

Tower window

—

Highest tower section 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 affected 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
1048 mm and the inner dimensions are 9260 x 8100 x 952 mm. 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 . They
have been required in the following impulse voltage tests which are covered below. Furthermore,
for these impulse voltage tests a specific 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 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 defined in [32]

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

900 900
V]|~ [kv] Vs
7504 \ 750 //
600 \\ eoo_/
~_
4504 \\ 450
~_
\\

300 300
150 150

0 ; : ; ; ; ; 0 ; ; ; ; ;

0 10 20 30 40 50 60 [us] 70 00 05 1,0 15 20 25 [ms] 30

Figure 5.1: Normative shape form 1.2/50 us (left) and 250/2500 s (right)

The appropriate tolerances for lightning impulse voltage for normative shape form (1.2/50 us)

are also defined 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 us) are
defined 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)).

, =3 3 Test portal
Suspension N

Crane 1

. .

-
=
-

Figure 5.2: Testing setup with testing portal

Figure 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 (34.5 mm) 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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l § = < Full scale model with insulator

b‘? Stranded wire

o 1

Impulse voltage generator
- /@-/\ : M .
= . O v/

High Voltage Laboratory

Post insulator

Metal tubes (& 34,5 mm)

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

To simulate specified 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 affected 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 different 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 6.9kg. 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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T Crane raised up

Crane left in place
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/ B \Y Swing angle

\ l Insulator string in angle

Straight insulator string I

Distance conductor — guy wire

Distance conductor — guy wire

Figure 5.5: Simulation of swing angle and distances, respectively

Insulator

Corona ring
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Distance conductor — guy wire

Straight model (swing angle 0°)

Figure 5.6: Straight model
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Figure 5.8: Drawing of insulators
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In the tests two different types of corona rings have been tested, which Statnett SF is using at
the affected 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 fixed 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)).

4,
Tow !

4

090€=0L1%8L

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 and Figure [5.12)).

|

1
100 55

= 3890

17 = 170
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co. 483
150 80_155 _100
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Figure 5.12: Corona ring type 2
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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:

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

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

0.2)

e Lightning impulse voltage tests with corona ring type 2 (see section

e Switching impulse voltage tests with corona ring type 1 (see section

e Switching impulse voltage tests with corona ring type 2 (see section

e Rain test with switching impulse voltage and corona ring type 2 (see section
e Switching impulse voltage tests with bare insulator string (see section

6.1 Basics — Lightning impulse voltage Tests

In case of lightning impulse voltage tests the main goal of the tests was to find out where
the flashover occur. This is due to the fact that for the calculation of the gap factor for
the air gap the percentages of the flashover 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 different types of corona rings as they are described in section [5.3]
To generate enough flashovers it was necessary to choose an appropriate high value of impulse
voltage. Therefore the Ugge,-voltage, which is defined as the value of influenced voltage, which
leads with a probability of 90 % to a flashover [32], fits very well. The Uggo,-voltage in case of
lightning impulse voltage is defined as following, whereby z = 0.03 in case of lightning impulse
voltage [32]:

Ugg =Usp-(1+1.3-2) (6.1)

In section the determination of the 90 %-withstand voltage (=U;qe,-voltage) of the air gap
using the Usgo,-voltage and the standard deviation o, is described. Similar to Equation (2.3])
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the Uygo,, which is described as the value of influenced voltage which leads with a probability of
10% to a flashover [32] can be calculated by use of Equation (6.2)).

U10:U50~(1—1.3~Z) (62)

As it can be seen in Equation and Equation the estimation of the Ugge,-voltage is
necessary for the calculation of the Ugge,-voltage and the Uyge,-voltage, respectively. In general
the estimation of the U,-voltage, whereby p defines the probability of a voltage breakdown, is
also defined in [32]. Therefore the up-and-down method can be used, where the testing object
is tested with m-equal voltage stresses for similar defined voltage levels. Depending on the result
of the previous voltage stress, the voltage is either increased or decreased by a step of AU. In
case of m = 1, the Usge,-voltage can be calculated as shown in Equation , whereby k; is
the number of stresses for a voltage level and n = X k; [32].

Us=>" ki Ui (6.3)

n

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 Usgo,-voltage
(see also testing plans — Figure and Figure [6.14). Based on this value the Ugge,-voltage
has been calculated and used for the following lightning impulse voltage tests to evaluate where
the flashovers 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 flashover for an outer insulation depends on the atmosphere conditions.
The atmospheric correction factor K; is the product of the factor of air density and of the factor
for air humidity and can be calculated as following [32]:

Ky = ki - ko (6.4)

The detailed calculation of the two factors k1 and kp are also described in [32]. The given
flashover voltage U can be converted to standard basic reference atmosphere by dividing through
the factor K; [32]:

Up = U/K: (6.5)

To calculate the atmospheric correction factor respectively the given flashover 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/m®]
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The correction factor K; arising from this measured atmospheric outdoor conditions have been
calculated. As mentioned before - especially in case of lightning impulse voltage - the occurrence
of the flashover inside the tower window was of particular interest. To evaluate, where the
flashovers occur inside the model, the tower window has been classified into 6 areas (see also
Figure and all flashovers had been photographed to assign them to the appropriate area.

Figure 6.1: Classification of tower window for evaluation of flashover 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 AU of
3kV was chosen. Between the impulses an waiting time of 1 minute was chosen in all tests.
The value in the column "area of flashover in tower window" of the tables in case of flashover
denotes the area of the tower window in which the flashover 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 configuration (see section |6.2.6| section [6.2.7} section [6.2.8]).

INTRODUCTION TEST |

# insulators = 17

e corona ring type 1

e Swing angle =0°

e Distance to guy wire a =2.87m

e Up-and-down-method (44 enhancement, 21 flashovers)
e Determination Ugge,

e Classification of tower window in 6 areas

e Photography of flashover (where does flashover occur?)

7
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TEST 1
# insulators = 17
corona ring type 1
Distance to guy wire a =2.6m
20 shots with flashover
Test voltage Uggy, = Usgy, + 1.3z = 1476 kV
Classification of tower window in 6 areas

Photography of flashover (where does flashover occur?)

7

TEST 2A
# insulators = 17
corona ring type 1
Distance to guy wire a =2.35m
20 shots with flashover
Test voltage Ugge, = Usge, + 1.3z = 1476 kV
Classification of tower window in 6 areas

Photography of flashover (where does flashover occur?)

7

TEST 2B
# insulators = 17
corona ring type 1
Distance to guy wire a =2.44m
20 shots with flashover
Test voltage Uggy, = Usgy, + 1.3z = 1476 kV
Classification of tower window in 6 areas

Photography of flashover (where does flashover occur?)

7
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TEST 2C
# insulators = 17
corona ring type 1
Distance to guy wire a =2.5m
20 shots with flashover
Test voltage Uggy, = Usgy, + 1.3z = 1476 kV
Classification of tower window in 6 areas

Photography of flashover (where does flashover occur?)

7

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 flashover
Test voltage Ugge, = Usge, + 1.3z = 1476 kV
Classification of tower window in 6 areas

Photography of flashover (where does flashover occur?)

