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Foreword

It is a great honour to be asked by the authors to prepare a foreword to this book on
overhead lines.

Electricity has been used as a major energy source since the late 19*" century. In 1891,
three-phase alternating current transmission started, when a 175 km long line was com-
missioned to supply electricity to an international electrical engineering exhibition held
in Frankfurt am Main (Germany). Since electric energy cannot be stored, generation
in power plants and consumption need to be permanently balanced requiring powerful
transmission systems. Such systems were installed in many parts of the world in the
20" century utilising step by step rising voltages. The 110 kV voltage was used in
Germany in 1912; lines adopting 220 kV were opened there in 1929; in 1952, 400 kV
transmission started in Sweden; the first 750 kV line was installed in Canada in 1965
and a 1200 kV line in the former Soviet Union in 1985.

Even in developing countries such as South Africa, electric streetlights were used in
Kimberly already in 1882, a time when London still relied on gas. As in other parts of the
world, industrial development such as mining activities, resulted in many independent
power producers being formed to supply small networks in South Africa. Transmission
voltages of up to 44 kV were used in the 1930’s. As development grew, it became
apparent that it was more cost effective to transmit energy over long distances in the
form of electricity than to transport coal or gas and generate at the load. This led to
developments of higher and higher voltages generally 275 kV in the 1950’s, 400 kV in
the 1960’s and 765 kV in the 1980’s.

Transmission lines form the backbones in power networks, being the installations which
transmit power over long distances. They are the most valuable constituents of the net-
work often costing as much as or more than an entire substation. In addition, lines are
uniquely designed for every application. Other devices such as breakers and transform-
ers can be standardized to a large extent. Each line has a different number of towers,
foundation types and unique problems that need to be solved. Lines are installations
that can be tailor made to the requirements on the individual network. Thus, specific
conductor, tower and foundation combinations can be used to provide for the optimum
impedance and power transfer characteristics of the line. The lines determine the power
flow and influence the ability to control the network under normal and emergency con-
ditions. Thus, designing and installing incorrect lines can have serious impacts on the
viability of the network. In the deregulated environment, this is even more important
and inappropriate designs can affect trading ability as well as economic profitability of
asset owners and traders.

It could be argued that overhead transmission lines are but one solution to transmit
power over long distances, the other being underground cables. However, overhead lines
have distinct advantages over cables. The costs of cables vary between three and ten
times the costs of overhead lines, the higher ratios being found at higher voltages.
Overhead lines are a lot more forgiving when it comes to overloading than cables. In
most cases, the integrity of a line is not at all affected with short-term overloads and
catastrophic failures are extremely rare. Line damage can be more easily discovered
and repaired rapidly, e. g. with emergency structures being put in place. Transmission
lines can be altered in situ to accommodate the change in requirements of the network
being especially important in the light of the deregulation of the industry and power
trading. On the other hand, an overhead line could be a fragile system constituent
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where one failed joint or such a component would render ineffective the entire line,
stretching over many kilometres. This is why line operation and maintenance practices
are so important to the integrity of systems and gain growing significance in ageing
networks.

A line is thus the result of solving a complex combination of mechanical, electrical and
civil design, construction, operation and maintenance issues. As such, there are very few
persons who are knowledgeable in the entire ambit of line design and implementation.
This new book covers all aspects of overhead line planning, design, construction, oper-
ation and maintenance and allows engineers to understand the complexity as well as
the interdependence between its components. An example is that in order to improve
the power transfer ability of a line, phases may need to be brought closer together.
This impacts the tower and foundation loading as well as the corona inception voltage
etc. Exactly how and to what extent the one option affects the other components takes
long periods of study to determine. The book has been written pursuing a three step
procedure, with the theory been dealt with initially and followed then by the main com-
ponents. The third area covers the planning, construction, operation and maintenance
of specific lines.

The study of all aspects of transmission lines has been the subject of International
Council on Large Electric Systems (Cigré) for many years. In the 1960’s, the Study
Committee SC22 was formed devoted entirely to the study of all aspects of transmis-
sion lines. Over the years, SC22 has presented papers in the open sessions, developed
and published reports in Electra as well as numerous brochures. These formed the basis
for preparing the book together with standards from IEC and CENELEC. The authors
have participated and contributed actively in Cigré for many years. They have been
recognised as experts in their fields by being appointed in some cases as Special Re-
porters on more than one occasion. The book can, therefore, be considered a result of
SC22’s activities as well.

To my knowledge, there is no book on the market that so comprehensively covers all
aspects relating to overhead lincs. In this regard, this book is a must for all design,
maintenance and construction engineers that are in any way linked to overhead lines.

With more than two billion people still not having access to electricity in the world, the
need for optimum line design, construction and maintenance practices will continue if
not increase. The need for sharing the expert knowledge, as is to be found in this book,
is thus critical for sustainable development in the future.

Therefore, I would like to thank the authors for their efforts to gather all the details
and preparc the text for printing. I hope and wish that the book will be well received
by the overhead power line community.

Johannesburg, Robert Stephen
September 2002 Chairman of Cigré Study Committee “Transmission Lines”



Preface

Overhead transmission lines are the highways to transport electric energy within power
supply systems, which have extended across national borders already for a long while.
With the expansion of economic regions beyond national borders, the conditions were
established for long distance transport of electric energy and, therefore, for liberalization
of the electric energy market. Overhead transmission lines are very long lasting assets
that require long-term investment of a large amount of money. Electric power supply
systems have reached an outstanding technical status in the industrialized countries
guaranteeing supply of electric energy with very high reliability. This is not the case in
all parts of the world. In some countries, many inhabitants do not have any access to
reliable electric energy. There, electric supply networks will be installed or improved in
the near future and new overhead lines constructed as well. Raising the supply quality
requires the reliability of overhead power lines to be increased further.

The transition from smaller regional to larger national and international economic en-
tities is described by the term of globalization. This trend also has led to new and
bigger organisational units within the electric power industry as well as to modified
targets and, as a consequence, also to the adjustment of international technical stip-
ulations and of standards resulting thereof. These new stipulations comply also with
the requirement on elimination of trading restrictions within the enlarged economic re-
gion. European and international standards have been introduced. Nationally oriented
engineering practices will be replaced by more and more internationally adopted en-
gineering solutions. The consumers, especially those from producing industries, expect
from more liberalization and globalization of the electric energy market in addition to
economic advantages an enhanced reliability of supply, an expectation which requires
to increase further the reliability of overhead power lines.

Politics have become increasing influence through approval of rights-of-way and by
establishing many stipulations and requirements, e. g. concerning environmental pro-
tection.

The basic elements of overhead power lines technology have been known for many years
and can be considered to a high extent as mature. Technological progress, therefore, is
achieved in small steps. Overhead power lines technology has been continuously devel-
oping, e. g. to adjust the line design to restrictedly available rights-of-way and to the
limited environmental resources, to take efficiently care of the interdependence with en-
vironment and landscape and to transport the electric energy at lower costs. Economical
solutions are of paramount interest for further development, since the costs for energy
transport are a considerable share of the total expenditures for energy. Many existing
overhead line installations have reached an age of 50 years and more and, therefore, are
approaching their economic and technical lifetime. Many overhead line operators are
developing strategies for maintenance with the target to extend the operational life of a
line depending on its condition. Investments will be necessary for replacement, when an
increased transmission capability is stipulated. Many lines designed and constructed in
the past become much more important and require an increased reliability now. These
requirements should be met without the need of additional rights-of-way.

Standard EN 50 341-1 sets general requirements and EN 50 341-3 contains supplemen-
tal National Normative Aspects for many European countries, which take care of any
climatic conditions within these countries. Through the introduction of the new stan-
dards, the basis of design and verification for all aspects and steps in overhead line
planning and construction have changed throughout Europe. For many years, stan-
dards for overhead line components have been based on international rules prepared by
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the International Electrotechnical Commission (IEC), e. g. for insulators. This situation
has applied increasingly to all other components of overhead lines such as conductors,
fittings, vibration dampers and supports. Design and construction procedures require
the responsibility of line owners and contractors concerning stipulations for individual
lines, €. g. regarding the climatic loads. A wider background knowledge is, therefore,
necessary for the application of the new standards.

The new international standards and technological innovations in the overhead line
subject are the result of a long period of developments within international technical
committees such as the International Council on Large Electric Systems (Cigré) and the
International Electrotechnical Commission (IEC). Some important innovations should
be mentioned, such as: The introduction of Flexible Alternating Current Transmission
Systems (FACTS), the replacement of conventional earth wires by optical ground wires,
an increasing utilization of existing conductors by innovative real-time monitoring of
climatic data, the more precise design of supports by means of computer-based pro-
cedures and the survey of overhead lines using global positioning systems and laser
scanning and the use of modern diagnostic tools for maintenance. More capable ma-
chinery for the installation of foundations and for stringing of conductors is increasingly
adopted for overhead line construction. Scientific research has expanded the knowledge
on climatic processes and effects which nowadays are predominantly described by prob-
abilistic methods.

This publication “Overhead Power Lines” is based on the 5™ and completely revised
German edition with the title “Freileitungen” published by the authors F. Kiefiling, P.
Nefzger and U. Kaintzyk in the autumn 2001. The latter describes the further developed
technical rules and current legal basis for overhead line planning by using examples
from Central Europe in particular. Current developments from South America and
applications to the 500 kV voltage level not used in Europe so far were added by J.
F. Nolasco acting as additional co-author. Therefore, the English edition of the book
considers the changing economic and technical environment of the overhead power line
business from an international perspective.

The book is designed as a reference and a documentation of the current engineering
state of the art of overhead power lines. It also presents the basic ideas for technical
stipulations and designs. It intends to introduce students and beginners employed by
overhead line operators, contractors and consulting companies into the subject and
should assist those active in the business to carry out their daily tasks. The book is
further addressed to all people involved in the electric energy supply industry who are
not daily confronted with overhead line issues.

The overhead line business comprises many engineering subjects and detailed questions
which are discussed in many publications. The volume of the book did not allow all
details to be tackled very deeply. Concerning special aspects, the reader is referred to
the quoted references. The selected examples reflect in particular international develop-
ments and their publication within Cigré in addition to the well documented overhead
line engineering in Central Europe.

The draft of a such an extensive reference book cannot be prepared without finan-
cial sponsoring by entities interested in the subject. Therefore, the authors would like
to thank Siemens AG, Power Transmission and Distribution Group, and RWE Net
AG for their generous fundings. In addition, the companies Richard Bergner GmbH,
Schwabach, Germany, and Pfleiderer Verkehrstechnik, Neumarkt, Germany, supported
the preparation and layout of the book. Many experts active in the overhead line sub-
ject prepared contributions for detailed clauses and checked the completeness of the
draft. In an alphabetic series, there should be mentioned R. P. Guimaraes, Belo Hori-
zonte, Eng. Hildebrando, Belo Horizonte, W. P. Johnson, P. Eng., Vancouver, Dipl.-Ing.
C. Jirdens, Dortmund, Dipl.-Ing. R. Kliegel, Erlangen, Dipl.-Ing. H. Lorenz, Erlangen,
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Dipl.-Ing. D. Lutter, Neumarkt, Dr.-Ing. L. Mdcks, Schwabach, Dipl.-Ing. H. Schramm,
Erlangen, Dr.-Ing. J. Seifert, Wunsiedel and H. Veith, Erlangen. The authors and the
publisher would like to thank them at this opportunity for their valuable contributions.
H. Stéver and M. Schwarz prepared the desktop draft for printing and were responsible
for the figures. The authors would like to acknowledge their remarkable efforts. The
publisher came to meet with the authors concerning the volume and the arrangement
of the book generously.

The authors would like to ask all the readers to advise them on mistakes which they
will surely find in the book and to stimulate further additions and updates.

Erlangen, Hannover, Belo Horizonte Friedrich Kieflling
October 2002 Peter Nefzger
Joao F. Nolasco

Ulf Kaintzyk
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1 Overall planning

1.0 Symbols

Symbols Signification

Apy Aluminium cross section of the conductor
Iac, Inc Current of AC or DC line

Ksc Investment of a double circuit overhead line
Kic Investment of a single circuit overhead line
Kac Investment of a four-circuit overhead line
Ny Number of subconductors per bundle

Un Rated voltage

Uac, Upc Voltage of an AC or DC line

Pac Power of a three-phase AC line

Ppc Power of a DC bipolar line

§ Power angle

1.1 Development stages of a transmission project

Overhead transmission of electric power has been along the years and will still continue
one of the most important elements of today’s electric power systems. Power transmis-
sion from generating stations to industrial sites and to substations is the fundamental
object of the transmission systems. This function is accomplished by overhead trans-
mission lines that connect the power plants into the transmission network, interconnect
various areas of transmission networks, interconnect one electric utility with another,
or deliver the electric power from various areas within the transmission network to the
distribution substations, from which the distribution systems supply residential and
commercial consumers.
The planning studies take a leading role in the definition of an electric system or in its
expansion. Due to the several variables involved in the process, the planning activities
have to start several years before a new installation or an expansion of an existing one
is planned to be implemented.
So, a transmission line project may be considered as being initiated with some planning
activities long before its execution can be started. Several stages are usually necessary
inside a power utility before a new transmission system from its conception until its
completion is energized. The conception of a transmission line and of the associated
substations starts in the long-term planning with initial system evaluations and contin-
ues with further steps of medium-term planning and finally with the detailed definition
of the line and then the granting of operation licence and approval.
For completing the preliminary studies of a new line, some complementary studies of
performance assessment are carried out such as (see [1.1, 1.2, 1.3]):

— Reactive compensation needs,

— Load flows and stability,

— Transposition needs,
Switching surge overvoltages and

— Reliability evaluation.
Finally, the line owner proceeds to the line basic design and then the detailed design,
with all associated activities. The last stages consist in establishing the rights-of-way,
performing and approving environmental impact studies and providing indemnification
to the landowners affected by the new line in order to obtain their agreement. Only



2 1 Overall planning

Table 1.1: Classification of transmission planning

Long-term Medium-term

Operation (short-term)

planning planning planning
Horizon (vears) 15 10 3
Problems to be  required power, required power, required power,
considered overloads, overloads, overloads,
stability. stability, stability,

voltage levels,
short circuit.

voltage levels,
short circuit.

Parameters to
be defined

capacity (ratings),  capacity (ratings).

voltage levels, losses,

terminal areas, operative voltages,

approximate vears. terminal substations,
years of operation.

list of operational
constrains,

needs to uprate or
upgrade lines,
anticipating of
programmed facilities.
interconnected
system.

area or supply
region.

Model size utility system.

then survey and construction can legally be started and carried out until completion.
The commissioning of the line and start-up of operation ends the process.

1.2 Transmission planning

1.2.1 Objective

The transmission planning is purposed to define a transmission system or its expansions
so0 as to comply with the electric energy demand at specified quality and reliability crite-
ria at a minimum cost. The characteristics of the planning process should be continuous
as every plan represents a set of existing perspectives at the moment as far as future
evolution is concerned. Beside that the process has an interactive structure because the
medium-term needs of a system have to be fulfilled so as to make an optimized future
evolution possible.