7
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Additional TEST 2

# insulators = 17

e corona ring type 1

e Distance to damper loop — guy wire a =2.27m

e Distance to conductor tube — guy wire a = 2.45m
e 20 shots with flashover

e Test voltage Uggy, = Usgo, + 1.3z = 1476 kV

e (lassification of tower window in 6 areas

e Photography of flashover (where does flashover occur?)

7
Additional TEST 3

e F# insulators = 17

e corona ring type 1

e Distance to damper loop — guy wire a =2.40m

e Distance to conductor tube — guy wire a = 2.60m
e 20 shots with flashover

e Test voltage Uggy, = Usgy, + 1.3z = 1476 kV

e (lassification of tower window in 6 areas

e Photography of flashover (where does flashover occur?)

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

6.2.1 Lightning impulse voltage — Introduction Test | (Corona ring type 1)

Thereby a swing angle of 0° has been simulated and a distance of 2.87 m 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 Usgo,-voltage and the calculation of the Ugge,-voltage.

Results

Table[6.1] shows a summary of the results of the Introduction Test | for corona ring type 1 using
the up-and-down method.



Chapter 6: Measurements and calculations

57

Table 6.1: Summary of results: LI — Introduction Test | (Corona ring type 1)

Lightning impulse voltage — Introduction Test | (Corona ring type 1)
Voltage level
Charging voltage | Load voltage | flashover -Area of fla-shover No flashover
[kV] [KV] in tower window
121 1399 v
124 1431 v 2
121 1397 v
124 1429 v 2
121 1398 v
124 1434 v 2
121 1399 v
124 1434 v 2
121 1398 v
124 1433 v 2
121 1398 v
124 1434 v 2
121 1398 v
124 1434 v 2
121 1399 v
124 1434 v 2
121 1399 v
124 1435 v 2
121 1399 v
124 1434 v 2
121 1401 v
124 1436 v 2
121 1401 v
124 1435 v 2
121 1401 v
124 1437 v 2
121 1404 v
124 1435 v 2
121 1403 v
124 1437 v 2
121 1402 v
124 1437 v 2
121 1402 v
Continued on next page
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Table 6.1 — continued from previous page

124 1438 v 2
121 1403

124 1438

127 1469 v

124 1435 v

121 1402

124 1438

127 1469 v

124 1437 v

121 1403

Table [6.2] shows the measured values of atmospheric conditions at the time of the Introduction
Test | for corona ring type 1 using the up-and-down method.

Table 6.2: Atmospheric conditions at the time of LI — Introduction Test | (Corona ring type 1)

Atmospheric conditions: LI — Introduction Test | (Corona ring type 1)
Temperature [°C] 26.0
Air pressure [mbar] 968.9
Air humidity [%] 442
Air humidity [g/m?] 10.3
Calculation

Usgo,under testing conditions:

. ki - Ui U, 61079
Up=>" —— = Usoseest :Z? =3 = 1420kv

Conversion to Uggo,under standard basic reference atmosphere:

Kt = 0.9372 = Usgopasicrer = 1516 kV
Calculation of Ugge,under testing condition:
Ugovtest = Usootest - (1 +1.3-0.03) = 1420kV - (1 +1.3-0.03) = 1476 kV
Conversion to Uggo,under standard basic reference atmosphere:
Kt = 0.9372 = Uggopasicrer = 1575 kV
Calculation of Ujge,under testing condition:
Uro%test = Usootess - (1 —1.3-0.03) = 1420kV - (1 —1.3-0.03) = 1365kV
Conversion to Ujgo,under standard basic reference atmosphere:

Ky =0.9372 = UlO%basicref = 1457 kV
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Representing result

Figure [6.4] shows a plot of a voltage breakdown due to a flashover during Introduction Test I.

N-.: 11988

04.08.2010
155622
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Figure 6.4: Voltage breakdown in case of flashover - Introduction Test |

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 2.60 m has
been simulated. Thereby the Ugge,-voltage with a value of 1476 kV under testing conditions was
chosen as testing voltage. The calculation of this Ugge,-value is described in section [6.1] The
main target of this test was to determine in which sector of the tower window the flashover
occur.

Results

Table[6.3]shows the summary of the results of the Lightning impulse voltage — Test 1 for corona
ring type 1.



Chapter 6: Measurements and calculations

60

Table 6.3: Summary of results: LI — Test 1 (Corona ring type 1)

Lightning impulse voltage — Test 1 (Corona ring type 1)

Voltage level

Charging voltage

Load voltage

[kV]

[kv]

flashover

Area of flashover
in tower window

No flashover

127.2

1471

1472

1473

1473

1474

1474

1473

1472

1472

1472

1474

1472

1472

1472

1473

1473

1473

1473

1471

1473

N ENENEN ENENENEN ENENENENEN ENENENENEN ENEN

NINININININININININININININININDINININN

Table 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 [%] 442
Air humidity [g/m?] 10.3

along the insulator.

As it can be seen in Table all the flashovers occur in area 2, which means that they occur
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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 Ugge,-voltage with a value of 1476 kV under testing conditions was
chosen as testing voltage. The calculation of this Ugge,-value is described in section [6.1] The
main target of this test was to determine in which sector of the tower window the flashover
occur.

Results

Table 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

Charging voltage | Load voltage | flashover -Area of fla-shover No flashover

[kV] [kV] in tower window
1478
1477
1479
1478
1477
1477
1478
1478
1478
1478
1477
1477
1477
1478
1479
1478
1477
1478
1475
1477

127.2
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Table 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/m?] 10.8

As it can be seen in Table [6.5] all the flashovers occur in area 5, which means that went to the
lower guy wire.

Representing result

In Figure [0.5] a flashover 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 2.44 m has
been simulated. Thereby the Ugge,-voltage with a value of 1476 kV under testing conditions was
chosen as testing voltage. The calculation of this Ugge,-value is described in section [6.1] The

main target of this test was to determine in which sector of the tower window the flashover
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
- Area of flashover
Charging voltage | Load voltage | flashover | _ ] No flashover

in tower window

[kv] [kv]

1477
1477
1478
1477
1479
1479
1479
1480
1480
1478
1478
1480
1479
1479
1479
1475
1479
1480
1479
1478

127.2

N EN ENENEN ENEN ENENENENEN ENENENENEN ENENEN
ol WOCOI|OCOIW O |W| W

Table 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/m?] 10.8
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As it can be seen in Table [6.7] 20 % of the flashovers 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 2.50 m has
been simulated. Thereby the Ugge,-voltage with a value of 1476 kV under testing conditions was
chosen as testing voltage. The calculation of this Ugge,-value is described in section [6.1] The
main target of this test was to determine in which sector of the tower window the flashover
occur.

Results

Table 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
- Area of flashover
Charging voltage | Load voltage | flashover | | ] No flashover

in tower window

[kv] [kv]

1479
1480
1479
1480
1480
1482
1480
1476
1475
1476
1478
1475
1473
1476
1470
1473
1476
1479
1479
1475

127.2
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Table 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/m?] 10.8

As it can be seen in Table [6.9] 70 % of the flashovers 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 a flashover 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
influence the electrical distances inside the tower window in reality. In Figure a drawing of
the damper loop and in Figure a picture of the damper loop in reality is shown. Figure
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 34.5 mm.
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Figure 6.7: Drawing of damper loop

Figure 6.8: Damper loop in reality

)

Conductor tube

Damper loop

7, 7

Figure 6.9: Damper loop in testing setup

At the first 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 Uggo-voltage with a value of 1476 kV under testing conditions was
chosen as testing voltage. The calculation of this Ugge,-value is described in section [6.1] The
main target of this test was to determine in which sector of the tower window the flashover

OcCcur.

Results

Table 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

Charging voltage

Load voltage

[kV]

[kV]

flashover

Area of flashover

in tower window

No flashover

125.9

1474

1471

1471

1473

1472

1473

1474
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1471

1477

1477

1475

1479

1473

1472

1471

1476

1474

1475

1474

1479

1479
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Table 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 flashovers 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/m?] 13.2

Representing result

In Figure[6.10] a flashover to the lower guy wire in case of Lightning impulse voltage — Additional
Test 1 is shown.

el
N *

X

55

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 2.27 m and between the conductor and the lower guy wire of 2.45 m has been simulated.
Thereby the Ugge,-voltage with a value of 1476 kV under testing conditions was chosen as testing
voltage. The calculation of this Uggo,-value is described in section [6.I] The main target of this
test was to determine in which sector of the tower window the flashover 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
- Area of flashover
Charging voltage | Load voltage | flashover | _ ] No flashover
in tower window
[kv] [kv]
1479 v 5
1471 v 5
1474 v 5
1475 v 5
1478 v 5
1475 v 5
1477 v 5
1473 v 5
1474 v 5
195 9 1474 v 5
1474 v 5
1473 v 5
1471 v 5
1473 v 5
1473 v 5
1473 v 5
1474 v 5
1475 v 5
1472 v 5
1476 v 5

Table 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/m?®] 12.9
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As it can be seen in Table [6.13] all the flashovers occur in the area 5 which means that they
occur along the lower guy wire.
Representing result

Figure[6.11]shows a flashover 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 2.27 m and between the conductor and the lower guy wire of 2.40 m has been simulated.
Thereby the Ugge,-voltage with a value of 1476 kV under testing conditions was chosen as testing
voltage. The calculation of this Ugg-value is described in section [6.I] The main target of this
test was to determine in which sector of the tower window the flashover 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

Charging voltage

Load voltage

[kV]

[kv]

flashover

Area of flashover
. . No flashover
in tower window

125.9

1471

1474

1471

1471

1473

1470

1473

1473

1478

1474

1477

1474

1479

1478

1477

1477

1476

1474

1475

1476
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Table 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/m?] 13.0

As it can be seen in Table |6.15] 85 % of the flashovers 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 a flashover 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 [6.2.3] in case of corona ring type 1 and lightning impulse voltage, for
a swing angle of 0° a withstand voltage Ujge, of 1457 kV has been measured under standard
basic reference atmosphere. In Table [3.I] 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 + 1425kV).
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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 1
# insulators = 16
corona ring type 2
Swing angle = 0°
Distance to guy wire a =2.70m
Up-and-down-method (40 enhancement, 20 flashovers)
Determination Usgo,
Classification of tower window in 6 areas

Photography of flashover (where does flashover occur?)

7
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TEST 1
# insulators = 16
corona ring type 2
Distance to guy wire a =2.45m
20 shots with flashover
Test voltage Uggy, = Usgy, + 1.3z = 1519kV
Classification of tower window in 6 areas

Photography of flashover (where does flashover occur?)

7

TEST 2A
#£ insulators = 16
corona ring type 2
Distance to guy wire a =2.35m
20 shots with flashover
Test voltage Ugge, = Usge, + 1.3z = 1519kV
Classification of tower window in 6 areas

Photography of flashover (where does flashover occur?)

7

TEST 2B
# insulators = 16
corona ring type 2
Distance to guy wire a =2.28m
20 shots with flashover
Test voltage Uggy, = Usgey, + 1.3 -z = 1519kV
Classification of tower window in 6 areas

Photography of flashover (where does flashover 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 Il (Corona ring type 2)

Thereby a swing angle of 0° has been simulated and a distance of 2.70 m between conductor
and the lower guy wire has been measured. As mentioned before the main target of this test
was to determine the Usgo,-voltage and the calculation of the Ugqgo,-voltage.

Results

Table shows a summary of the results of the Introduction Test Il for corona ring type 2
using the up-and-down method.

Table 6.17: Summary of results: LI — Introduction Test Il (Corona ring type 2)

Lightning impulse voltage — Introduction Test Il (Corona ring type 2)
Voltage level
Charging voltage | Load voltage | flashover -Area of fla-shover No flashover
[kV] [kV] in tower window
124 1449
127 1483 v 3
124 1449
127 1484 v 2
124 1447
127 1483 v 2
124 1448
127 1484 v 2
124 14438
127 1483 v 2
124 1448
127 1483
130 1517 v
127 1480 v
124 1447
127 1483 v 3
124 1448
127 1483 v 3
124 1448
127 1483 v 2
124 1446
127 1482 v 2
124 1449
127 1483 v 3
Continued on next page
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Table 6.17 — continued from previous page

124 1449
127 1483 v 3
124 1449
127 1484 v 3
124 1450
127 1484 v 2
124 1449
127 1483 v 3
124 1449
127 1483 v 2
124 1447
127 1485 v 3
124 1448
127 1484 v 2
124 1450
127 1483 v 2

Table shows the measured values of atmospheric conditions at the time of the Introduction
Test Il for corona ring type 2 using the up-and-down method.

Table 6.18: Atmospheric conditions at the time of LI — Introduction Test Il (Corona ring type 2)

Atmospheric conditions: LI — Introduction Test Il (Corona ring type 2)
Temperature [°C] 21.0
Air pressure [mbar] 969.3
Air humidity [%] 73.6
Air humidity [g/m?®] 13.7
Calculation

Usgo,under testing conditions:

ki - U; U; 58489
Up=> = = Usosprest = »_, — = —~ = 1462kV
n n 40
Conversion to Usge,under standard basic reference atmosphere:
Kt = 0.9857 = Usgopasicrer = 1483 kV

Calculation of Uggo,under testing condition:

Usoerest = Usgugest - (1 +1.3-0.03) = 1462kV - (1 +1.3-0.03) = 1519kV
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Conversion to Ugge,under standard basic reference atmosphere:

K: =0.9857 = U90%ba5icref = 1541 kV

Calculation of Ujge,under testing condition:

Urorest = Usovrest - (1 —1.3-0.03) = 1462kV - (1 — 1.3-0.03) = 1405kV

Conversion to Ujgo,under standard basic reference atmosphere:

Kt = 0.9857 = UlO%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 Ugge,-voltage with a value of 1519 kV under testing conditions was
chosen as testing voltage. The calculation of this Ugge,-value is described in section [6.1] The
main target of this test was to determine in which sector of the tower window the flashover

OocCcur.