1.2.2 Planning stages

Table 1.1 shows a swnmary of the different kinds of planning and the main variables
that are defined in each of them. It should be emphasized that the definition of planning
stages is somehow arbitrary and can vary according to reality of each system, utility
or transmission operator.

Long-term planning

Long-term planning is an important tool inside a power utility as it defines the basic
future structure of an electric system, including transmission links. It comprises a long-
term horizon for the system planning in the range of 15 to 30 years.

The long-term planning allows identifying the main variables of system development,
the expected composition of the generating plants and the needs of introducing new
transmission backbones and of developing new technologies. This planning should be
dynamic and should be subjected to revisions when significant changes occur in the
strategic or macroeconomic variables. Deregulation and restructuring of the clectric
cnergy industry make long-term planning more difficult (see [1.4]).

Medium-term planning
Medium-term planning comprising a target horizon in the range of 10 to 15 years
usually defines basic characteristics of a system such as voltages, main transmission
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lines and substations. A reference cxpansion program is established, depending upon
complementary studies for some areas or specified links.

As in the preceding case, such planning should be continuously revised depending on
the variations that can occur in the economic environment, the energy market, energy
industry or in the generation program.

Operation or short-term planning

Operation or short-term planning is a continuous operational tool that a utility or any
system owner should manage in order to keep the quality of the energy supply inside
the requirements of the consumers or according to the contracts of public or private
service. Therefore, the horizon to be analysed is usually below three years and urgent
requirements of the system are established, such as anticipation of operation dates of
new facilities, needs to uprate or upgrade existing lines etc.

1.2.3 Planning aspects regarding transmission lines

Answers should be obtained from planning studies to the following questions:

~ When a new transmission line or the uprating or upgrading of existing lines will
be required?

— Where is it required and what quality of supply or reliability is required?

— What normal and emergency ratings are required?

~ What type of transmission should be used? Overhead lines or underground cables,
DC or AC lines?

— What voltage and how many circuits will be needed?

1.3 Planning methods

1.3.1 Data acquisition and preparation

Market forecast
The period of time required to obtain sites for constructing new power plants as well as
new substations and overhead lines varies from three to ten or more years. These long
lead times require that decisions need to be made based on long-term load forecasts.
Welfare and progress of a modern society depend so heavily on the availability of
electric energy that a utility has to ascertain that sufficient generating capacity will
be available at the required sites when the clients need it. So a good market forecast
should establish:

— Total energy market and load distribution at busbars,

— Reactive power requirements (not required in long-term studies) (see [1.1]).

Generation
Regarding the generating capacity of a utility, long- and medium-term studies should
establish:

— List of power plants considered inside the study horizon,

— Number of generating units, their ratings and operational limits,

— Active power to be supplied by every machine,

— Rotating reserves and units at maintenance or at stand-still and

— Power interchange among companies or regions.

Existing network and preferential characteristics
Other data to be gathered include:
— Configuration and general characteristics of the existing system,
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— Preferential line routes, considering availability, investments and environmental
impacts and

— Preferential characteristics: Voltages, frequencies, type of transmission, parame-
ters.

1.3.2 Formulation and preselection of alternatives

Alternatives for expansion of a transmission system inside the horizon of the study
under consideration are brought about as far as boosting or reinforcement of the existing
system is concerned. A simplified technical and economical evaluation of the alternatives
for the horizon covered by the investigation is carried out to reduce the number of
alternatives to be detailed and to preselect most promising alternatives.

1.3.3 Electrical studies

The basic electric design of an AC system involves the following electrical studies or
definitions:

— Power flow requirements,

— System stability and dynamic performance,

— Selection of voltage level and optimization studies,,

— Voltage and reactive power flow control,

— Conductor selection,

— Losses,

—~ Corona performance (audible, radio and television noise),

— Electromagnetic field effects,

— Reliability evaluation,

— Insulation and overvoltage design,

— Switching arrangements,

— Circuit breaker duties and

— Short circuit and protective relaying.

1.3.4 Economic studies and final evaluation

The preselected alternatives that satisfied the basic electric criteria are evaluated in
cost and the present worth of investment and annual losses is determined in order to
obtain the most economical alternatives.
A final study of economic feasibility and a sensitivity analysis are carried out on the
preselected alternatives, taking into account a cost-benefit evaluation comprising:

— Investment,

— Maintenance,

— Availability of energy,
Load market and revenues and
— Losses and reliability benefits.

Finally, the optimum alternative is selected based not only on technical and economic
analysis but often considering also subjective points such as experience of the utility,
local standards, availability of spare parts etc. (see also [1.5]).

1.4 Planning criteria

1.4.1 General

One of the basic criteria that should be established in a system planning is that no
load can be lost under occurrence of a simple contingency in the system being studied
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or in another neighbouring interconnected system. It should be differentiated between
steady-state and transient conditions of a system, when designing it.

1.4.2 Criteria for steady-state conditions

The system should be tested for heavy-load and light-load conditions and should sup-
port the non-simultaneous outage of any one of its components what is known as the
(n—1) criterion.
The first and more important study to be carried out is the execution of load flow runs
that are performed to evaluate voltages on the bus bars, loads in transmission lines and
transformers and losses. The usual ranges of the relevant parameters are:
— woltage range: between 0,95 and 1,05 p.u.,
— transformer loads:
— Normal conditions: no overload,
— Loss of a transmission line or generator unit: 20 % overload,
— Loss of a transformer: 40 % overload.

1.4.3 Criteria for temporary and transient conditions

Stability
System stability is required under any load condition in case of phase to ground short
circuit without reclosing, considering the loss of one of the system components.

Overvoltages
Temporary overvoltages should not cause damage to any system equipment. The follow-
ing cases are analysed: load rejection, unbalanced fault, closing operations, line dropping
and load switching.
The maximum allowable temporary overvoltages are in the ranges of:

— 140 % in points with saturable equipment and

— 150 % in other points.

Short circuit
Short circuit powers and currents have to be assessed as accurately as possible in order
to prevent exceeding the equipment capacity of the system and installations.

1.5 Evolution and selection of voltage levels

1.5.1 Evolution of transmission voltages

In 1891, Oskar von Miller built the first three-phase transmission line between Lauffen
and Frankfurt in Germany on the occasion of inauguration of an electrotechnical ex-
hibition. A power of about 200 kW was transmitted by a 175 km long 15 kV line at
40 Hz [1.6, 1.7].
Figure 1.1 shows the evolution of voltage levels. Some important milestones can be
mentioned:
— 1891: first three-phase transmission between Lauffen and Frankfurt, in Germany;
— 1911: 110 kV transmission line between Lauchhammer and Riesa, in Germany;
— 1929: 220 kV transmission between Brauweiler and Hoheneck, in Germany;
— 1932: 287 kV transmission between Boulder dam and Los Angeles, in USA;
— 1952: 380 kV transmission between Harspranget and Halsberg, in Sweden;
1965: 725 kV transmission between Manicouagan and Montreal, in Canada;
— 1985: 1200 kV transmission between Ekibastuz and Kokchetav, in the former
Soviet Union.

|
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According to EN 60071 [1.8] and general use, the following woltage classification is
considered:

— Below 1 kV: Low Voltage (LV),

— Between 1 kV and 45 kV: Medium Voltage (MV),

— Between 45 kV and 300 kV: High Voltage (HV),

— Between 300 kV and 750 kV: Ezxtra-High Voltage (EHV),

— Above 800 kV: Ultra-High Voltage (UHV).
While in Central and West Europe the highest operating transmission voltage is 400 kV,
as shown above, 500 kV and 800 kV have been extensively used in other countries of
the world, as in Canada, China, USA, Brazil, Russia, South Africa and India. The
transmission voltage 1200 kV has been used in the former Soviet Union and today in
Kasachstan, while in Japan transmission lines with that voltage are under construction
[1.9]. There are presently no plans for AC transmissions with voltages above 1200 kV.

1.5.2 Introduction of transmission voltages

The transmission lines are the connecting links between the generating station and the
distribution systems, as well as links between transmission systems. The distribution
systems supply individual consumers or localities. The voltage levels of transmission
lines, cither overhead or cables, are sclected according to the power to be transmitted
to a certain area or supplied to a consumer.

The advantage of higher levels of transmission line voltage clearly appears when con-
sideration is given to the transmitting capability of a line, which increases with the
square of the voltage.

Table 1.2 shows the voltage levels according to [1.10]. The voltages in the range of 2
to 30 kV are predominantly used for supply of distribution loads until around 10 MVA
for one circuit. The range between 60 to 145 kV is especially appropriate for regional
transmission or for the supply of large individual consumers, as well as for carrying
power from medium-size power plants. The upper power capacity of such voltage levels
is around 100 to 150 MVA per circuit.

The voltage levels from 145 to 300 kV are considered as intermediate transmission links
and are extensively used for interconnecting regional systems in areas with high-load
concentration. Furthermore, they are also used for transmitting medium-size powers
(range of 150 to about 400 MVA) for relatively long distances, especially in large-size
countries, like in USA, Canada, Russia and large countries in South America and Asia.
Voltages of 380, 500 and 765 kV are extra-high voltage (EHV) with an alrcady extensive
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Table 1.2: Nominal voltages
and corresponding highest system 2000
voltages according to IEC 60038 Mw
Nominal ~ Highest system 1000
voltage voltage
(kV) (kV) 400
3 3,6
10 % g
15 17,5 § 200
20 24 5
30 36 2 100
45 52 &
50 72,5
60 72,5 50
63 72,5
66 72,5
70 82,5 20
90 100 110 kV
110 123 10
132 145 10 20 50 100 200 km 500
150 170 Length ————=
ggg 2255 Figure 1.2: Voltage selection for transmission
275 300 of electric energy
380 420
400 420
480 525
700 765

Table 1.3: Electric characteristics of AC lines

Rated voltage kV 20 110 220 380 500 750
Highest operation voltage in kV. 24 123 245 420 525 765
Rated aluminum area in mm? 50 230 435 Bundle Bundle Bundle
2x572 3 x483 4 x658
Conductor diameter in mm 96 21,6 28,8 2x329 3x296 4x352
Steady state current (at 80°C
conductor temperature) in A 210 630 900 2100 2850 4380
Thermal limit power in MVA 7 120 340 1380 2470 5690
Surge impedance in Q 400 375 365 284 276 259
Surge impedance load in MW — 32 135 500 910 2170

use for transmitting high blocks of power, ranging from 500 until 4000 MVA per circuit,
as well as for interconnecting grids. Besides the voltages standardized by IEC, the
nominal voltage 500 kV, having the highest system voltage 550 kV has a widespread
use in several countries.

Standards IEC 60038 [1.10] and IEC 60071-1 [1.8] establish two ranges of standard
voltages (see Table 1.2), namely

— Range I : highest operating voltage between 1 and 245 kV;

— Range II: highest operating voltages between 300 and 765 kV (see also [1.11]).
The ultra-high voltages (UHV) as established and preliminarily studied in [1.12] are
in the range of 800 to 1500 kV. For supply of the great metropolis of Tokyo in Japan
a 1100 kV grid is being constructed and will start operation between 2003 and 2005
[1.13], while in Russia a 1200 kV 2500 km overhead line is already in operation for
transmitting a large power block from North Kasachstan to Ural [1.14]. Figure 1.2 and
Table 1.3 depict main characteristics of AC transmission lines for the specified voltage
levels.
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When selecting the voltage for a line, especially in the EHV level, attention should be
given to the aspects related to interconnection of systems, reliability and availability.
Interconnection increases the amount of current flowing when a short circuit occurs
and requires an accurate and selective design of relays, circuit breakers and control to
avoid major disturbances.

Furthermore, the use of special schemes, such as scries capacitors, static compensa-
tion, flexible alternating current transmission systems (FACTS), as well as high-surge
impedance load lines can play a role in the selection of the most appropriate voltage
for a line.

It should also be considered the possibility of selecting high-voltage direct current
(HVDC) transmission for both carrying large power blocks over'long distances or for
interconnecting systems with different frequencies. DC voltages have had an increasing
use in the last decades and lines with voltages in the range of +. 200 to & 600 kV are
already in operation (see [1.12]). The two £ 600 kV lines bipolar of Itaipu arc examples
able to carry a power of 3000 MVA per bipole (see [1.15]).

1.6 Conductor selection

The selection of the conductors, their cross section and arrangements is a keypoint for
a transmission line, because the conductors represent between 30 to 35 % of the total
line investments. The choice of the optimum conductor is a compromise between its
mechanical and electric propertics, as well as the investment and the cost of the losses
along the life time of the line.

Copper conductors were the first ones to be employed in overhead lines, but soou they
proved to be technically difficult to be used for long spans duc to their high weight
to strength ratio. Besides, the costs of copper conductors were high. The aluminium
conductors that have lower conductivity than copper conductors (about 62 %) were
introduced around 1900 for reasons of lower costs. However, they were also inappro-
priate for using in long spans because of low strength. The introduction of aluminium
conductor steel reinforced (ACSR) combined the relatively good electric properties of
aluminium with the high strength of the steel, at reasonable investments.

Other conductor types have been developed along the years such as the aluminium
alloy conductors that have a similar behaviour as the ACSR conductors and have no
problems of corrosion as it happens sometimes with the core of ACSR conductors when
installed in aggressive environments (see [1.16]).

Corona performance is another point that has to be considered for the selection of the
conductors for overhead lines. It is a function of the voltage level and depends also on
the line and conductor configuration.

The conductors should be selected so as to reduce impacts of electric origin on the
environment. Such impacts as electrical and magnetic fields, radio interference and
audible noisc have been of growing concern during the last years. Attention should,
therefore, be given to the reduction of such effects to tolerable limits.

Under the consideration of all the effects and variables described above and taking into
account the required period of life for the line, an optimization study can be carried
out for selecting the best technical and economic conductor (see [1.5]).

Such a study takes into account the initial investments and also the cost of losses along
the life period of the line, reducing such costs to the present value, in order to have the
same base to compare numbers for different alternatives.

It should be emphasised that other variables of subjective nature are sometimes also
important such as standardization, difficulties of obtaining right-of-ways for new lines
in the future, political reasons etc.
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Figure 1.3: Towers for medium-voltage lines

1.7 Selection of line configuration

The selection of the basic tower configuration for an overhead line depends on various
parameters starting with the voltage, the number of circuits per tower, including the
type of conductors or bundles to be used. If required, the use and positioning of wires
to shield the conductors against direct lightning strokes will increase the line reliability.
For selecting tower configuration for high-voltage lines with reduced environmental cri-
teria, consideration should be given to the maximum acceptable electrical and magnetic
fields, radio interference and audible noise, as well as to aesthetics and visual perception
of the line and its insertion into the landscape. The need of compaction for obtaining
high surge impedance load and reducing right-of-way width is also a determinant factor.
In case of medium voltages, the selection of the towers or supports is dependent on
the number of circuits per tower, as the acquisition of new rights-of-way is becoming
increasingly difficult.

In medium-voltage lines consideration is usually given to lattice towers, concrete poles,
steel poles and even wood poles. The investment and reliability requirements as well as
the assessed life time form the most important parameters in this case.