Results

Table 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

Charging voltage

Load voltage

[kV]

[kV]

flashover

Area of flashover
. . No flashover
in tower window

131

1518

1520

1518

1518

1519

1519

1519

1520

1520

1521

1520

1519

1519

1520

N ENENENENENENEN ENENENENENEN

NIWIWININIDNINININININININN

Continued on next page
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Table 6.19 — continued from previous page

1519 v 2

1518 v 2

1519 v 2
131

1518 v 3

1518 v 2

1518 v 2

Table 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/m?] 9.8

As it can be seen in Table all the flashovers 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 Ugge,-voltage with a value of 1519 kV under testing conditions was
chosen as testing voltage. The calculation of this Ugge,-value is described in section [6.1] The
main target of this test was to determine in which sector of the tower window the flashover
occur.

Results

Table 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

Area of flashover

Charging voltage | Load voltage | flashover | ] No flashover
in tower window
[kv] [kv]
1522 v
131
1522 v

Continued on next page
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Table 6.21 - continued from previous page

1522

v

2

1522

1523

1519

1520

1522

1521

1521

1520

131 1518

1518

1518

1519

1519

1520

1520

1519

1518
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Table 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/m?] 9.6

As it can be seen in Table[6.21] 95 % of the flashovers occur in area 2, which means that they
occur along the insulator. The remaining 5% of the flashovers 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 2.28 m has

been simulated. Thereby the Ugge,-voltage with a value of 1519 kV under testing conditions was

chosen as testing voltage. The calculation of this Ugge,-value is described in section [6.1] The

main target of this test was to determine in which sector of the tower window the flashover

ocCcur.
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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
- Area of flashover
Charging voltage | Load voltage | flashover | _ ] No flashover
in tower window
[kV] [kV]
1518 v 5
1518 v 5
1519 v 5
1517 v 5
1516 v 5
1514 v 5
1517 v 5
1515 v 5
1516 v 5
131 1518 v 5
1516 v 5
1515 v 5
1517 v 5
1515 v 5
1516 v 5
1514 v 5
1514 v 5
1514 v 5
1516 Vv 5
1514 v 5

Table 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/m?] 9.3
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As it can be seen in Table[6.21] all the flashovers 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 Uy 0f 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 + 1425kV).
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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 find out the value of the Ugge-voltage and arising thereby the Uggoe,-
voltage and the Ujqo,-voltage. Similar to the lightning impulse voltage tests the tests have been
carried out with the two different 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 specified swing angles and distances, respectively. The equation for the calculation
of the Ugge,-voltage in case of switching impulse voltage is equal to lightning impulse voltage
(see Equation in section [6.1]), whereby z = 0.06 in case of switching impulse voltage [32].
Using Equation (section the Ujge-voltage, can be calculated similar to lightning
impulse voltage.

Similar to lightning impulse voltage the Usqo,-voltage is necessary for the calculation of the
Uggo,-voltage and the Ujge-voltage, respectively. Also the calculation of the Usge,-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
in section [6.1)).

To calculate the atmospheric correction factor respectively the given flashover 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/m®]

The correction factor K; arising from this measured atmospheric outdoor conditions have been
calculated by use of an excel-sheet. Additional to the estimation of the Ugge,-voltage and
arising thereby the calculation of the Ugge,-voltage and the Ujge,-voltage, an evaluation, where
the flashover occur inside the model, has been carried out. Therefore similar to the lightning
impulse voltage the tower window has been classified in 6 areas (see also Figure and all
flashovers 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 first 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
flashover 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 flashover in tower window" of the tables in case of flashover denotes the area
of the tower window in which the flashover occur according to Figure [6.1}
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6.5 Switching impulse voltage Tests — Corona ring type 1

Figure 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 |

# insulators = 17

corona ring type 1

Distance to guy wire a=1.40m

Up-and-down-method (32 enhancement, 17 flashovers)
Determination Ugge,-voltage, Uggey,-voltage and Uqgey,-voltage
Classification of tower window in 6 areas

Photography of flashover (where does flashover occur?)

7

TEST 1
# insulators = 17

corona ring type 1

Distance to guy wire a = 1.55m

Up-and-down-method (32 enhancement, 17 flashovers)
Determination Ugge,-voltage, Uggey,-voltage and Uqgey,-voltage
Classification of tower window in 6 areas

Photography of flashover (where does flashover occur?)
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TEST 2A

# insulators = 17

e corona ring type 1

e Distance to guy wire a=1.9m

e 20 shots with flashover

e Up-and-down-method (10 enhancement, 5 flashovers)

e Determination Ugge,-voltage, Ugge,-voltage and Uqgo,-voltage
e Classification of tower window in 6 areas

e Photography of flashover (where does flashover occur?)

TEST 2B
e F# insulators = 17

e corona ring type 1

e swing angle = 0°

e Up-and-down-method (9 enhancement, 5 flashovers)

e Determination Ugge,-voltage, Ugge,-voltage and Uqgo,-voltage
e Classification of tower window in 6 areas

e Photography of flashover (where does flashover occur?)

Figure 6.15: Testing plan: Switching impulse voltage Tests — Corona ring type 1

6.5.1 Switching impulse voltage — Introduction Test | (Corona ring type 1)

At the first experiment a distance of 1.55 m between conductor and the lower guy wire has been
simulated. As mentioned before the main target of this test was to determine the Ugge,-voltage
and the calculation of the Ugge,-voltage and Uy, -voltage, respectively.

Results

Table shows a summary of the results of the Introduction Test | for corona ring type 1
using the up-and-down method.
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Table 6.25: Summary of results: Sl — Introduction Test | (Corona ring type 1)

Switching impulse voltage — Introduction Test | (Corona ring type 1)
Voltage level
Charging voltage | Load voltage | flashover -Area of fla-shover No flashover
[kV] [KV] in tower window
86 846
89 875 v
86 846 v
83 814
86 845
89 875
92 904 v
89 875 v
86 845 v
83 815
86 847
89 875 v 5
86 845
89 878
92 904 v
89 875 v
86 845 v
83 815
86 845 v 5

Table |6.26|shows the measured values of atmospheric conditions at the time of the Introduction

Test | for corona ring type 1 using the up-and-down method.

Table 6.26: Atmospheric conditions at the time of SI — Introduction Test | (Corona ring type 1)

Atmospheric conditions

: SI — Introduction Test | (Corona ring type 1)

Temperature [°C] 19.0
Air pressure [mbar] 967.4
Air humidity [%] 83.5
Air humidity [g/m?®] 13.0
Calculation
Usgo,under testing conditions:
« ki - Uj U 16269
Up=>_ . = Usgoprest = 3, — = —o— = 856 kV

n 19
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Conversion to Usge,under standard basic reference atmosphere:
Kt = 0.9828 = Usgopasicrer = 871 kV
Calculation of Ugge,under testing condition:
Usovtest = Usooprest - (1 +1.3-0.06) =856kV - (1 +1.3-0.06) = 923kV
Conversion to Uggo,under standard basic reference atmosphere:
Kt = 0.9828 = Uggopasicrer = 939 kV
Calculation of Ujge,under testing condition:
Uro%test = Usoorest - (1 —1.3-0.06) = 856kV - (1 —1.3-0.06) = 789kV
Conversion to Ujge,under standard basic reference atmosphere:

Ki = 0.9828 = Ujgoypasicrer = 803KV

Representing result

In Figure a standard impulse voltage due to a non-flashover during Introduction Test | is

shown.

N 12152
K1
DATE 062010
TNVE B4706
ar Ba.: 9
U= 868y
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Tp= Bls
TE 8s
T2=  25ERs
Hy
4
Y -
.
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S/
[ 1S 20E e Afvs 50TE

Figure 6.16: Standard impulse voltage (250/2500us) in case of non-flashover: SI — Introduction
Test |
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6.5.2 Switching impulse voltage — Test 1 (Corona ring type 1)

At this experiment a distance of 1.40 m between conductor and the lower guy wire has been
simulated. As mentioned before the main target of this test was to determine the Ugge,-voltage
and the calculation of the Ugge,-voltage and Ujge-voltage, respectively.

Results

Table 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
Charging voltage | Load voltage | flashover -Area of fla-shover No flashover
kV] [kV] in tower window
81 795
84 824 v 5
81 795
84 824 v 5
81 794
84 824 v
81 794 v
78 763
81 794 v
78 763 v
75 734
78 763
81 796 v
78 763 v
75 734
78 763 v 5
75 734
78 763
81 795
84 824
87 853 v 5
84 825
87 853 v
84 825 v
Continued on next page
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Table 6.27 — continued from previous page

81 795 v 5
73 765

81 795 v

73 765 v

75 734

73 765 v

75 734 v

72 701

Table 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/m?] 13.5

Calculation

Usgo,under testing conditions:

) ki- Uj
Up:z n

2504
Z— 750 2 — 783k

Conversion to Uggo,under standard basic reference atmosphere:

Calculation of Uggo,under testing condition:

Usovytest = Usoogrest - (1 +1.3-0.06) = 783KkV - (1 + 1.3 0.06) = 844 kV

Ki = 0.9829 = Usgopasicrer = 796 kV

Conversion to Ugge,under standard basic reference atmosphere:

Calculation of Uyge,under testing condition:

UlO%test

Ky = 0.9829 = U9O%basicref = 859 kV

Usgourest - (1 — 1.3-0.06) = 783kV - (1 — 1.3 0.06) = 722KV

Conversion to Ujge,under standard basic reference atmosphere:

Ke = 0.9829 = Usgoypasicrer = 734KV



Chapter 6: Measurements and calculations 90

Representing result

In Figure [6.17] a flashover 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 1.90 m between conductor and the lower guy wire has been
simulated. As mentioned before the main target of this test was to determine the Ugge,-voltage
and the calculation of the Ugge,-voltage and Ujge-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
- Area of flashover
Charging voltage | Load voltage | flashover | ] No flashover
in tower window
[kv] [kv]
92 902
95 931 v 5
92 903
95 933
98 962 v 5
95 933
98 962 v
95 933 v
92 903
95 932 v 5

Table 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: S| — Test 2A (Corona ring type 1)
Temperature [°C] 26.0

Air pressure [mbar] 975.6
Air humidity [%] 53.8

Air humidity [g/m?®] 12.6

Calculation

Usgo,under testing conditions:

. ki - U; U 9294
UP:Z In I:>U5O%test:Z#:?:929kv

Conversion to Usge,under standard basic reference atmosphere:
Kt =0.9659 = USO%basicref = 962 kV

Calculation of Ugge,under testing condition:

Usovstest = Usasgrest (1 +1.3-0.06) = 929KkV - (1 +1.3-0.06) = 1002 kV

Conversion to Uggo,under standard basic reference atmosphere:

K: =0.9659 = U9O%basicref = 1037 kV
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Calculation of Ujgo,under testing condition:
Uro%test = Uspotest - (1 —1.3-0.06) = 929kV - (1 —1.3-0.06) = 857kV
Conversion to Ujgo,under standard basic reference atmosphere:

Kt = 0.9659 = UlO%basicref = 887 kV

Representing result

Figure shows a plot of a voltage breakdown due to a flashover during Switching impulse
voltage — Test 2A.
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Figure 6.18: Voltage breakdown in case of flashover — 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 2,87 m between
conductor and the lower guy wire has been measured. As mentioned before the main target
of this test was to determine the Usgo,-voltage and the calculation of the Ugge,-voltage and
Uyg9,-voltage, respectively.

Results

Table 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

- Area of flashover

Charging voltage | Load voltage | flashover | ] No flashover
in tower window

[kv] [kv]

110 1093

115 1143 v

110 1093 v

105 1042

110 1093 v 2

105 1042

110 1093 v 2

105 1045

110 1093 v 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/m?®] 11.6

Calculation

Usgo,under testing conditions:

P 9
Conversion to Usge,under standard basic reference atmosphere:
K¢ = 0.9853 = Uggopasicrer = 1098 kV

Calculation of Uggo,under testing condition:

. ki - U; Ui 9739
Up=>_ — = Usogcest :Z? = =1082kV

Usovtest = Usoogrest - (14 1.3+ 0.06) = 1082KkV - (1 +1.3-0.06) = 1167 kV

Conversion to Uggo,under standard basic reference atmosphere:

Kt = 0.9853 = U90%basicref = 1184 kV
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Calculation of Ujgo,under testing condition:
Uro%test = Usootest - (1 —1.3-0.06) = 1082kV - (1 —1.3:0.06) = 998kV
Conversion to Ujge,under standard basic reference atmosphere:

Kt == 09853 = UlO%basicref = 1013 k\/

6.5.5 Discussion of test results

As shown in section [0.5.4] in case of corona ring type 1 and switching impulse voltage, for
a swing angle of 0° a withstand voltage Ujgo,0f 1013kV has been measured under standard
basic reference atmosphere. In Table 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 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 I
# insulators = 16
corona ring type 2
Distance to guy wire a =2.70m
Up-and-down-method (11 enhancement, 5 flashovers)
Determination Usgo,-voltage, Ugge,-voltage and Uyge,-voltage
Classification of tower window in 6 areas

Photography of flashover (where does flashover occur?)

7

TEST 1
# insulators = 16
corona ring type 2
Distance to guy wire a =1.90m
Up-and-down-method (12 enhancement, 5 flashovers)
Determination Usgo,-voltage, Ugge,-voltage and Uyge,-voltage
Classification of tower window in 6 areas

Photography of flashover (where does flashover occur?)

Figure 6.19: Testing plan: Switching impulse voltage Tests — Corona ring type 2

6.6.1 Switching impulse voltage — Introduction Test Il (Corona ring type 2)

At the first experiment a swing angle of 0 ° has been simulated and a distance of 2.70 m between

corona ring and the lower guy wire has been measured. As mentioned before the main target

of this test was to determine the Usgy-voltage and the calculation of the Ugge,-voltage and

Uygo,-voltage, respectively.
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Results

Table [6.33] shows a summary of the results of the Introduction Test Il of corona ring type 2
using the up-and-down method.

Table 6.33: Summary of results: SI — Introduction Test Il (Corona ring type 2)

Switching impulse voltage - Introduction Test Il (Corona ring type 2)
Voltage level
Charging voltage | Load voltage | flashover -Area of fla-shover No flashover
[kV] [KV] in tower window
100 987
105 1036 v 2
100 990
105 1035
110 1088
115 1137 v 2
110 1089
115 1137 v
110 1089 Vv
105 1040
110 1090 v 2

Table shows the measured values of atmospheric conditions at the time of the Introduction
Test Il for corona ring type 2 using the up-and-down method.