When dealing with lines in densely populated areas such as urban and suburban re-
gions where cables are not a must, compact structures, generally with double circuit
vertical conductor configuration, have been generally adopted. Steel polygonal poles or
concrete poles are in general a good option in such cases. Figure 1.3 shows silhouettes
for medium-voltage lines (see [1.17]).

For high and extra-high voltage lines a wide variety of line configuration is in use world-
wide. Depending on the requirements for availability and necessary right-of-way single
circuit, double circuit or multi-circuit lines are erected. In densely populated areas like
Central Europe and Japan bundling of circuits is required resulting in lines compris-
ing four and more circuits also with different voltages and different owners although
multi-circuit lines result in considerable operational and economic disadvantages [1.18,
1.19]. Multi-circuit lines are more extensive and high investments have to be made for
fulfilling present and future system requirements (see clause 1.10).

Some line configurations used in Central Europe are shown Figure 1.4. Most line con-
figurations shown have been also used in other regions with two shield wires to improve
protection against direct lightning strokes. Mainly I-strings are used at suspension
structures. When single-circuit lines are erected configuration 1.4 a is preferred due to
narrower right-of-way requirements while configuration 1.4b is very often adopted in
other regions. This arrangement results in relatively low foundation loads. For double-
circuit 110, 220 and 380 kV lines in Europe the Danube type (Figure 1.4d) or vertical
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Figure 1.7: Tower configurations for 500 kV (a and b) and 750 kV lines (¢ and d)

configurations (1.4 ¢) are preferred nowadays. Figure 1.5 shows a suspension tower of a
double circuit 380 kV line. The Danube configuration provides a compromise between
width of right-of-way, tower height and investments with sufficient protection against
direct lightning strokes. The vertical configuration according to Figure 1.4e results in
a narrow right-of-way but increases the tower height and the visibility of the line. The
effect of the tower configuration on investments depends on the specific conditions of
the line route.

For multi-circuit lines a manifold of configurations is used. In combination with 220
or 380 kV circuits the 110 kV circuits are arranged horizontally below the circuits of
higher voltages (see Figure 1.4 f). This arrangement is advantageous in view of reducing
electrical and magnetic fields under the line {1.20]. Four circuits having the same voltage
level can be arranged like in Figure 1.4g. The three phases placed vertically or two
phases of the upper crossarm and one phase of the middle crossarm are forming one
circuit. Six circuits are arranged as in Figure 1.4 h, being two circuits of 380 kV, two
of 220 kV and two of 110 kV, see also [1.21] and [1.19].

A 380/220/110 kV six-circuit line, which was erected in Germany due to lack of separate
rights-of-way is shown in Figure 1.6.

For the range of 500 kV and above, and especially for long lines the use of guyed
structures has become more and more common. Either the guyed V, Y or portal types
have been used extensively (Figure 1.7), see [1.12].

It should be mentioned that the use of crossarmless towers with different tower top
geometries (Chainette or crossrope towers, Figure 1.7d) has also been considered in
several countries. Such towers present good technical and economic performance, espe-
cially if there are no major constraints regarding right-of-way acquisition (see [1.22]).
A guyed V-tower of a 500 kV line in Brazil is shown in Figure 1.8.
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1.8 Direct current transmission

1.8.1 Aspects of DC transmission components

Attempts to develop DC transmission have been iitiated in the end of 19" century.
Since the beginning, the main technical challenge posed to the electrical industry has
been the design of reliable and economic installations that transform AC current into
DC and vice-versa. DC power is really not very appropriate for large scale use as most
industrial and domestic applications require AC power. Thus, DC transmission would
only be considered as a valid alternative to AC if it offered technical and economic
advantages for the electric system as a whole.

1.8.2 Economic comparison of DC and AC lines

As a starting point, a simple economic comparison between a DC and an AC line can
be carried out under the following premises:
— It is assumed that the same power will be transmitted by a three-phase AC line
(three-phase conductors) and a DC line (two pole conductors).
— The DC voltage (Upc), equals the AC peak voltage to ground (Uac), i.e. Upe =
V2 Usc.
— DC current in every pole conductor equals effective (RMS) AC current in each
three-phase conductor, i.e. Inc = Iac.
For the three-phase AC system the power will be, therefore:

Pre =3 -Unc-Iac-cosp . (1.1
Similarly for a bipolar DC line the total power is

Poe=2-Upc-Inc - (1.2)
The ratio between Pp¢ and Pac will, therefore, result in

Pne 2-Upc - Inc

_ . 1.3
Pye 3-Upc-Iac-cosp "
Since Upc: = V2 - Uxc and Ipc: = Ixc, therefore,
Ppe  2V2-Uac-Iac _ 2V2 (1.4)

Pae 3-Use-Inc- Cos @ o Jcosp
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If cos ¢ is taken equal to 0,945, it results

Ppc
Prc

S (1.5)

Thus a DC bipolar line having the same voltage as the peak phase-to-ground voltage
of an AC three-phase line can transport with the same current approximately the same
power. However, the DC line requires only two pole conductors of the same size as
the three-phase conductors required by the equivalent AC line. Furthermore, a DC line
presents a reduction between 25 and 35 % in the ohmic losses for the transmission of
the same power at the same distance as compared with an equivalent AC line as shown
in the example.

So, through a simple comparison it can be seen that the DC line will require about two
third of conductor investments and, therefore, lighter towers and foundations, besides
lower construction costs. However, due to the electrostatic attraction, pollution is a
great problem for DC insulation so that much higher specific creepage distances than
for AC lines are required. In case of the mentioned example the total creepage path of
the DC insulation would be approximately 30 % longer than that for the equivalent
AC line (see also [1.23, 1.24]).

In general, the practice shows that a DC line needs around 70 % of the investment of
the equivalent AC line for the same power capacity.

1.8.3 Technical comparison of AC and DC transmission

The main advantages of the DC lines towards AC lines when operating isolated or when
inserted in an electric system are:
— DC lines present lower power losses;
— DC lines present lower switching overvoltages and, therefore, require lower clear-
ances to towers;
— DC lines introduce no problem of stability as the interconnected systems do not
operate in synchronism (see [1.25]);
— DC lines have the great ability to interconnect systems of different frequencies
through back-to-back converter stations [1.26];
— DC lines present reduced levels of short-circuit powers and do not contribute to
increase short-circuit levels of neighbouring systems.
Disadvantages of DC against AC transmission are due to the lack of simple voltage
transformation into DC voltages and vice-versa:
— DC lines cannot directly supply loads. They require converter stations - a rec-
tifying station at the sending end and an inverting station at the receiving end.
Such converter stations are usually very expensive;
— DC lines cannot economically be tapped with intermediate substations to supply
CONSUMErs;
— The converter stations need a high reactive power for supplying the commutation
equipment reaching until 60 % of the active power.

1.8.4 Practical use of DC transmission

DC lines only provide a more economic alternative than AC lines if the transmission
distance is long enough to offset the investment for the converter stations. There is no
universal break-even distance beyond which the DC transmission can be considered as
advantageous. Local conditions and system requirements can play a major role in the
decision to adopt a DC transmission. As a rough indication a transmission distance of
more than 800 km could be considered as a threshold beyond which the DC transmission
alternative can be taken into account. The decrease in investments of converter stations,
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Table 1.4: Phase-to-phase voltages, as compared with phase-
to-ground voltages for multiple phase systems in kV

Phase-to-ground Phase-to-phase voltage
voltage

N 3 6 12 24 36
80 138 80 41 21 14
133 230 133 69 35 23
199 345 199 103 52 35
289 500 289 149 75 50
433 750 433 224 113 75

if achieved, may change the mentioned threshold to lower distance in the future. DC
transmission is frequently adopted for underwater crossings, such as [1.27, 1.28]. So far
DC transmission as a whole has been competitive with equivalent AC systems only in
specific cases due to the high investments of converter stations.

The tower configurations for a DC + 600 kV line according to [1.15] is shown in Figure
1.9. For this case it is usually preferred to employ guyed towers according to Figure
1.9a, as they result in lower investments.

1.9 Transmission with higher order phase lines

1.9.1 Options

Difficultics in siting new transmission lines and the need for increased transmission
capacity have forced power utilitics and line owners to maximize power density in
existing transmission corridors. One of the ways to achieve this increased capacity
is the use of more than three phases, presently in the stage of research and testing.
Theoretical and experimental studies have considered up to 36-phase systems. The six-
phase and twelve-phase systems have been the presumably more attractive alternatives
to substitute for the three-phase systems [1.29, 1.30].
Phase-to-phase voltages (Uy,) for multiple-phase systems up to 36 phases are shown in
Table 1.4 as compared with the corresponding phase-to-ground voltages.
The key points of multiple-phase lines can be observed as:
— In hexaphase (six-phase) systems, phase-to-phase voltages are equal to phase-to-
ground voltages.
— For phase orders higher than six, phase-to-phase voltages between adjacent phases
are lower than phase-to-ground voltages. That is the reason why in multiple-phase
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Table 1.5: Comparison of technical data of a twelve-phase 138 kV with
a 345 kV three-phase transmission. Conductor at 138 kV: 434-AL1/63-
ST1A, conductor at 345 kV: 2 x 806-AL1/102-ST1A

Parameter Dodecaphase Three-phase line
(12-phase) line  horizontal configuration
(7,3 m)

Surge impedance (£2) 502 274

Surge impedance load (MW) 455 434

Thermal limit (MW) 1648 1625

Electric field (kV/m) 3,6 6

Magnetic field (uT/kA) 10 50

systems, phase-to-ground voltages are taken as reference.
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— Whereas in three-phase systems phase-to-phase voltages are always equal, phase-
to-phase voltages in multiple-phase systems depend on the selected conductor

combination.

1.9.2 Properties of multiple-phase systems

Comparing with conventional three-phase system, the characteristics of multiple-phase

systems can be reported as:

— Lower voltages for the same power transmitted, resulting in lower phase-to-phase
and phase-to-ground clearances and, therefore, in shorter towers and narrower

rights-of-way.

— Lower phase-to-phase spacing; they require, therefore, in several cases phase-to-
phase spacers, in order to utilize the same tower configuration in long spans as

well.

— Lower voltage gradients, allowing smaller conductors to be used, as far other
electric limits (RI, AN etc.) are attained. This is, however, connected with higher
electrical fields at ground level. In comparison with adequate three-phase systems,
such electrical fields can result in lower values as shown by the example presented

in clause 1.9.3.

— Since the probability of flashovers between phases increases with increasing num-
ber of phases, special attention should be paid to the design of insulation between

the phases.

— Transmission with more than three phases, for instance six phases, requires cor-
responding transformers and circuit breakers, switchgear and bus bars for six

poles as well, what is more expensive and results in difficult protection (relaying)

when interconnected with three-phase lines. Therefore, the use of multiple-phase

transmission is presently restricted to some few lines.

1.9.3 Present experience

Experimental hexaphase (six-phase) and dodecaphase (twelve-phase) lines have had
a relative success in the USA, where the main technical problems have already been
overcome [1.30]. Multiple-phase lines are, therefore, considered to be technically and
economically attractive alternatives for uprating existing three-phase lines as well as

for construction of new lines.

As a practical application of the multiple-phase concept, a 138 kV (phase-to-ground)
dodecaphase (twelve-phase) line was constructed and tested through 1987 at Power
Technologies, Inc’s, Saratoga, NY, test site. This line was designed to have equivalent
thermal and surge impedance load to a 345 kV three-phase line. Table 1.5 shows the

comparison of electric characteristics of both lines.
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It can be noted that with the twelve-phase transmission the electrical field at ground
level is reduced from 6,0 kV/m to 3,6 kV/m.

The magnetic field is reduced approximately 20 % when compared with the values of
conventional three-phase transmission. In [1.31] it is reported about the conversion of
a 115 kV three-phase line into a six-phase line aiming at increasing the transmission
capacity. Keeping the same six conductors an increase of 40 % in the transmission
capacity has been obtained. The right-of-way could be kept the same but the uprating
of the switching equipment required significant investments.

1.10 Investments

The investment to construct an overhead transmission line depends on several factors.
Line voltage, number of circuits and conductor cross section are the most important
items. However, other factors contribute significantly to increase or decrease the re-
quired investments such as tower heights, characteristics of the line route and resulting
relation between suspension towers to strain towers and the external loads, for instance
wind and/or ice loads. The degree of reliability and security required can play a signifi-
cant role in the total investments. In addition, the indemnities to be paid to landowners
have been increasing sharply during recent years reaching in some cases approximately
the investments for the line itself.

Equations for rough estimation of investments for transmission lines had been estab-
lished in [1.32] depending on rated voltage, cross-sections of aluminium and number of
subconductors per phase as parameters. Based on these equations the factors were up-
dated to adjust the relations to the investment level in Central Europe nowadays. For
double circuit lines an estimate for the investment without indemnities can be obtained

Ko ~60+04Ux +04Vny- Ay (KEUR/km) (1.6)

where Uy is the rated voltage in kV, ny the number of subconductors and Ax; the
total aluminium or aluminium alloy cross section in mm?. The investment necessary
for single circuit lines may be obtained from

Kic =045 t0 0,5 Ko . (1.7)

The investment for a single circuit line is less than half of double circuit line, as it
has been experienced. Therefore, single circuit lines are the favoured solution in many
countries.

The investments for a double circuit line with one circuit initially installed are estimated

KQD(U ~ 0,75 to 0,8 KQ(‘/ N (18)
and that for a line comprising four circuits are
Ki(? ~ 2,1 to 2,2 KZC . (19)

Economic data for 110 kV to 380 kV double circuit lines as well as for 500 kV and
750 kV single circuit lines are given in Table 1.6, which indicates the most important
parameters.

Investments for an individual line may be considerably higher than those given, de-
pending on the environment and special conditions. Useful data of cost component of
overhead lines are given in [1.33].

The separation of investments for the main line components is given in Table 1.7. Since
for a line with four circuits the investment for the circuits will be double and those
for towers will be more than twice, the total investments for lines with four circuits
will be more than twice. This relation is confirmed by exccuted projects. An economic
advantage may result, however, since indemnities will not double.
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Table 1.6: Economic data for transmission lines: 110 kV to 380 kV double circuit lines,

500 kV and 750 kV single circuit lines with self-supporting towers
Rated voltage in kV 110 220 380 500 750
Thermal limit! (MVA) 100 to 350 300 to 1000 1400 to 2700 1800 to 3000 3000 to 5000
Economic power (MVA) 20 to 100 120 to 350 500 to 1200 700 to 1500 2000 to 3000
Right-of-way (m) 40 to 50 55 to 60 60 to 70 60 to 70 80 to 120
Tower weight (t/km) 15 to 25 25 to 35 45 to 65 16 to 25 28 to 50
Concrete volume (m®/km) 100 to 200 120 to 250 150 to 300 120 to 250%) 150 to 250
Investment? (kEUR/km) 125 to 200 150 to 400 650 to 1200 250 to 400 350 to 4500

1 for one circuit ) without indemnities 3 20 m®/km for guyed towers

Table 1.7: Separation of investment in %

Rated voltage in kV 110 220 380 500 750
Circuits 35t045 40to 50 45to 35 45to60 45 to 60
Towers 35to45 35tod4d 35to4d 30to4d 30 to 45
Foundations 156025 10to20 7tol15 7 to 15 7 to 15
Engineering 5 4 3 3 3

1.11 Licences and permit procedures

Studies carried out inside Cigré [1.34] show that practically all countries require en-
vironmental impact studies for constructing a new overhead line. Regulatory controls
vary from country to country but they generally present common features and similar-
ities regarding the obtainment of approvals and licences. The efficient management of
the permit process is vital. For instance it is important to consult public and individuals
involved in the process in adequate time.
Regarding the preparation of environmental impact studies, specialists should be in-
volved in advance for studying all kinds of impacts and present reports in due time for
approval by the authorities in charge. The various concerns and issues that belong to
the process comprise among others

— Project justification,

— EMF effects,

— Visual impact of the line,

— Interests of communities and

— Effect on land use and on property value.
In some cases, communication programmes or centres explaining the use of electricity
and the environmental effects of the overhead line help to ease approval.
Regarding the relation with the landowners, early communication is vital. They need to
be informed on all aspects of the project, including the financial compensation criteria,
and criteria for route selection and location of towers.
Standards should be established for the communication process including personal con-
tacts. Landowners should be adequately informed on access roads required for the con-
struction works, maintenance and possible changes in land use.
Another aspect to be covered refers to the wisual impact, especially for the routing
guidelines. Qualitative systems of assessment of visual impacts are preferable to quan-
titative systems. When dealing with the general public quantitative systems should be
used only for expert assessment.
Visualization methods should be understandable by the audience to which they are
directed. Photomontages are usually the most suitable method for visual presentation
to the public, also to illustrate camouflage techniques and different designs.
Consideration should also be given to impact of construction and maintenance. Exam-
ples are:
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— Sensitive areas should be avoided and removal of vegetation mitigated so far as
possible.
— Access road should follow natural contours and avoid erosion or impact on wa-
tercourses.
If an environmental management plan is prepared, attention should be given to specific
quality plans in advance of construction. Guidelines of [1.34] have been drafted on the
basis of the best practices which appear to be in use in many countries in quite a broad
range of utilitics. Which procedures or practices to adopt. however, will depend on
prevailing regulatory regimes in cach country or region and on their unique cultural
and environmental climates and it may depend also on the particular features of cach
project.

1.12 Underground transmission versus overhead lines

1.12.1 Application and planning aspects

Underground cable systems arc usually installed in urban or suburban areas where
overhead lines are not approved, in locations such as airport approaches because of
safety issues, or water crossings where overhead lines are not feasible. Other applica-
tions include substation getaways, crossings under major overhead line conductors and
other installations where technical considerations favour underground cables. Subma-
rine cables offer also a valuable alternative to overhead transmission or are even the
only possible solution for the interconnection of electric systems physically separated
by ocean waters [1.35].
Anyway, the introduction of underground cables in an electric transmission system is
part of the planning and depends on technical and economic variables [1.24].
In [1.36] a comparison of overhead lines with underground cables has been carried out,
based on a questionnaire issued by the Cigré Study Committee 22.
System planning and operation has the objective of developing a transmission network
of sufficient capacity and high availability and reliability at minimum cost. A require-
ment to underground partly or completely a circuit causes significant system planning
and operational implications.
Long-term overloads are more critical for cables than for overhead lines. A long-term
overload can be defined as an overload current of such magnitude that the circuit
protection does not operate, and of such duration that the conductor temperature of
an overhead line does not excced the specified emergency operating temperature. If a
cable is operated with such an overload, it ages faster and may be damaged. Similar
conditions are not so critical for an overhcad line. This is why system planning must
be modified once cables are introduced in meshed transmission networks consisting
primarily of overhead lines.
Systemn planning is subjected to design criteria. In many cases, the (n —1) criterion
is applied which means that any one circuit or busbar can be disconnected due to a
fault without customer interruptions and without any network component overload. It
is assumed that the repair time is so short that no other fault will occur in the network
before the faulty component is taken into operation again. This is gencrally the case
with overhead lines but may not apply for cables which have significantly longer repair
times.
The impact of cable faults on the operation of a transmission network can be minimized
by:

— Installing a spare phase cable;

— Installing a double circuit cable;

— Applying the (n — 2) design criterion.
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Each of the above options has additional investment implications.

The replacement of an existing overhead line by a cable in a meshed transmission
network has to be analysed not only from a cable but also from a system planning
viewpoint. The impact of the insertion of a cable on the surrounding network must be
carefully assessed for both normal and fault under operation.

If an existing overhead line is replaced by a cable, the fault current level in the network
will increase due to the lower impedance of the cable. The resulting fault currents must
be calculated and the fault current capacity for each component in the network and
the protection settings checked.

1.12.2 Environmental constraints

Environmental constraints cover statutory requirements, utility policy with regard to
environmental matters and also public and private views and concerns. These con-
straints are of increasing importance.

The permanent and temporary effects of a new overhead line or underground cable can
usually be quantified but public reaction to the project may sometimes be emotional.
Therefore, the evaluation of the environmental impact of such projects is fairly compli-
cated and involves many aspects, most of which can be considered and analysed only
from a qualitative point of view.

The major constraints likely to be encountered — in the design and planning authori-
sation phase and during subsequent construction and operation — are magnetic fields
and to a less extent electrical fields, with relevant exposure limits; land occupation
and depreciation, and limitations to land use. Visual impact is important for overhead
power lines and some impact may also be produced by the exterior installations of
a cable circuit, such as terminations and reactive power compensation equipment. In
many cases, remedial actions can be taken to reduce the effects on the environment.

1.12.3 Technical limitations

Technical limitations of underground cable use have an important influence on the fea-
sibility of alternatives. Technical limitations can make some alternatives impracticable.
High-voltage underground cables, due to their longer fault repair times are on average
out of service for periods significantly longer than that for overhead lines. The impact on
security of electricity supplies is relatively small because of the limited lengths of high-
voltage underground cables on the present day systems. This situation could change if
there were proportionally more underground systems and additional circuits would be
required to preserve the same reliability of supply.

High-voltage cables are more restricted in their ability to be uprated. The transmission
capability of an overhead line can be increased by reconductoring. This is not so simple
with a cable where the route would have to be re-excavated and larger cables installed
and/or the heat dissipation would have to be improved. Thus the high-voltage cable
section virtually fixes the rating of a circuit and future rating increase can only be
achieved at considerable expense.

1.12.4 Comparative investments

In Table 1.8 a summary of international investment data is presented, according to a
survey made by a questionnaire prepared by Cigré SC22 JWG 21/22-01 [1.36]. Compar-
ative investments are very important in achieving economical electricity transmission.
The investment ratio of underground cable to overhead line can vary from project to
project because of differing terrain and soil conditions and varying investments for addi-
tional planning and design, authorisation procedures, environmental impact assessment
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Table 1.8: Summary of international investment data of overhead lines and
underground cables

Voltage range kV 110 to 219 220 to 362 363 to 764
Mean power MVA /circuit 220 600 1800

Mean overhead line investments

EUR/(km- MVA) 820 390 185

Mean underground cable investments

EUR/(km- MVA) 6100 4900 3700

Mean ratio 7 13 20

Spread 3.4 to 16 5.1 to 21,1 14,6 to 33.3

and remedial works. The capitalized costs of losses are also project specific and should
be included to refine the comparisons. Transmission of clectricity at high voltage by
underground cables is significantly more costly than by overhead lines. The disparity in
investments increases with the voltage and in the high-voltage range. it is on average 20
times more expensive to go underground rather than overhead. This ratio is decreased
somewhat once the cost of losses is included, which are less in underground cables due
to the larger conductive cross sections.

It is inevitable, therefore, that utilities will seek to plan new transmission links us-
ing overhead lines and to reserve undergrounding to those situations where it is either
impracticable to deploy overhead lines or where amenity considerations are so over-
whelming that serious consideration needs to be given to undergrounding. In both
cases, experience indicates that undergrounding is confined to relatively short lengths
because of economic viability.

1.12.5 Perspectives

The present perspectives are that the following items will assume even greater impor-
tance for transmission projects in future years

— Land usc and availability of right-of-way;

— Availability of licences and legal obstructions;

— Environmental factors;

— New technologies;

— Financial aspects.
The expectation is that the amount of land available for transmission projects will
decrease due to both increasing population density and increasing land prices. Since
overhead lines need much larger areas than cquivalent cables, the future tendency will
give greater consideration to building compact overhead lines and to undergrounding
new and in some cases existing medium-voltage connections.
Objections to the construction of overhead lines will increase. In many countrics, it is
increasingly difficult to build an overhead line below 220 kV. Environmental issues will
continue to be a significant factor in the comparison of overhead lines and underground
cables.
New technologies should lead to both less complicated and, from the financial point
of view, more attractive cable types. Solid dielectric insulated cables arc now available
for 400 kV and above. Using this cable type, the maintenance costs are generally lower
and technical disadvantages such as clectric capacitance are minimized. Use of special
stabilized thermal backfills results in increased power transfer capability and lower life
cycle cost. Higher power transfer capabilitics are already available using SFg insulated
and forced cooled cable systems, and there are some perspectives for super-conductive
cables.
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Relatively high investment is the major impediment to the use of high-voltage under-
ground cables. However, due to the application of modern cable laying techniques such
as directional drilling, and the development of less expensive cables and prefabricated
accessories, these investments will decrease. The investment ratio underground cable
versus overhead line is expected to decrease although the reduction will not be sufficient
to bridge the significant difference, particularly at the highest voltages.

To summarize, it could be said that overhead lines will remain the most economic and
reliable means of high-voltage transmission. In most cases, they can be harmoniously
integrated into the environment. It can be further affirmed that in future, for both new
and replacement circuits, greater consideration will be given to the use of underground
cables, particularly at the lower transmission voltages.

1.13 Results of overall planning

Regarding transmission line construction, the planning stages usually established inside
the power utilities or line operators, either public or independent entities, should define
the following characteristics for a new transmission line or for an existing line to be
refurbished, uprated or upgraded.
Items to be defined are:

— Required data for commaissioning;

— Terminal substations and line length;

— Power to be transmitted in normal and emergency conditions;

— Type of transmission; AC versus DC;

— Conductors, voltage, necessity of shield wires ;

— number of circuits;

— Tower type, phase configuration;

— Use of earth wires such as optical ground wires for communication purpose;

— Mazimum allowable losses;

— Required availability and reliability;

— Maximum acceptable values of electrical and magnetic fields, as well as of other

electric impacts on the environment;

— Work schedule.
Based on these items, special studies and complementary evaluations are performed
concerning:

—~ Quervoltages for defining insulation and clearances and tower dimensions;

— Short-circuit levels, definition of shield wires and earthing schemes;

— Transposition needs;

— Reactive compensation needs;

— Eventual future intermediate switching stations;

— Future lines in the same corridor;

— Required electric performance;

— Evaluation of impacts of electric origin on the environment;
Static and dynamic stability see also [1.37] and [1.12]).
Based on the results of the overall planning, detailed survey and planning have to follow
regarding the different components of individual lines. Plans have to be carried out to
determine the tower locations and types, the design of foundations and for establishing
a bill of quantity for materials to be purchased. Details are dealt with in chapter 15.
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2 Electric requirements and design

2.0 Symbols

Symbols Signification

a Span length

ag Weight span

Qsom Minimum straight line distance between live and earthed parts

aw Wind span

B Magnetic flux density

Cmin Minimum clearance between conductors and earthed parts

C Capacitance

(o Capacitance per unit length

Cc Drag factor for conductors

d Air gap distance, clearance distance

dins Flashover distance of an insulator string

D Conductor diameter

Dag, Dac, Dpc  Phase-to-phase distance

Daad Additional clearance component

De; Minimum air clearance required to prevent a disruptive discharge be-
tween conductors and objects at earth potential during fast-front or
slow-front overvoltages

De g Minimum air clearance required to prevent a disruptive discharge be-
tween conductors and objects at earth potential during fast-front over-
voltages

Do st Minimum air clearance required to prevent a disruptive discharge be-
tween conductors and objects at earth potential during slow-front over-
voltages

Dy; Distance between source of interference and measuring point

Dwm Mean geometric distance

Dyt pe Minimum air clearance required to prevent a disruptive discharge be-
tween live conductors and objects at earth potential at power frequency
voltage

Dyt _pp Minimum air clearance required to prevent a disruptive discharge be-
tween phase conductors at power frequency voltage

Dyp Minimum air clearance required to prevent a disruptive discharge be-
tween phase conductors during fast-front or slow-front overvoltages

Dpp Minimum air clearance required to prevent a disruptive discharge be-
tween phase conductors during fast-front overvoltages

Dpp st Minimum air clearance required to prevent a disruptive discharge be-
tween phase conductors during slow-front overvoltages

E Voltage gradient, electrical field strength

E Mean voltage gradient of a circuit

E.v Voltage gradient along conductor surface

E; Radio or audible noise interference intensity

E; Maximum voltage gradient at conductor ¢

E. Energy stored in the electrical field of an overhead line

E., Energy stored in the magnetic field of an overhead line

Ey Voltage gradient angle 9

f Frequency

fc Conductor sag

Fwi Wind load on insulator string

g Gravitational acceleration

GL Span factor

hal

Altitude above sea level
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Symbols Signification

hm Mean conductor height above ground

H Magnetic field strength

I Current; rms current

ki, ko Factors to calculate voltage gradients

ke Factor to determine minimum conductor clearances

khm Humidity voltage correction factor

ky Factor for conductor swing

K, Altitude factor

K Statistical coordination factor

K, Gap factor

Ky ¢ Lightning impulse gap factor

Ky g ins Lightning impulse gap factor of the insulator strings

Ky ot Power frequency gap factor

Kg o Switching impulse air gap factor

K, Deviation factor

K, ¢ Deviation factor of the air gap withstand voltage distribution for fast-
front overvoltages

K, ot Deviation factor of the air gap withstand voltage distribution for power
frequency voltages

K, s Deviation factor of the air gap withstand voltage distribution for slow-
front overvoltages

I Length of insulator set

L Inductance

me Conductor mass per unit length

n Exponent

9 Number of subconductors

Ny Number of standard deviations

NP Interference level

NPy Audible noise level

NP, Radio interference

NPiperm  Permissible radio interference level

p(U) Discharge probability function

p Probability of occurrence

Py Power limit of electric stability

P Ohmic loss

Phat Surge impedance load, natural power

qc Effective wind pressure on conductor

4z Wind pressure depending on height above ground

Q Electric charge

Qwc Wind force on conductor

Qwins Wind force on insulator

ro Radius of bundle circle

Te Equivalent radius

rB Bundle conductor equivalent radius

r Subconductor radius

R Ohmic resistance

RIS Relative insulation strength

s Subconductor distance within a bundle

t Period of time

to Time to half value

Front time
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Symbols  Signification