Table 6.34: Atmospheric conditions at the time of SI — Introduction Test Il (Corona ring type 2)

Atmospheric conditions: Sl — Introduction Test Il (Corona ring type 2)
Temperature [°C] 26.0
Air pressure [mbar] 976.2
Air humidity [%] 51.5
Air humidity [g/m?] 10.8
Calculation

Usgo,under testing conditions:

. ki - U; U 11718
Up:Z In ! :>U5O%test=Z#=T=1065kv

Conversion to Uggo,under standard basic reference atmosphere:

K = 0.9671 = Usgopasicrer = 1102kV
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Calculation of Uggo,under testing condition:
Ugovtest = Usootest - (1 +1.3-0.06) = 1065kV - (1 +1.3:0.06) = 1148kV
Conversion to Uggo,under standard basic reference atmosphere:
Kt = 0.9671 = Uggopasicrer = 1187 kV
Calculation of Ujge,under testing condition:
Uro%test = Usootest - (1 —1.3-0.06) = 1065kV - (1 —1.3:0.06) = 982kV
Conversion to Ujge,under standard basic reference atmosphere:

Ky =0.9671 = UlO%basicref = 1016 kV

6.6.2 Switching impulse voltage — Test 1 (Corona ring type 2)

At this experiment a distance of 1.90 m between corona ring and the lower guy wire has been
simulated. As mentioned before the main target of this test was to determine the Usge,-voltage
and the calculation of the Ugge,-voltage and Ujge-voltage, respectively.

Results

Table 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
Charging voltage | Load voltage | flashover -Area of fla-shover No flashover

kV] [KV] in tower window

86 840

89 869 v 5

86 838

89 867 v 3

86 839

89 870

92 899 v 5

89 870

92 899 v 5

89 870

92 900

95 929 v 5
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Table 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/m?] 12.4

Calculation

Usgo,under testing conditions:

Ui=>" ki AU" = Usovptest = Z% = % = 874kV
Conversion to Uggo,under standard basic reference atmosphere:
Kt = 0.9594 = Usgopasicrer = 911 kV
Calculation of Ugge,under testing condition:
Usootest = Usooprest - (L+1.3-0.06) =874kV - (1+1.3-0.06) = 942kV
Conversion to Ugge,under standard basic reference atmosphere:
Kt = 0.9594 = Uggopasicrer = 982 kV
Calculation of Ujge,under testing condition:
Uro%test = Usooyrest - (1 —1.3-0.06) = 874kV - (1 —1.3-0.06) = 806 kV
Conversion to Uygo,under standard basic reference atmosphere:

Ke = 0.9594 = Usgoypasicrer = 840KV

Representing result

Figure shows a flashover 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 Uygo,0f 1016 KV has been measured under testing conditions. In
Table B: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 + 1050kV).
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6.7 Switching impulse voltage Tests — Rain Tests

The rain test as defined in [32] should simulate the effect of natural rain on external insulations.
To accomplish this effect the testing object must be sprayed with water, which has a defined
conductivity and temperature. The required conditions are specified 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]

Horizontal Vertical Water Specific
Parameter amount amount temperature resistance
[mm/min] [mm/min] [°C] [Q2m]
Required 1-2 1-2 ambient£15 100 £ 15
Measured 11 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 flashover 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.

A

= %
Raining device

T

»

Figure 6.21: Testing setup: Switching impulse voltage — Rain test
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RAIN TEST 1

# insulators = 16

e corona ring type 2

e swing angle = 0°

e Distance to guy wire a=2.70m

e Up-and-down-method (40 enhancement, 20 flashovers)

e Determination Uggy,-voltage, Ugge,-voltage and Upgo,-voltage
e (lassification of tower window in 6 areas

e Photography of flashover (where does flashover occur?)

7
RAIN TEST 2

e £ insulators = 16

e corona ring type 2

e Distance to guy wire a = 1.50m

e Up-and-down-method (21 enhancement, 11 flashovers)

e Determination Uggy,-voltage, Ugge,-voltage and Uqgo,-voltage
e (lassification of tower window in 6 areas

e Photography of flashover (where does flashover 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 first experiment a swing angle of 0 ° has been simulated and a distance of 2.70 m between
corona ring and the lower guy wire has been measured. As mentioned before the main target
of this test was to determine the Usge,-voltage and the calculation of the Ugge,-voltage and
Uygo,-voltage, respectively.

Results

Table 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.



Chapter 6: Measurements and calculations

102

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
Charging voltage | Load voltage | flashover -Area of fla-shover No flashover

[kV] [KV] in tower window

110 1088

115 1137 v

110 1088 v

105 1036

110 1085 v

105 1035 v

100 985 v

95 934

100 976

105 1034

110 1083 v 2

105 1037

110 1086 v 2

105 1037

110 1086 v

105 1037 v

100 987

105 1036 v 2

100 986

105 1035 v 2

100 985

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: Sl — Rain test 1 (Corona ring type 2)

Temperature [°C] 25.0
Air pressure [mbar] 974.6
Air humidity [%)] 63.1
Air humidity [g/m?®] 13.7
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Calculation

Usgo,under testing conditions:

us=>" ki ;)U" = Usgoprest = Z% = % = 1038kV
Conversion to Usge,under standard basic reference atmosphere:
Kt = 0.9887 = Usgopasicrer = 1050 kV
Calculation of Uggo,under testing condition:
Ugovtest = Usootest - (1 +1.3-0.06) = 1038kV - (1 +1.3:0.06) = 1119kV
Conversion to Uggo,under standard basic reference atmosphere:
Kt = 0.9887 = Uggopasicrer = 1132kV
Calculation of Ujge,under testing condition:
Uro%test = Usootest - (1 —1.3-0.06) = 1038kV - (1 —1.3:0.06) = 957 kV

Conversion to Uyge,under standard basic reference atmosphere:

Ky =0.9887 = UlO%basicref = 968 kV

Representing result

Figure [6.23] shows a flashover 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 first experiment a distance of 1.50 m between conductor and the lower guy wire has been
measured. As mentioned before the main target of this test was to determine the Uggo,-voltage
and the calculation of the Ugge,-voltage and Ujge-voltage, respectively.