T Absolute air temperature

U Electric voltage

Uygo% 100 % withstand voltage of the air gap

Uy, Overvoltage having a 2 % probability of being exceeded

Usoy st Slow-front overvoltage having a 2 % probability of being exceeded

Usoo, 50 % withstand voltage of the air gap

Uso%xp 50 % withstand voltage of a rod-plane gap

Usowpst 50 % withstand voltage of a rod-plane gap for slow-front overvoltages

Usowurp_ir 90 % withstand voltage of a rod-plane gap for fast-front overvoltages

Uso%rp_pt 90 % withstand voltage of a rod-plane gap for power frequency overvolt-
ages

Usgoprems  Critical discharge voltage in the line

Ugga, 90 % withstand voltage of the air gap

Ugonerins 90 % lightning withstand voltage of the installed insulator strings

Ua Voltage at the line sending end

Ucew Coordination withstand voltage

Upc Highest voltage of a DC line

U. Voltage at the line receiving end

U st 2 % slow-front phase-to-earth overvoltage

Umax Maximum overvoltage

Upa% st 2 % slow-front phase-to-phase overvoltage

Upp Voltage between phases

Urp Representative overvoltage

Urw Required withstand voltage of the air gap

Us Highest system voltage (kV rms)

Usac Highest system voltage of an AC line

Uw Insulation withstand voltage

Ux Truncated voltage

Uy Coefficient of variation of a voltage

|4 Wind velocity

1% Mean wind velocity

Vaa Wind velocity having a two year return period

Vr Reference wind velocity

Ve Wind velocity at height z above ground

Vi Wind velocity parameter

V: Wind velocity having a return period 7

We Effective conductor weight

Wins Weight of insulator set

Xc Capacitive reactance

X, Inductive reactance

z Height above ground

2R Reference height above ground

Zc Surge impedance

« Terrain roughness parameter

B8 Exponent

) Power angle

€0 Dielectric constant

0 Angle around conductor periphery

o Magnetic constant

Lr Relative permeability

Air density
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Symbols  Signification

or Relative air density

¢ Swing angle

Dins Swing angle of insulator sets

dc Swing angle of conductors

oy Standard deviation of a voltage

ov Standard deviation of a wind velocity
o4 Standard deviation of a swing angle

T Return period

0 Variable angle at subconductor surface

Angular frequency

2.1 Overhead lines as components of electric systems

2.1.1 Surge impedance and surge impedance load (natural power)
The energy stored in the electrical field of an overhead line can be equated as
E.=1/2.Cc-U? (2.1)

where C' is the capacitance and U the voltage. In a similar way, the energy stored in
the magnetic field is

E,=1/2-L-1* | (2.2)

where L is the inductance and I the current.
At the threshold condition where the same energy is stored in both fields, that is if E,
= Ey,, it results from (2.1) and (2.2)

U/I =+/L/C=2Z¢ . (2.3)

The ratio above has dimensions of an impedance and is called surge impedance of the
line. It can further be deduced

Zc =\/L)C = VXL, X¢ (2.4)

where X1, = 27 - f - L is the inductive reactance and X¢ = 1/(2-w- f - C) the capacitive
reactance. The surge impedance Z¢ of a transmission line is also called the characteristic
impedance with the ohmic resistance set equal to zero, i. e. the ohmic resistance R is
assumed to be small as compared with the inductive reactance. The power which flows
in a transmission line without reactive power losses is denoted as the surge impedance
load “SIL” or natural power of the line. Under these conditions, the sending end voltage
Ua and the receiving end voltage U, differ by an angle § corresponding to the travel
time on the line. For a three-phase line, the surge impedance load P,y is

Pt = U2/ Zc (2.5)

where Uy, is the phase-to-phase voltage of the line. Since Z¢ has no reactive compo-
nent, there is no reactive power requirement in the line. This indicates that for Py,
the reactive losses due to the line inductance arc exactly offset by the reactive power
supplied by the shunt capacitance, or

Pl =U% wC . (2.6)

The surge impedance load is a useful quantity to measure transmission line capability
even for practical lines with resistance, as it indicates a loading when the line reactive
requirements are small. For power transfer significantly above P, ., shunt capacitors
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Table 2.1: Surge impedance load (SIL) of typical overhead

lines (MW)
Number of Zc Operating voltage

conductors per kV

phase bundle 69 138 230 400 500 765
1 400 12 48 132 — — @ —
2 320 — 60 165 557 781  —
3 280 — — — 602 893 —
4 240 — — — 627 1042 2230

may be needed to minimize the voltage drop along the line, to improve the power
factor and to increase the line capacity. For operation significantly below Fha;, shunt
reactors may be needed. Efforts have been made by electric industry nowadays towards
increasing the surge impedance load of overhead lines, especially considering the grow-
ing difficulties to acquire rights-of-way for new lines. The surge impedance load of an
overhead line can be increased by:
— Voltage increase;
— Reduction of surge impedance Z¢ through:
— Reducing phase spacing (compact overhead lines);
Increasing number of conductors per phase bundle;
— Increasing conductor diameter;
— Increasing bundle radius;
— Introducing bundle expansion along the span.
In Table 2.1, the surge impedance load of typical overhead lines is shown. It illustrates
loading limits and is useful as an estimating tool. Long EHV lines according to range II
of Table IEC 60071 tend to be voltage-drop and stability-limited. This corresponds
to a lower loading limit in case of short lines, which tend to be limited by conductor
ampacity.

2.1.2 Stability

A power system made up of interconnected dynamic elements may be said to have
stability if it will regain stable operation after a system disturbance.

— Steady-state stabilily is associated with small perturbations such as slow variation
on loads or generation and line dropouts. It depends fundamentally on the state
of the system, i. e. the operating conditions, at the instant of the perturbation.

— Transient stability is associated with great perturbations (periodic disturbances),
such as line faults, loss of a generating unit, sudden application of a big load, fault
in equipment. It strongly depends on the magnitude and site of the perturbation
and less on the initial state of the system.

The stability limit is defined as:
Pg = (U -Ue)/Xpsind (2.7)

where Pg is the power limit in MW, U, and U, are the voltages at sending end and
receiving end terminals, respectively, Xy, is the inductive reactance and ¢ the power
angle of stability.

As far as dynamic stability is concerned, the power angle ¢ is limited to the range below
45°. A value near 90° is required to maintain stability after power oscillations resulting
from perturbations. The transient stability criterion usually requires lower limits for the
power angle than the steady-state stability. The reduction of the series reactance Xp,
is, therefore, considered by planning engineers as a convenient alternative to increase
the power transmission capacity of a line.
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2.1.3 Voltage regulation and maximum permissible losses

Voltage regulation

The transmission capacity of radial lines, especially medium and long lines up to 150 kV
is often limited by woltage drop or wvoltage regulation. The highest limit practically
recommended for line regulation is in the range of 5 to 10 %, depending on the line
voltage and on the reactive power compensation available. Table 1.2 contains the highest
system operation voltages. For extra-high voltage lines, voltage regulation is usually
not the governing limit as these lines either belong to interconnected systems or are
controlled by other criteria (see clause 2.1.4).

Line losses

Regarding line losses, line owners or power utilities generally establish maximum ac-
ceptable limits, considering the economic aspects associated with long-term operation
of the line and the amount of power and energy that can be wasted within this period.
The following types of losses have to be considered when designing overhead transmis-
sion lines:

— Losses by “Joule heat” (ohmic losses) in the conductors: Those arc the main
losses that occur in the overhead conductors and correct conductor selection is
decisive for obtaining an economical line. The losses are like energy thrown in the
basket as they represent consumption of primary energy without the correspond-
ing generation of useful work. The power R - I? dissipated in the conductors and
joints reduces the efficiency of the electric system and its ability to supply new
loads. The energy R - I? - At is dissipated as heat.

— Dielectric losses and corona losses: For a careful design of conductors and acces-
sories, maximum conductor gradients have to be limited so as to generate neg-
ligible corona losses under fair and foul weather conditions. On the other hand,
a careful design of accessories and insulators can reduce the amount of leakage
currents and the resulting losses to negligible values.

2.1.4 Capability of a line

The capability of a line is the degree of power that can be transmitted by a line, con-
sidering the limitations imposed by voltage regulation and conductor temperature, as
well as limitations inherent to system constraints such as stability, maximum capaci-
ties of substation terminal equipment, circuit breakers, current transformers etc. The
capability of lines of range II (Us > 245 kV, see Table 2.12), is usually governed by
thermal limit for lengths up to 80 km, by voltage regulation in the 80 to 320 km range
and by stability for lines longer than 320 km. The numbers above are generally valid for
radial lines or lines interconnecting a generating terminal with a weak system. In case
of lines interconnecting strong systems, other limits such as reactive power available or
terminal equipment limitations may prevail.

2.1.5 Reliability and availability

Consideration of the two important aspects of continuity of supply and quality of supply,
together with other relevant elements in the planning, design, control, operation and
maintenance of an electric power system network, is usually designated as reliability
assessment. Generally, the past performance of a system is calculated according to some
performance indices, such as the Average Customer Interruption Frequency Index and
the Customer Average Interruption Duration Indez. The unavailability of transmission
lines is measured in terms of hours per year or percent of time while the lines have been
out of operation. Two main reasons can be distinguished:
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— Mechanical unavailability of the weakest component, mostly the supports, equal
to the inverse of twice the return period of the design wind velocity or climatic
loads, as per [2.1]. The unavailability of all other components together usually
doesn’t exceed 25 % of that one for the supports.

~ Electric unavailability related to failure of electric origin. Three main causes of
electric failures exist, namely:

— Failures due to unsuccessful reclosing operation, when a lightning flashover
occurred, amounting to about 30 to 35 % of all reclosing operations. Each of
those permanent failures lasts in average two to four hours and represents an
appreciable part of the line unavailability in regions of high keraunic activity.

— Failures due to switching surge overvoltages, mainly caused by line ener-
gization or reclosing. The probability of flashover (PFO) is usually very low
(around 1073 to 10~%) and contributes little to the line unavailability.

— Failures caused by power frequency voltages, when adverse weather condi-
tions or other circumstances, such as fire under a line or touching of con-
ductors by tree branches, occur, can add about 0,3 outages per year with
an average duration below 10 hours in general according to international
statistics.

Documentation of the following indices is usual for an electric system as well as for an
overhead line [2.2]:

— Forced Energy Unavailability (FEU) is an index that measures the percent ratio
between the unplanned out-of-service hours of a line during one year divided by
the total number of hours of one year (8760).

— Scheduled Energy Unavailability (SEU) is an index that measures the percent
ratio between planned out-of-service hours of a line during one year divided by
the total number of hours of one year (8760).

— Forced Outage Rate (FOR) is the ratio between the mean time to repair the line
after automatic or emergency taking out-of-service of a line and the total number
of hours of one year (8760).

— Mean Time Between Failures (MTBF) is an index that measures the average time
elapsed between two consecutive failure events.

— Mean Time To Repair (MTTR) is an index that measures the average time for
repairing non-scheduled failures.

2.1.6 Reactive power compensation

There are two basic types of compensation required by an electric system as a conse-
quence of the reactive power requirements, namely:

— Series compensation, made up of capacitor banks connected in series with the
line, off-setting part of the inductive reactance and thus reducing the electrical
line length. Its main advantages are

— Improving the steady-state and transient stability;
Allowing for a more economic power loading;
— Reducing reactive power requirements of the system;
— Reducing the voltage drop;
— Distributing the load better between circuits.
When using series compensation, especial attention should be given to other fac-
tors affecting technically and economically the system, such as capacitor protec-
tion, line protection and sub-synchronous resonance.
— Shunt compensation. The main shunt compensation schemes used in electric sys-
tems are:
— Reactors, for compensating capacitive powers of long EHV lines in periods

|
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of light load (Ferranti Effect);

— Capacitors for voltage control and power factor correction during periods of
high load demand,;

— Synchronous condensers, that can perform the functions of reactors as well
as of capacitors, depending on the instantaneous system needs;

— Static compensators, performing the function of synchronous condensers
without moving parts.

— Flexible alternating current transmission system (FACTS) facilities.

2.1.7 Power transmitted versus right-of-way width

The need to transmit the highest possible power in a line corridor makes it important to
increase the power carried by the lines inside. This originates the concept of efficiency
ratio [2.3] of a line corridor expressed as power transmitted related to the width of
right-of-way (ROW):
. . Power transmitted
Efficiency ratio = T ROW width (2.8)
The power transmitted is proportional to the square of the voltage, while the ROW
width is nearly proportional to the voltage. Table 2.2 shows typical values. The cfficiency
ratio is measured in MVA/m. There are several ways to increase the efficiency ratio
basically by increasing the power transmitted in a given corridor, such as:
— Use of higher voltage compatible with the required loads;
— Use of double- or multiple-circuit lines, where acceptable by reliability or envi-
ronmental considerations;
— Line compaction;
— Uprating of lines (series compensation, use of FACTS, reconductoring, voltage
increase);
— Use of DC transmission.

2.2 Current-related phenomena

2.2.1 Normal and emergency conditions

An overhead line can be designed for carrying a maximum level of power under normal
or emergency conditions. As a function of that, the conductor design temperature will
depend on the resulting current for the above conditions and on meteorological param-
eters, such as ambient temperature, wind velocity etc. The line design itself should take
into account the sags resulting from the conductor design conditions together with the
applicable safety clearances.

Normal condition is herein considered as a situation in which the conductor will not lose
its mechanical properties along the line life (30 to 40 years as a minimum). Emergency
condition can be considered, according to [2.4], as a condition in which the conductor
will not lose more than 10 % of its mechanical strength along the line life.

For aluminium and ACSR conductors, normal operation temperatures will be until
80°C while emergency temperatures would be in the range of 100 to 120°C as specified
in national standards, project specifications or utility experience.

2.2.2 Ohmic losses

The ohmic or Joule losses of a three-phase line can be calculated using the equation

Pj=3Rac-I* , (2.9)
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Table 2.2: Typical values of efficiency ratios of
rights-of-way

Voltage (kV) 230 500 765
Power (MVA) 165 1000 2500
ROW width (m) 45 65 95

Efficiency ratio (MVA/m) 3,7 15,4 26,3

where Rac is the AC phase conductor resistance at the operating temperature and I
the rms current flowing on the line, as a function of the power being transmitted (see
subclause 7.2.3).

2.2.3 Short circuit condition

Overhead lines and their components should be designed so as to remain sound after
the occurrence of short circuits, either three-phase, phase-to-phase or phase-to-earth.
The duration of the short-circuit currents depends on the system design, especially on
the protective schemes and on the respective break time. Typical values of short-circuit
duration for designing conductors, shield wires and accessories are:
— Operation of first zone or second zone relays: 0,1 to 0,2 s;
— Operation of back-up protection and eventual reclosing operation during a re-
maining short-circuit: 0,5 to 1 s at voltages up to 300 kV (range I according to
IEC 60071-1) and 0,2 to 0,5 s at voltages above 300 kV (range II according to
1IEC 60071-1).