Results

Table 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: S| — Rain test 2 (Corona ring type 2)

Switching impulse voltage — Rain test 2 (Corona ring type 2)
Voltage level
Charging voltage | Load voltage | flashover -Area of fla-shover No flashover
[kV] [kV] in tower window
83 814
86 843 v
83 814 v
80 785 v
77 748
80 785 v 5
7 750
80 780
83 810
86 839 v 5
83 815
86 844 v 5
83 814
86 843 v
83 814 v
80 780
83 811
86 840 v 5
83 817
86 846 v 5
83 810
86 839 v 5
83 811
86 840 v 5
Continued on next page
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Table 6.40 — continued from previous page

83 811

86 840 v 5
33 812

36 841 v 5
33 812

86 841 v

83 811 v

80 780

83 813

86 844

89 873 v

86 844 v

83 815 v

30 795

33 812

86 841 v 5

Table 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 S| — Rain test 2 (Corona ring type 2)

Atmospheric conditions: Sl — Rain test 2 (Corona ring type 2)
Temperature [°C] 21.0

Air pressure [mbar] 974.8
Air humidity [%)] 76.0

Air humidity [g/m?®] 13.8

Calculation

Usgo,under testing conditions:

« ki - Uj U, 32677
Up=>_ . :>U50%test:ZF:T:817kv
Conversion to Usge,under standard basic reference atmosphere:

K¢ = 0.9915 = Usgypasicrer = 824 kV

Calculation of Uggo,under testing condition:

Usovutest = Usoogrest - (1 +1.3-0.06) = 817kV - (1 +1.3-0.06) = 881 kV
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Conversion to Ugge,under standard basic reference atmosphere:
Kt = 0.9915 = Uggopasicrer = 888 kV
Calculation of Ujge,under testing condition:
Uro%test = Usoorest - (L —1.3-0.06) =817kV - (1 —1.3-0.06) = 753kV
Conversion to Ujgo,under standard basic reference atmosphere:

Kt = 0.9915 = Uigopasicrer = (60 kV

Representing result

Figure shows a flashover 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 Uyge,0f 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 |

# insulators = 16

No corona ring

Swing angle = 0°

Up-and-down-method (12 enhancement, 5 flashovers)

Determination Usgo,-voltage, Ugge,-voltage and Uyge,-voltage

Classification of tower window in 6 areas

Photography of flashover (where does flashover occur?)

7
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# insulators = 16

e No corona ring

TEST 1

e Distance to guy wire a =2.00m
e Up-and-down-method (8 enhancement, 5 flashovers)

e Determination Usggy,-voltage, Ugge,-voltage and Ujgo,-voltage
e (lassification of tower window in 6 areas

e Photography of flashover (where does flashover occur?)

Figure 6.26: Testing plan: Switching impulse voltage — Bare insulator string

6.8.1 Switching impulse voltage — Introduction Test | (Bare insulator string)

At the first experiment a swing angle of 0 ° has been simulated and a distance of 2.86 m between

conductor and the lower guy wire has been measured. As mentioned before the main target

of this test was to determine the Usgo,-voltage and the calculation of the Ugge,-voltage and

Uygo,-voltage, respectively.

Results

Table shows a summary of the results of the Introduction Test | of the bare insulator string
using the up-and-down method.

Table 6.42: Summary of results: SI — Introduction Test | (Bare insulator string)

Switching impulse voltage — Introduction Test | (Bare insulator string)
Voltage level
- Area of flashover
Charging voltage | Load voltage | flashover | ] No flashover
in tower window
[kv] [kv]
105 1036
110 1085 v 2
105 1036
110 1086
115 1138
120 1187 v
115 1137 v
110 1084
115 1133 v 2
Continued on next page
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Table 6.42 — continued from previous page

110 1085
115 1139
120 1188 v 2

Table shows the measured values of atmospheric conditions at the time of the Introduction
Test | of the bare insulator string using the up-and-down method.

Table 6.43: Atmospheric conditions at the time of S| — Introduction Test | (Bare insulator string)

Atmospheric conditions: Sl — Introduction Test | (Bare insulator string)
Temperature [°C] 25.0
Air pressure [mbar] 974.8
Air humidity [%] 59.4
Air humidity [g/m?®] 14.0
Calculation

Usgo,under testing conditions:

Us=>" ki ;7U" = Usgoprest = Z% = % = 1111kV
Conversion to Uggo,under standard basic reference atmosphere:
Kt = 0.9897 = Usgopasicrer = 1123kV
Calculation of Ugge,under testing condition:
Usootest = Usooprest -+ (L +1.3-0.06) = 1111kV - (14 1.3-0.06) = 1198kV
Conversion to Ugge,under standard basic reference atmosphere:
Kt = 0.9897 = Uggopasicrer = 1210kV
Calculation of Ujge,under testing condition:
Uio%test = Usgorest - (1 —1.3-0.06) = 1111kV - (1 —1.3-0.06) = 1025kV

Conversion to Uqgeunder standard basic reference atmosphere:

K: = 0.9897 = Uiy pasicrer = 1035 kV

Representing result

Figure shows a flashover along the insulator during Switching impulse voltage — Introduction
Test I.
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Figure 6.27: Flashover over the insulator string: S| — Introduction Test | (Bare insulator string)

6.8.2 Switching impulse voltage — Test 1 (Bare insulator string)

At this experiment a distance of 2.00 m between conductor and the lower guy wire has been
simulated. As mentioned before the main target of this test was to determine the Usgo,-voltage
and the calculation of the Ugge,-voltage and Ujge-voltage, respectively.

Results

Table 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

Area of flashover

Charging voltage | Load voltage | flashover | _ . No flashover
in tower window
[kV] [kV]
98 966 v
101 995 v 5
98 966 v

Continued on next page
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Table 6.44 — continued from previous page

101 995 v 5
98 966 v 5
95 935

98 966 v

95 935 v

Table 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: S| — Test 1 (Bare insulator string)
Temperature [°C] 25.0

Air pressure [mbar] 947.7
Air humidity [%] 59.7

Air humidity [g/m?] 13.9

Calculation

Usgo,under testing conditions:

. ki - U; Ui 7724
Up=>" — ’;»U5o%test=27’:7:966kv

Conversion to Uggo,under standard basic reference atmosphere:

Kt = 0.9810 = Usgopasicrer = 984 kV
Calculation of Ugge,under testing condition:
Uso%test = Usovtest - (1 +1.3-0.06) =966 kV - (1 +1.3-0.06) = 1041 kV
Conversion to Uggo,under standard basic reference atmosphere:
Kt = 0.9810 = Uggoypasicrer = 1061 kV
Calculation of Ujge,under testing condition:
Uro%test = Usootest - (1 —1.3-0.06) = 966 kV - (1 —1.3-0.06) = 890kV
Conversion to Ujgo,under standard basic reference atmosphere:

Ki = 0.9897 = Uy goypasicrer = 907 kV

Representing result

Figure |6.28| shows a flashover to the lower guy wire during Switching impulse voltage — Test 1.
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Figure 6.28: Flashover to the lower guy wire: S| — 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 Uyge,0f 1035 KV has been measured under testing conditions. In
Table B.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 + 1050kV). In comparison with the measured value using corona ring type
2 (1016 kV), this value is higher, which can be explained by the influence of the electrical field
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 Ugge,-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 Usgoy,-withstand voltage
of 1516 kV and corona ring type 2 a Usqgo,-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 (2.73 m for type 1; 2.60 m for type 2) and the correct altitude factor
K, from Table [2.2) the gap factor K for the insulator string can be calculated using Equation
and (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 [2I][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 Gap factor Gap factor
TU Graz Standard'? Literature3*
1 1.052
1.07 (1.12) 0.96 (1.30)3; 1.10*
2 1.081

! Standard EN 50341 - Part 1 [16]
2 Standard IEC 60071 - Part 2 [21]
3 See [27]
* 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 configuration conductor - tower window can be chosen, for the insulator string two
value are possible. On the one hand the value for the configuration 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 , 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 flashover occurence inside the tower window. These results are the basis for
the calculation of the gap factor of the air gap. Table shows a summary of the percentage
of flashover 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 = Ugge, = 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)

Percentage of flashovers

Distance conductor — guy wire [m]

Insulator string Lower guy wire
2.35 0% 100%
2.44 20% 80 %
2.50 70% 30%
2.60 100 % 0%

Table shows a summary of percentage of flashover occurrence inside the tower window for
the lightning impulse voltage tests of corona ring type 1 using a damper loop (chosen testing

voltage U = Uggy, = 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

Percentage of flashovers

— guy wire [m]

Insulator string

Lower guy wire

2.45 2.27 0% 100 %
2.60 2.40 85 % 15%
2.63 2.45 45 % 55%

Table shows a summary of percentage of flashover occurrence inside the tower window for
the lightning impulse voltage tests of corona ring type 2 (chosen testing voltage U = Uggy, =
1519kV).