2.3 Voltage and current-related phenomena

2.3.1 Introduction

The electric effects on the environment produced by an overhead line turned out to be
a matter of concern in the last decades. Several studies were carried out on possible
harmful consequences that the electrical and magnetic fields produced by overhead lines
could cause on humans, animals and plants. Interference on communication systems
have been since long time another matter of pre-occupation. In view of that, the electric
industry as well as international or national regulations used to establish maximum
acceptable limits for such effects, which should be complied with when a new overhead
transmission line is designed and constructed.

2.3.2 Electrical and magnetic fields
2.3.2.1 Effects on humans and animals

Ground level electric and magnetic field effects of overhead power lines became of
increasing concern as transmission voltages have been increased. The effects of such
fields are especially important because their influence on human beings and animals
have been under investigation in the last decades [2.5, 2.6, 2.7] and [2.8]. The latter
contains an extended list of references. Suspicions still exist that exposure to electrical
and magnetic fields could be associated with adverse health effects or with increased
risks. But the studies performed so far in this sense failed to prove such risks in case
of fields occurring close to overhead power lines. Therefore, it is not appropriate to
consider unlikely conditions when setting and applying electrical field safety criteria
because of possible consequences.

The magnitude of electrical and magnetic fields in proximity to a transmission line
results from the superposition of the fields due to the three-phase conductors. Usually,
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Table 2.3: Effects of low-frequency electrical and magnetic fields on the human body

Current Consequences in Body  Field gradients corresponding
density case of exceeding current  to the thresholds at f = 50/60 Hz
thresholds  the thresholds E B
mA/m? mA kV/m mT
1 no biological effects 0,07 4 to 5 0,025 to 0,070
10 stimulation (eye flickering) 0,7 40 to 50 0,25 to 0,70
100 stimulation of muscles and 7 400 to 500 2,5 to 70
nerves (hazards possible)
1000 damage (heart fibrillation) 70 4000 to 5000 250 to 700

Table 2.4: Precaution values for low-frequency electrical fields in kV/m (rms)

Source Occupational exposure General public exposure
permanently few hours per day permanently few hours per day
ICNIRP [2.8] 10 10 5 5
IRPA/WHO [2.10] 10 30 5 10
Europe [2.11] (50 Hz) - 5 5
Germany [2.12] - - 5 10
United Kingdom [2.13] 12,3 - 12,3 -
USA [2.14] 8 to 11,8V 7 to 112 1 to 39 -
Belgium [2.14] 10" 72 5 -

D Overhead power lines in general
2) Road crossings

%) Edge of right-of-way

limitations, originated from the practice or researches, arc imposed to the maximum
electrical field at the edge of or within the right-of-way.

The electrical field strength E, measured in kV/m, is used to describe the electrical
field. The magnetic induction or magnetic flux density B is often used to determine
the magnetic field instead of the magnetic field strength H, because it can be measured
more easily. The relation between both quantities is

B=H-po-pr (2.10)

where H is measured in A/m, po is the permeability of the vacuum py = 4 - 7 -
10=7V-s/(A- m) and p, the relative permeability being equal 1 in air. Since the magnetic
field strength is measured in A/m, the magnetic flux density is given in V-s/m? or Tesla
(T), where 1 T = 1 V-s/m?. From (2.10) it is obtained in air

IA/m=4-7-100"T or 1A/m=1,256uT and 1uT =0,7962A/m (2.11)

for the homogenous magnetic field.

The electrical field influences electric charges on the body surface affecting the current
flow within the body. From numerous measurements it is known that an electrical field
of 1 kV/m causes a current of approximately 0,015 mA within the human body [2.9],
the current density being between 0,2 and 0,3 mA/m?. The body currents caused by
the electrical field do not depend on the body conductivity nor on the body size [2.9].
However, the magnetic field induces currents in the human body which depend on
the dimensions, as well as on the conductivity of the different parts of the human
body. According to [2.9], a conductivity of 1 S/m is assumed for the physiological
serum and 0,1 S/m for other parts. Therefore, an induction of 1 uT leads to current
densities between 0,0016 mA/m? and 0,016 mA? in the head as well as 0,004 mA /m?
to 0,04 mA/m? in the thorax.

It is further well-proved knowledge that with current densities up to 1 mA/m? no
biological effects can be detected within the body. Current densities above 10 mA /m?
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Table 2.5: Precaution values for low-frequency magnetic induction in yT (rms)

Source Occupational exposure General public exposure
permanently few hours per day permanently few hours per day

ICNIRP [2.8] 500 500 100 100
IRPA/WHO [2.10] 500 5000; 25000% 100 1000
Europe [2.11] - - 100 100
Germany [2.12] - - 100 200
United Kingdom [2.13] 2000 - 2000 -

USA [2.14] 1000 - 20? -

Y For limbs only
2 Edge of right-of-way

Table 2.6: Range of maximum electrical kv;r: i\ ™ B i? }
and magnetic fields below overhead lines 8 .,’ \ ! ‘./ 201
Voltage  Electrical field Magnetic 7 n Y‘\ A !
at ground level  induction at £ 6 i \ W\ / \ 155
under a line ground levelV I 5 ,'/ \ / \‘, §
(kV) (kV/m) (uT) g, J T VET NV Th 02
765 8 to 13 28 to 32 2, '] k g
525 5to 9 25 to 30 S 5 K N 5 5
420 4to 8 22 to 28 5 1e 2 =
245 2t0 35 20 to 25 & B# S
123 1to 2 12 0 15 950 40 30 20 -10 0 10 20 30 m 50°
70 lto 1,5 2to 2,0 Distance from centre line ——=

D for 1000 A current per circuit Figure 2.1: Electrical (E) and magnetic

fields (B) below a 380 kV double-circuit
overhead line. Current 1000 A per circuit

may cause eye flickering and up to 100 mA/m? stimulation of nerves and muscles. The
threshold of hazards is 100 mA/m?. Harms must be expected from 1000 mA/m? and
above, e. g. ventricular fibrillation. The average cross section of the human body is
between 0,06 and 0,07 m2. In Table 2.3 these values are related to the corresponding
field strengths.

Although there is no evidence of harmful effects of the magnetic fields on humans or
animals, there are certain limitations imposed by practice and good sense. International
organisations like Cigré and ICNIRP (International Commission on Non-Ionizing Ra-
diation Protection) have undertaken extensive investigations on that issue, as it can
be seen in [2.6, 2.8] and [2.15]. In Table 2.4, precaution values are shown for electrical
fields and in Table 2.5 for magnetic fields. The usual range of maximum intensities of
electrical and magnetic fields below overhead lines is shown in Table 2.6.

In Figure 2.1, a typical graph with the electrical and magnetic field profiles across a
right-of-way is presented. The evaluation of the electrical and magnetic fields across
the right-of-way of an overhead transmission line can nowadays be made with high
accuracy, so that the established limits can be well checked.

Although medical examinations of linemen, performed in various countries, have so far
failed to scientifically prove health problems ascribable to electrical and magnetic fields
produced by overhead lines, precaution values have been established for exposures, from
which the numbers presented in Table 2.4 give an indication of the order of magnitude
of electrical fields accepted by different standards. As can be seen, the more recent
recommendations according to [2.8] and [2.11] do no longer distinguish permanent and
temporary exposure since there is an indication for a difference between permanent
and temporary exposure. The precaution value of 5 kV/m stipulated in [2.8, 2.11] and
[2.12] corresponds under worst case conditions to an induced current density of about



36 2 Electric requirements and design

2 mA/m?. The recommendation for occupational exposure of 10 kV/m is equivalent,
therefore, to a current density of 4 mA/m?. Both limits are well within the safe range
where no biological effects occur.

In Table 2.5 precaution values are listed for magnetic fields. Regarding the acceptable
limits for the magnetic fields, there is some controversy still existent world-wide, es-
pecially about their real effects on the health of human beings and animals. While in
some countries the regulations are more permissible, in others very stringent rules have
been established under a subjective basis. As in case of electrical fields, the precaution
values for the magnetic field are no longer stipulated differently for permanent and temn-
porary exposure. The flux density limit of 100 4T (0,1 mT) for general public exposure
corresponds again to a current density of approximately 2 mA/m?. In [2.8] and [2.10],
limits for occupational exposure are set to 500 pT (0,5 inT) aiming at restricting the
current density to 10 mA /m?.

As can be concluded from a comparison with the data given in Table 2.6 for electrical
and magnetic fields below overhead lines, the limits for magnetic field will not affect
the design of overhead lines while the stipulations for electrical fields could be relevant
for 420 kV and above.

2.3.2.2 Effects on electronic devices

Magnetic fields under overhead power lines can disturb sensitive electronic devices such
as screen tubes of monitors and television sets, as measurements close to railway instal-
lations have demonstrated [2.16]. Limits for protection of electrical devices have been
still under consideration, however, interference can occur at flux densities above 1 um.

2.3.3 Corona phenomena and related effects
2.3.3.1 General

Corona effects on conductors are generated by the disruption of air dielectrics around
the conductor, when the electrical field reaches the critical surface gradient. The critical
gradient for smooth round cylinders with 10 mm radius is about 27 kV,y,s/cm, falling
t0 21 kVypg/cm for stranded conductors.

As the corona discharges are not permanent but occur in form of sparks around the
conductor, electromagnetic radiation are emitted from the conductor, causing different
types of undesirable effects.

The main nuisances of a too high conductor surface gradient are the emission of radio
interference (RIV) at the AM band and the production of audible noise (AN) in the
vicinity of the line, besides the generation of corona losses. In view of that, the maximum
conductor surface gradient has to be kept below certain limits in order to avoid undue
impacts of electric origin. In practice, it is recommended that the conductor surface
gradient of overhead conductors should be limited to around 17 kV ,s/cm.

2.3.3.2 Calculation of voltage gradients on individual conductors

Several methods have been developed for calculating conductor surface gradients and
in general they present a reasonable degree of accuracy [2.17]. The method of multiple
images is considered by [2.18] as providing the most accurate calculations of conduc-
tor surface gradients. According to this method, every conductor or subconductor is
cousidered as a cylinder and the influence of its charge is taken into account on other
conductors or subconductors through its images and vice-versa. In application to prac-
tical bundle configuration, consideration of images until the second order is sufficient.
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A charge matriz [Q] and a potential coefficient matriz [P] are correlated and the fol-
lowing matrix equation results:

@ =[PV (2.12)

where [V] is the matrix of charge voltages. The solution of this equation is made through
computer programs. The gradient in any point of the space outside the conductors
(subconductors) is then computable.

When dealing with three-phase conductors separated by relatively large distances, an
approximation can be made, considering that the charge is concentrated in the centre
of the conductor. For this case, the mazimum wvoltage gradient E; at the conductor
surface will be

E;=Q;i/(27meo-1B) , (2.13)

where rp is the equivalent bundle conductor radius according to (2.19) and ¢¢ the
dielectric constant. The charge () can be expressed by

Qi=Ci-Us /V3 (2.14)

where C} is the capacitance and Ug the highest system voltage. The variation around
the subconductor periphery may be obtained by

Eg=E;[14+(2r/s)-(no— 1) -sin(n/ng) - cosf] (2.15)

where r is the radius of the bundle circle, s the subconductor distance, no the number
of subconductors and 8 the angle at the subconductor surface.
Alternatively, Ey can be expressed through

Ey=E[l+ (r/ro)- (na—1)-cosf] , (2.16)

where rg is the bundle conductor perimeter radius. The maximum voltage E; was re-
placed by the mean E of maximum voltage gradients of the three conductors. Equation
(2.22) represents the value E.

The maximum voltage gradient around the subconductor periphery is obtained by
setting 8 = 0. Calculation of conductor voltage gradients by this method requires the
use of computer programs for taking into account all necessary matrix operations.

2.3.3.3 Calculation of voltage gradient by approximate formulae

The maximum voltage gradient of a phase conductor ¢ can be obtained according to
[2.17] from

i

¢ 1+2-7/s(n2—1)-sin(r/ng)]

i 27MEg Ny - T (217)

Sl

with

C! positive-sequence capacitance per unit length of the conductor ¢;
dielectric constant = 8,854 - 1072 F/m;

number of subconductors;

subconductor radius;

subconductor distance;

rated voltage.

SEREE
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Table 2.7: Coefficients to determine the voltage gra-
dients

Number of sub- 1 2 3 4 5 6 8
conductors ny

k 1 1 1 1,12 1,27 143 1,76
ko=2-(np—1) 1 2 3,48 4,24 4,70 5,00 6,07

-sin(m/nz)

Table 2.8: Voltage gradients for some conductor ar-
rangements. Us = 420 kV

Conductor 562-AL1/ 389-AL1/ 264-AL1/
49-ST1A 34-ST1A 34-ST1A
Number of
subconductors 2 3 4 3 4
Subconductor
diameter in mm 32,2 32,2 32,2 26,7 224
Total cross
Figure 2.2: Geometric data for section in mm? 1222 1836 2445 1260 1191
conductor arrangement to deter- Voltage gradient
mine the voltage gradient in kV/cm 17,2 13,7 11,5 15,9 15,4

The capacitances per unit length have to be determined from the geometric data of
conductors and earth wires and their arrangement on the supports. The procedure is
given in [2.17] and can be carried out by computer programs. Accepting some approx-
imations, mean capacitances per unit length can be evaluated. It applies to the line
presented in Figure 2.2 having one circuit without earth wires (see clause 3.5):

Dy
rgv 1+ (DM/2 }LM)2
where 7 is the equivalent bundle conductor radius according to
rp = (ngororgt ) = (s /)T (2.19)

(for k; see Table 2.7)
Dy is the mean conductor distance (see Figure 2.2)

C'=2nep /In

(2.18)

Dy = (Dag - Dac - De)/* (2.20)
har is the mean conductor height above ground (see Figure 2.2)
hat = (ha - hs - he)'® . (2.21)

The value 7 in (2.19) represents the radius of the bundle conductor circle and can be
obtained from ry = s/sin{m/ng) being s the subconductor distance. For other phase
conductor and earth wire arrangements, the positive-sequence capacitances can be com-
puted according to clause 3.5. With these data, the mean voltage gradient of a single-
circuit line results from (see also [2.19])

lt+ko-r/s 1 U
ng-r ln[DM/ (TB\/mW)] V3

The coefficients k; and ko are presented in Table 2.7. In (2.22) (Dy/2hy)? can be
neglected against 1 in many cases. For double-circuit lines Dy;/rp is to be replaced by
(DM . DMQ/TB . DMl) (see (3.30) and (335))
Due to rg = r it is obtained for a single conductor

1 U

E= DTG (2.23)

FE =

(2.22)
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Table 2.9: Reception quality of radio signals

Reception  Signal to Reception quality

class noise ratio (dB)

A 32 Entirely satisfactory

B 27 to 32 Very good, background noise unobtrusive

C 22 to 27 Fairly satisfactory, background noise plainly evident

D 16 to 22 Background noise very evident, speech easily understood
E 6 to 16 Speech understandable only with severe concentration

F 7 Speech unintelligible

Example: For a 400 kV line with the phase arrangement according to Figure 2.2 the mean
voltage gradient should be determined.