For the calculation of the gap factor for the air gap, the distance of the 50%-flashover occurrence
along the insulator and the 50%-flashover occurrence to the guy wire is needed, because thereby
the Uggo,-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

Percentage of flashovers

Distance conductor — guy wire [m]

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 flashovers in air, flashovers
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 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 . 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 %)°® fit 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.

99.999

99.99

99.9

99 +

90

70
50
30

10

Probability in % (Gaussian distribution)

0.01 +

0.001

Distance in m

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 Usgey,-withstand voltage can be determined by an
interpolation of the striking distance based on the determined percentages of flashovers. As
shown in Table a difference of 50 % of the flashovers is adequate to a distance of 0.06 m
which means that a difference of 10% is equivalent to 0.012m. Due to these considerations

'

the missing distance for the Ugge,-withstand voltage of the air gap can be calculated. As it can
be seen in Figure[7.1] the calculated interpolated value of 2.476 m (see also Table[7.5)) fits 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 of the insulator string and the air
gap (including the calculated values Ky for the insulator string, see Table , the unknown
gap factor Ky of the air gap can be calculated. Table 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

Gap factor —
Standard®”’

Gap factor —
Test TU Graz

Type of Corona ring Interpolation

striking distance

in [m]
2.476 1.15
1.07
2 2.317 1.21

® 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 Tablethe minimum required
distances can be calculated using Equation . A comparison of these values and the results
based on the given values in the standard [2I][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 Nr. of Shortest Required Required Empirical
Corona insulator striking distances — distances — distance —
ring caps distance in | Test TU Graz Standard Standard

[m] [m] [m]®° [m]*°
1 17 2.73 2.51 2.74 (2.87)
2 17 2.73 2.45 2.74 (2.87) 2.80
2 17 2.60 2.34 2.62 (2.74)

8 Standard EN 50341 - Part 1 [16]
° Standard IEC 60071 - Part 2 [21]
10 Standard EN 50341 - Part 1 [16] (see also Table
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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 Ugge,-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 Usge,-withstand
voltage of 1098 kV under standard basic reference condition and corona ring type 2 a Uggo-
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;
2.60 m for type 2) and the correct altitude factor K, from Table , the gap factor K for the
insulator string can be calculated using Equation and (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][L16] (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 — Gap factor —
Test TU Graz Standard!!-12
1 1.26
1.25 (1.45)
2 1.31

1 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 configuration conductor - tower window
can be chosen, for the insulator string two value are possible. On the one hand the value for the
configuration conductor - tower window (Kg = 1.25) and on the other hand for the conductor
- tower construction (Kgy = 1.45) can be chosen.

Table shows a summary of the Usgo,- , Ugge,- and Uyge,-voltages under testing conditions
for the switching impulse voltage tests of corona ring type 1. Table shows a summary of
the same values under standard basic reference atmosphere.

Table [7.10] shows a summary of the Usge,- , Ugge,- and Uyge,-voltages under testing conditions
for the dry tests with switching impulse voltage of corona ring type 2. Table shows a
summary of the same values under standard basic reference atmosphere.

Table shows a summary of the Ugsgo,-, Uggey- and Upge,-voltages for the rain tests with
switching impulse voltage of corona ring type 2. Table shows a summary of the same
values under standard basic reference atmosphere.
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Table 7.8: Results under testing conditions: S| — Tests (Corona ring type 1)

Switching impulse voltage Tests — Corona ring type 1

Shortest striking

U50% (testing

Ugo% (testing

UlO% (testing

distance in [m] conditions) conditions) 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: S| — Tests (Corona ring type 1)

Switching impulse voltage Tests — Corona ring type 1

Shortest striking

U50% (s.b.r.a.)13

Ugo%(s.b.r.a.)13

Ulo%(s.b.r.a.)13

distance in [m] [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

135, b. r. a. = standard basic reference atmosphere

Table 7.10: Results under testing conditions: S| — Tests dry (Corona ring type 2)

Switching impulse voltage Tests (dry) — Corona ring type 2

Shortest striking

U50% (testing

Ugo% (testing

UlO% (testing

distance in [m] conditions) conditions) 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: Sl — Tests dry (Corona ring type

2)

Switching impulse voltage Tests (dry) — Corona ring type 2

Shortest striking

U50% (s.b.r.a.)14

Ugo%(s.b.r.a.)14

Ulo%(s.b.r.a.)14

distance in [m] [kV] [kV] [kV]
1.90 911 982 840
2.60 (swing angle=0°) 1102 1187 1016

%5 b. r. a. = standard basic reference atmosphere
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Using the results of the Usgo;-withstand voltage in Table[7.9] Table[7.11]and Table [7.13] (except
of the results for a swing angle of 0°), Equation and as well as the correct altitude
factor K3, the gap factor Ky for the air gap can be calculated. Table 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 Usqgo,-withstand voltage of 780.9kV (demand by Statnett
SF) can be reduced from 1.70 m to 1.36 m, which is a reduction of 20 %. For switching impulse
tests using no corona ring a Usge,-voltage of 1111 kV has been calculated in case of a swing angle
of 0° and for a distance of 2.00 m between conductor and the lower guy wire a Ugge,-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 Usoo, (testing Uggo, (testing Uiqo, (testing
distance in [m] conditions) conditions) 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: S| — Rain Tests (Corona ring type

2)
Switching impulse voltage Tests (rain) — Corona ring type 2
Shortest striking Usgo, (s-b.r.a.)'® | Ugpoy(s.b.ra.)'® | Ujgy(s.b.r.a.)!®
distance in [m] [kV] [kV] [kV]
1.50 824 888 760
2.60 (swing angle=0°) 1050 1132 968

155 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 Gap factor — Gap factor —
distance in [m] Test TU Graz Standard'®!’
1 1.55 1.50
1 1.40 1.48 1.25
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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Conclusion

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 influenced 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 influences
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 300kV 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 affected
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 specific testing plan has been developed, which covers swing angles respectively distances
occurring on-site in Norway on the one hand and an efficient 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 affected suspension tower has been
developed and constructed and impulse voltage tests have been carried out for several defined
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. € [11I]. Furthermore, the outcome of these
investigations have been published and presented at several conferences [35][36][37].

8.4 OQutlook

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 influence of the damper loop to the gap factors as well as the evaluation of the interpolated
striking distance of the Usgo,-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 influence of ice and wind load and on the other hand for
additional tests of the insulator string and corona rings.
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Appendix

The appendix consist of the following datasheets:

e 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

123
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