The data are: Dagp = Dpc = 7,5 m; Dac = 15 m; h = 15,0 m.

Conductors: Twin bundle 562-AL1/49-ST1A (see Table 2.7). Bundle spacing 400 mm.

r = 32,2/2 = 16,1 mm = 1,61 cm;
rg = 16,1-(1-400/16,1)"/2 = 80,25 mm = 0,08025 m (see (2.19));
Dy = (7,5-7,5-15,0)/3 = 9,45 m (see (2.20));
hvy =h = 15,00 m
— 1+ 2(16,1/400) 420
E = . =
2-161-v3 1y [9,45/ (0, 08025,/1 + (9,45/(2 - 15,0))2)]
1,0805- 420

Table 2.8 depicts voltage gradients for circuits equipped with typical 420 kV conductor
alternatives.

2.3.3.4 Radio noise or radio interference (RI)

General considerations

Radio noise or radio interference (RI) is a disturbance by undesired electric waves
within the radio frequency band in any transmission channel or device. The phenomenon
becomes even more evident in the frequency band of 500 to 1500 kHz (AM band). The
frequency of 1000 kHz (1 MHz) is usually taken as reference for RI calculation.

Radio interference (RI) decreases with lateral distance from the line axis. It is normally
quoted in dB above 1 4V /m and its maximum value is usually established for the edge
of the right-of-way. Its significance, however, will depend upon the population density
and the signal strengths of the various radio stations in a particular area. Usually,
people living near to overhead lines are quite aware of their rights and require a strict
observation of standardized RI levels from the line owner. In the vicinity of urban areas,
the high intensity of radio signal strength is generally enough to offset the radio noise
produced by overhead lines.

The noise level alone is not sufficient to determine the severity of interference, but when
combined with signal strength to indicate the signal-to-noise ratio, it has much more
significance. According to signal-to-noise ratio, a reception quality scale is prescribed, as
the so-called IEEE scale, which shows the results of subjective listening tests correlating
the quality of reception to the signal-to-noise ratio. The IEEE scale according to [2.18]
is shown in Table 2.9.

The right-of-way may be sometimes defined by RI criteria, provided a minimum signal
to be protected is specified. In general, signals in AM frequency in the range of 65
to 75 dB should be protected, according to different national regulations. So if, for
example, a reception class C is required and the radio signal to be protected is 66 dB,
the maximum RI acceptable to be generated by the line at the edge of the right-of-way
will be NP = 66 — 22 = 44 dB.
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Calculation of RI levels

Several utilities have so far adopted for their EHV lines rough estimates of RI levels
through the use of design curves that provide positive or negative adders to a base-case
design. Quick indication of the effects in variation of phase spacing, conductor size,
conductor height, etc. can be obtained and are added to RI of a base case [2.18].

An empirical method for calculating the RI level at fair weather conditions is as follows:
The RI level [2.20, 2.21], measured in dB above 1 ©V/m, can be determined by

NP; = 3,5E; + 127 — 33log(Dy;/20) — 30 indB , (2.24)

where E; is the voltage gradient of the conductor ¢ in kV/cm, r; the radius of the
conductor or subconductor in cm and Dp; the distance from the conductor to the
measuring point in m.

In a three-phase AC system, where the RI level of one of the three phases is at least 3
dB higher than the RI levels of the other two phases, the lower two can be neglected
then [2.20]. Otherwise, the resulting RI level at the measuring point is

NPigtal = (NP + NP2)/2+1,5 indB (2.25)

where NP, and NP, represent the two higher values of the three phases. For multiple-
circuit lines, all RI levels NF; are determined by (2.24). Then, the RI levels of the corre-
sponding phases are added squarely. The resulting or total RI is determined by (2.25).
The relationship between RI level in dB and the field intensity Fj in xV/m is

NP, =20 logE; and Ep=10M/200 (2.26)

Field measurements

Background RI noises are relevant as they are present even before the line is con-
structed. In this case, the insertion of a well designed line may not significantly affect
the overall radio noise level. Field measurements of background (ambient) noise, as well
as of AM signal intensities, should be performed along the routes of EHV lines, before
their construction. The results of the measurements generally show, that in many non-
populated and remote areas, no AM stations can be tuned during the day, while, in
other cases, signal-to-noise ratio even without any line is already very low.

2.3.4 Audible noise (AN)

General conditions

Audible noise (AN) produced by corona of transmission line conductors has emerged
as a matter of concern having to be considered duly. In dry conditions, the conduc-
tors usually operate below the corona inception level and only few corona sources are
present. Audible noise from transmission lines occurs primarily in foul weather. How-
ever, in general it can be said that transmission systems contribute little as compared
with the audible noise produced by other sources. In case of rural lines, the importance
of the audible noise (AN) may be still lower, as the population density beside the line
is low.

It is complex to define how much audible noise can be tolerated from a transmission line.
However, as voltage levels increase, audible noise becomes one of the limiting factors
in the design of transmission lines. To define the acceptable noise levels, the best guide
is the experience with EHV transmission lines.

It is difficult in general to permanently comply with 45 dB(A) required for residential
areas according to [2.22]. In general, complaints on audible noise will be avoided if the
noise level does not exceed 50 dB(A). However, complaints have to be expected, if noise
with more than 55 dB(A) will be produced by a line. This can occur close to 420 kV
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lines showing high voltage gradients under adverse weather conditions. If an overhead
line does not cause concerns in adverse weather no problems will be realized in dry
weather. There is a close correlation between the audible noise, measured in dB(A),
and the radio interference at 1 MHz (see [2.18]).

Calculation
According to [2.23], in order to determine the audible noise (AN) of an overhead line,
the noise potential of every conductor should be first calculated as follows

NPy; = —164,6 4+ 120log E; + 55logre; (2.27)
where E; is the voltage gradient in kV/cm and r. the equivalent radius according to
Te =T for ny <2
and
_ 0,48
re = 0,68 -ny"" - 1 forny >3 | (2.28)

where 75 is the number of subconductors and 7 the subconductor radius in mm. Equa-
tion (2.27) was obtained from evaluation of tests.
The audible noise (AN) at any point close to a line can be determined by

n
NP, = 101log { > " exp(0,23 (NPa; — 11,4 log Dy; — 5,8)]} , (2.29)
i=1
where n is the number of phase conductors and Dy, the distance (in m) between
conductor ¢ and the reference point (measuring point).

Example: Referring to Table 2.8 and equations (2.24) and (2.29), the RI and AN levels at
a point 40 m far from a 420 kV circuit will be determined as an example as follows:
RI level of a twin bundle is obtained from (2.24)

NP; =35-17,24+12-1,61 —33log2 - 30 =39,6 dB ,
and the RI level of a quadruple bundle
NP; =3,5-11,54+ 121,61 — 33log2 — 30 = 19,6 dB

Considering that the higher RI levels are assumed to be the same for three phases it results
from (2.20) for:

Twin bundle: NPiota1 = 39,6 + 1,5 = 41,1 dB corresponding to Er = 10(41,1/20) = 113,5 4V /m
Quadruple bundle: NP,ota1 = 19,6 + 1,5 = 21,1 dB corresponding to E; = 10(21:1/20) —
11,4 pV/m.

Similarly, the AN levels can be determined as follows:

For the twin bundle

NPp; = —164,6 + 12010g 17,2 4+ 5510g 32,2 = 66,6 dB
and for the quadruple bundle
NPp; = —164,6 + 1201log 11,5 + 5510g 36,3 = 48,5 dB

From equation (2.29) it results:
Twin bundle

NPy = 10log{3 - exp[0,23 (66,6 — 11,4 log 40 — 5,8)]} = 47,3 dB(A) ,
Quadruple bundle

NP, = 10log{3 - exp[0,23 (48,5 — 11,4 log 40 — 5,8)]} = 29,2 dB(A)
The audible noise level is reduced by approximately 18 dB(A) when using a quadruple bundle
instead of a twin bundle. Other references, e. g. [2.20] and [2.24], weigh the voltage gradient to a
lower extent. Thus, the audible noise level would drop to a smaller extent only. Equation (2.27)

is confirmed also through measurements carried out in the field and by experience with existing
lines (see [2.25]).
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Table 2.10: Impact of line design and conductor configuration on fields,
radio interference and audible noise

Electrical Magnetic Radio Audible

Parameter field field interference noise
Increase of phase
conductor distance T T + +
Increase of clearance
to ground ¢ 4 + +
Increase of subconductor
number of bundles T - + '
Increase of conductor

: - — 1 1
cross section
Increase of subconductor N N 5 4

distance in bundles

Inverse sequence of phases to
achieve a low impedance w W N N
of double-circuit lines

Comments: 1T  means increasing the effect
J  means reducing the effect
—  has no substantial impact
1)  substantial reduction outside the right-of-way

2.3.5 Impact of line design on voltage- and current-depending phe-
nomena

The described relationships between line configuration and the voltage- and current-
depending phenomena and the effects on the environment resulting thereof play a
steadily increasing role in the design and configuration of overhead power lines. While
electrical field strength is perceived by persons, e. g. by straightening up the hair or
by causing weak electrostatic shocks, magnetic fields cannot be perceived directly by
persons; however, both are quoted to affect health and wellness of human beings and
animals. Radio interference and audible noise are perceived and may not exceed stip-
ulated limits. The design and configuration of lines should, so far as possible, keep all
the mentioned phenomena on a low level. This cannot be achieved completely since the
variation of some design parameters affect the emissions in opposite directions. The
effective essential parameters are:

— Distance and arrangement of phase conductors;
Height of phase conductors above ground;
— Number of subconductors in bundles;
— Subconductor spacing in bundles and
— Conductor cross section.

Table 2.10 according to [2.26] depicts the results due to parameter variation. Since the
effects of several simultaneous parameter variations may tend in opposite directions,
it is important to design each individual line such that those design targets having
priority will be achieved.

Increasing the subconductor spacing reduces radio interference and audible noise but
rises electrical and magnetic fields. Increasing the clearance to ground reduces all the
considered phenomena, however, involves substantially higher investments. A higher
number of subconductors within a bundle results in lower radio interference and audible
noise, even at the same over-all cross sections but also in higher electrical field strength
at the ground level. A bigger conductor cross section decreases radio interference and
audible noises but has low effect on electrical and magnetic field intensities. The sub-
conductor spacing within a bundle is of minor influence only by increasing the audible
noise level. An asymmetrical arrangement of phase conductors of lines equipped with
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Figure 2.3: Configuration of phase conductors with respect to low electrical and magnetic
fields. a) vertical conductor configuration, b) Danube configuration

two circuits (Figure 2.3) contributes to reduce substantially the field strengths outside
the right-of-way.

2.4 Line performance and insulation requirements

2.4.1 Introduction

The performance of a transmission line is an important factor to assure the reliability
and security of an electric system. Besides the mechanical behaviour of its components,
attention should be given to the electric performance that plays a main role either in the
design and investment of transmission components or in the outage rates (permanent
or transient) of the specific transmission line. For attaining such objectives, optimum
insulation clearances of the towers should be selected; in other words, the insulation
levels, depending on different voltage stresses that reach the air gaps, should be chosen
as to result in a compromise between a satisfactory electric performance and reasonable
investments.

Regarding insulation, it is important to understand the basic difference between stresses
caused by system power frequency voltage and stresses caused by overvoltages. Over-
voltages are rare and of limited duration, but the system power frequency voltage,
even though relatively low in amplitude, permanently stresses the insulation while the
system is in operation.

To define the tower top geometry, the following voltage stresses are considered: Power
frequency voltage; fast-front and slow-front overvoltages. Additionally, towers are po-
tentially designed to permit live-line maintenance, so that clearances for such a work
should be considered as well.

2.4.2 Power frequency voltages and temporary overvoltages

System voltage is the rms, phase-to-phase power frequency voltage of an electric system.
The system is usually designed by a nominal system voltage to which certain operating
characteristics of the system are related. For instance, nominal system voltage is used
as a base for load flow and some other system studies. Generally, most systems are
specified for operating near the nominal system voltage. Some systems, however, are
required to operate near or at the maximum system voltage, which is usually 5 to 10 %
higher than the nominal. Highest system wvoltage is the highest rms phase-to-phase
system voltage that occurs under normal operating conditions at any time and at any
point in the system.
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Table 2.11: Standard insulation levels for range I (1 kV
< Us < 245 kV) according to IEC 60071-1

Highest voltage Standard short-duration  Standard

for equipment power frequency lightning impulse
A withstand voltage withstand voltage
kV (rms value) kV (rms value) kV (peak value)
3,6 10 20
40
7,2 20 40
60
12 28 60
75
95
17,5 38 75
95
24 50 95
125
145
36 70 145
170
52 95 250
72,5 140 325
123 (185)% (450)
230 550
145 (185) (450)
230 550
275 650
170 (230) (550)
275 650
325 750
245 (275) (650)
(325) (750)
360 850
395 950
460 1050

D) The highest voltage for equipment is desigated by Um in
[2.29].

2) If values in parenthesis are considered insufficient to prove
that the required phase-to-phase withstand voltages are
met, additional phase-to-phase withstand tests are needed.

Temporary overvoltages are of oscillatory nature at a given location, normally of rela-
tively long duration and which are undamped or weakly damped. They usually origi-
nate from switching operation, such as load rejection or resonant conditions. In directly
earthed neutral systems with earth fault factors of 1,3 or below, temporary overvoltages
are usually not considered for determining electrical clearances for a line.

In this case, consideration should be given only to the highest system voltage U that
characterizes the electric systems as in [2.27]. Two voltage ranges are established as
range I and range 11, as it can be seen in Tables 2.11 and 2.12 , respectively.

In case of power frequency overvoltages, the continuous stress due to voltage is also
of concern if the insulation itself changes with time. Flashover may occur if insula-
tion strength is reduced sufficiently. Weather conditions may lead to such reductions in
strength. As an example, the wind might blow a conductor to one side, hence reducing
the air gap between it and the support structure. Because air gaps are stressed perma-
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Table 2.12: Standard insulation levels for range II (U; > 245 kV) according to
IEC 60071-1

Highest Standard switching impulse withstand voltage Standard
voltage for ~ Longitudinal Phase-to-earth Phase-to-phase lightning impulse
equipment insulation? (ratio to the phase- withstand

uU.b to-earth peak value) voltage
kV kV kV kv
(rms value) (peak value) (peak value) (peak value)
300 750 750 1,50 850
950
750 850 1,50 950
1050
362 850 850 1,50 950
1050
850 950 1,50 1050
1175
420 850 850 1,60 1050
1175
950 950 1,50 1175
1300
950 1050 1,50 1300
525% 950 950 1,70 1175
1300
950 1050 1,60 1300
1425
950 1175 1,50 1425
1550
765% 1175 1300 1,70 1675
1800
1175 1425 1,70 1800
1950
1175 1550 1,60 1950
2100

U The highest voltage for equipment is designated by Um in [2.29].

2) Value of the impulse component of the relevant combined test.

3) The introduction of Us = 550 kV (instead of 525 kV), 800 kV (instead of 765 kV) and
of a value between 765 kV and 1200 kV, and of the associated standard withstand
voltages is under consideration.

nently, there is more risk of a flashover if a conductor is blown close to the structure
than if the insulators were loaded by an overvoltage.

Insulation strength may also change over longer periods, e. g. due to contamination
built up, or within minutes as the insulators are alternately wetted by fog or rain and
dried by surface leakage. In either case, only the continuous system voltage lasts long
enough for changes in strength to become evident. Effects of contamination may be
evaluated through laboratory testing (see clause 9.9.4).

Usually, power frequency voltages as described govern the design of the insulator strings
as far as the pollution levels along the line route are concerned. The total insulating
length along the surface of the insulators is the basic parameter that is specified to define
the number of insulators required for a line. As a function of the individual creepage
distances of each insulator type, it is possible to determine the type and number of
insulators required for the region crossed by the line. In Table 9.8, the classification
of the pollution level is shown together with the required specific creepage distances
according to [EC recommendations [2.28]. It is possible, therefore, to determine the type
and umber of insulators required for a certain line provided that a previous investigation
is carried out to assess the pollution levels along the line route.
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2.4.3 Slow-front overvoltages

The slow-front overvoltages can be produced by switching overvoltages or distant di-
rect lightning strokes and depend basically on system parameters, system configuration
and system condition, e. g. load relcase. However, switching overvoltages may attain
different values even for the same system and the same switching operation. The over-
voltages of this type in an overhead line are mainly produced by energization or by
reclosing operations of the line.

The voltage stress is characterized in this case by a standard wave shape of 250/2500 us,
as it can be seen in Figure 2.4. The values of the overvoltages depend on the relative
timing of the switching event with respect to the power frequency system voltage sine
wave. Generally, the closing time of the breaker is not synchronized with the power
frequency voltage wave shape. It is random, and each switching operation will result in
a different overvoltage.

By finding the worst-case combination of breaker closing times through trial and error
on a transient network analyser (TNA) in general or with a computer program, it
is possible to determine the maximum overvoltages associated with a given switching
operation in a certain system. A random evaluation of different cases can be used
to determine a statistical distribution that will represent the probability function of
occurrence of slow-front overvoltages.

2.4.4 Fast-front overvoltages

Fast-front overvoltages at a given location in a system are mainly caused by a lightning
discharge that hit directly on the phase conductors or by back-flashovers, the shape
of which can be regarded, for insulation coordination purposes, as similar to that of
the standard impulse used for lightning impulse tests. Such overvoltages are usually
unidirectional and of very short duration. The standard lightning impulse has a front
time of 1,2 ps and a time-to-half-value of 50 us, as it can seen in Figure 2.5. For a
simplified analysis, lightning may be considered as a current source, so that the over-
voltage developed by lightning is the product of lightning current and the impedance
through which it flows.

2.4.5 Principles of insulation coordination

2.4.5.1 General principles

According to [2.29], the insulation coordination comprises the adequacy of the dielectric
strength of an equipment or any other insulating arrangement, such as line insulation, to
the voltages that can appear in the system, for which the equipment has been designed.
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This procedure takes into account the characteristics of the protective devices, aiming
at reducing to an economically and operationally acceptable level the probability that
resulting voltage stresses would cause damage or hinder the continuity of service of the
equipment or of the overhead line. The determination of insulation requirements of a
transmission line is given by steady-state conditions, as well as by transient conditions
that can occur in the system. The line design should be adequate, inside the system
reality, to generate a satisfactory performance. The way for protecting a system against
overvoltages is fundamentally an economic issue. It would be unfeasible to insulate the
whole system, so as to withstand any kind of electric stress. On the other hand, it
would be nonsense to insulate the system for withstanding only the normal operating
voltage accepting failures for all transient electric stresses.

The basic purpose of insulation coordination consists in adequately treating several
information such as the electric stresses applied to the equipment, the insulation with-
stand capability, the applicable protection devices, the minimum acceptable perfor-
mance and the global investments involved in the process.

2.4.5.2 Insulation design for permanent power frequency voltages

The power frequency performance of transmission lines consists basically of two con-
siderations:

The first one is the electric strength of insulator strings under contaminated conditions
and the second one is the clearance to tower under extreme swing conditions of con-
ductors and insulators. In both cases, only power frequency voltages are considered; in
fact, when considering the air gap requirements under conditions of extreme swing, the
probability of occurrence of a switching or lightning surge is so small as to be negligible.
According to the present experience, insulators, that are contaminated and the power
frequency voltage is very close to flashover voltage can sustain significant switching or
lightning surges without increasing the probability of flashovers.

The first step is, therefore, to select the insulator type and string length and the number
of insulators as a function of the pollution levels of the area to be crossed by the line.
Table 9.8 reproduces the IEC definitions of pollution levels and creepage distances
required for each pollution level. Clause 9.9 deals with insulation design in view of
pollution.

For unrestrainedly swinging insulator set only the air gap strength for power frequency
voltages should be considered under conditions of extreme swinging.

The swing angle should be calculated as a function of the wind speed, of weight span
to wind span ratio and of diameter and weight of the conductor. The required power
frequency clearance can be determined for the maximum power frequency stress. The
return period associated with maximum swing angle can also be considered as mean re-
currence interval (MRI) of a flashover at power frequency voltage, e. g. once in 50 years.

2.4.5.3 Insulation design for slow-front overvoltages

There are two basic methods for studying the insulation coordination of an overhead
line considering slow-front overvoltages.

The first one, designated as deterministic or conventional method of insulation coordi-
nation, assumes that there is a known, definite mazimum overvoltage, Umax, that may
stress the insulation. It is also assumed that there is a definite minimum insulation
withstand voltage, Uy. The insulation is designed so that Uy is larger than Unax by
a safety margin, as shown in Figure 2.6. The withstand voltage is called in this case
basic surge insulation level (BSIL) as it refers to slow-front or switching overvoltages.
In Tables 2.11 and 2.12, the most common insulation levels are shown as adopted for
each voltage level. This approach has been used in traditional insulation coordination
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procedure; the corresponding overvoltage is called conventional mazimum switching
overvoltage.

The conventional method is usually more conservative, as the maximum overvoltages
occur seldom and, likewise, the insulation strength rarely decreases to its lowest values.
Moreover, the likelihood of both events occurring simultaneously is limited.
Nowadays, it is a common and more adequate practice to use statistical methods for
determining the probability of flashover of a certain insulation or specifically of a line.
The statistical methods do not predict the specific overvoltages produced by any partic-
ular switching operation, but they give the probability with which a certain overvoltage
may be expected or, more practically, the probability of exceeding a certain overvoltage
value. The overvoltage would be fully described if its probability density function or
cumulative distribution function were given.

In contrast with the solid insulation, that is not allowed to flashover, the air insulation
of structures is so selected as to permit a certain number of flashovers, corresponding to
the desired performance. The coordination of stresses (overvoltages) and the strengths
(clearances) to obtain the desired performance is by nature a statistical procedure,
as both the strengths and stresses have no fixed values but vary within ranges, that
constitute probability distributions of stresses and strengths, whosc integrated proba-
bility constitutes the performance or probability of flashover (PFO) or risk of failure
(Figure 2.7).

For determining the withstand strength of the different structural gaps, their shapes
should be taken into account and the rod to plane gap is usually taken as reference.
The critical flashover voltage Usgy, is calculated using empirical formulae. Equation
(2.42) applies for slow-front overvoltages, equation (2.43) for fast-front overvoltages.
However, the statistical procedure, as presented here, is in practice only applied to
slow-front overvoltages.

The critical voltage is calculated for standard atmospheric conditions and it is also
necessary to take into account the influence of the real atmospheric conditions. The
critical voltage Usggrea in the real atmospheric conditions is calculated as a function
of Usgy, in standard conditions by:

USO% real — USO% ) (er/khm)n = USO% -RIS . (2.30)

There, . is the relative air density, depending on the absolute air temperature T and
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the altitude hy in m above sea level. According to [2.30]
0 = or/015 = (288/T) - exp(=0,00012 har) . (2.31)

For T = 288 K (+15°) and hy =0, g will be 1,0.

The quantity kny, is a humidity voltage correction factor depending on the absolute air
humidity according to Figure 2.9; n is an exponent depending on the air gap distance
as in Figure 2.8 [2.18]. The term (g}/knm)" is named relative insulation strength (RIS).

Example: The relative insulation strength (RIS) should be evaluated for h, = 1000 m; T =
293 K; length of rod-plane air gap 4,0 m and a humidity of 15 g/m®. From (2.31), it is obtained
0,(288/293) exp(—0,12) = 0,983 0,887 = 0,87. knm = 0,95 results from Figure 2.9 and n = 0,64
from Figure 2.8. Then RIS = (0,87/0,95)%%4 = 0,95.

If the actual distribution of overvoltages and withstand strengths are not known, an
approximation of the risk may be obtained by a simplified statistical approach (Figure
2.10). This approach is based on the premise that the actual shape of the low-voltage
end of the overvoltage distribution is not too important because those low overvoltages
will not cause failures. Likewise, there is little need to keep accurate track of how
likely it is that the insulation strength is greater than normal. Therefore, the actual
distributions are replaced by simple distributions, generally Gaussian distributions, that
can be characterized by the standard deviation and by one defined point. This point
belongs to the overvoltage distribution and is characterized as the statistical overvoltage,
Usg;, this being the overvoltage at the 2 % point.
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The distribution of withstand voltages is described by Uy, the statistical withstand
voltage, measured at the 90 % withstand or 10 % breakdown point. These points are
illustrated in Figure 2.10. The task would be, therefore, to coordinate the two distri-
butions of slow-front or switching surge overvoltages at one side with the distribution
of withstand voltages at the other side. This can be reached by adequate selection of
the air gap and the corresponding cumulative distribution adjusting the right curve in
Figure 2.10.

The mazimum switching overvoltage mentioned above should be combined with the
minimum withstand voltage of narrowest gaps for one tower in order to determine the
risk of failure for one typical tower. Using the appropriate statistical formulae it is then
possible to determine the risk of failure, also called probability of flashover, for the
number of towers that are supposed to be reached by the overvoltages.

Considering, therefore, the statistical method of insulation coordination for determining
the insulation of a certain line, the practice consists in specifying a mazimum risk of
failure or probability of flashover (PFO) that a line can accept. The figures specified
for the PFO usually are in the range of 1072 to 10™%, meaning that one line outage will
be accepted in the range of 100 to 10000 switching operations.

2.4.5.4 Insulation design for fast-front overvoltage

Fast-front overvoltages are responsible for the lightning performance of an overhead
transmission line. Fast-front overvoltages or lightning overvoltages produce overvoltages
on transmission lines through two main mechanisms, namely:

— Overvoltages due to lightning strokes that bypass the overhead shield wires and
terminate directly upon phase conductors. These overvoltages are called shielding
failures.

— Back-flashovers, when the lightning strokes reach the shield wire or a tower and
the stroke current flows through a transmission line tower, elevating its potential
above that of the more remote earth. A voltage difference develops between the
tower and phase conductors and a flashover from tower to conductor may occur.
If the lightning overvoltage is high enough to cause a flashover along an insulator
sct, it is likely that a power arc will be established needing to be extinguished by
switching off the line.

It has to be considered that the circuit breakers of the line terminals are often provided
with automatic reclosing operations, so that in general 60 to 70 % of the flashovers
caused by lightning are usually of transient nature and the line is reclosed without
suffering a permanent outage. Among several factors affecting line performance, it can
be mentioned:

— Lightning ground flash density or, alternatively, lightning stroke frequency or
keraunic levels that measure the average number of thunderstorm days per year
along the line route (see Chapter 4);

— Stroke magnitude and wave shapes (see Chapter 4);

— Tower type, height and geometry;

— Shielding angles of earth wires (see Chapter 4);

— System voltage;

— Earthing resistance and soil characteristics (see Chapter 5);

— Type of terrain and natural shielding through trees or mountains and

— Installation of surge arresters in parallel to the insulator sets along the line.

The basic parameter used to measure the lightning performance is the number of out-
ages per 100 km per year. The lightning performance is dealt with in Chapter 4.

The withstand voltage to be used should be taken as higher than or equal to the
overvoltage which can propagate beyond a few towers from the point of the lightning
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stroke. If no more accurate means of calculation is available, the phase-to-earth fast-
front overvoltage can be taken as the withstand voltage of the insulator set, that is
the 90 % lightning withstand voltage of the insulator strings Uggo_ins- The withstand
voltage in this case is called basic insulation level (BIL) as it refers to fast-front or
lightning overvoltages.

2.4.6 Live-line maintenance

The overhead transmission lines are frequently required to be designed for accepting
live-line maintenance, either with the bare-hand method or with the hot-stick method.
In view of that, it is necessary to establish clearances in the towers big enough so as to
offer total safety for the linemen that will work in the energized line. Such clearances can
in some cases govern some parts of the insulation of the towers and should, therefore,
be taken into account when designing the towers.

2.5 Clearances

2.5.1 Clearance requirements
2.5.1.1 Types of electrical clearances

According to [2.27], five types of requirements are considered for determining the min-
imum electrical clearance distances, namely:

— Prevention of disruptive discharges between phase conductors and objects at earth
potential when fast-front or slow-front overvoltages occur. The required clearance
distances are designated as De and can be either internal clearances between
conductors and earthed tower components, or external clearances between a con-
ductor and an obstacle.

— Prevention of disruptive discharges between phase conductors when fast-front or
slow-front overvoltages occur. The minimum required clearance distances are of
internal nature and are designated as Dpp.

— Prevention of disruptive discharges between a live conductor and an object with
earth potential at power frequency voltage. The minimum required clearance
distances are of internal nature and are designated as Dpt_pe.

— Prevention of disruptive discharges between live conductors at power frequency
voltage. The required clearance distances are of internal nature and are designated
as Dyt pp-

— Setting of minimum air clearance distances to obstacles or crossed objects, in
order to achieve that potential disruptive discharges occur inside the overhead
line and not to obstacles. In view of that, the minimum air clearance distances
should be higher than the lowest value agom, among the shortest straight lines
between live and earthed parts of the overhead line.

The values D¢y, Dpp, Dyt _pe and Dyt pp are determined from the electric stresses consid-
ering the respective electric and geometric parameters. Indicative values according to
[2.27] are described in clause 2.5.1.2. The resulting clearance distances shown in clause
2.5.2 assure a complete personal safety. The clearance distance agom is a result of the
individual line configuration. The minimum values De and Dy, can be alternatively
determined from long-term satisfactory operation of lines; they are considered as suffi-
cient for internal clearance distances (see Table 2.20). If they are intended to be used
for external clearances, clause 2.5.2.6 should be taken into account.
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Table 2.13: Usual coefficients of variation v, and deviation fac-
tors K, for calculation of withstand voltages

Overvoltage Coefficient of Standard Deviation
type variation v,  deviation o, factor K,
Lightning impulse 0,03 0,03 Usgo K, g = 0,961
Switching surge 0,06 0,06 Usgor K,_ss = 0,922
Power frequency 0,03 0,03 Usgo K, pe = 0,910

2.5.1.2 Calculation of electrical clearances

2.5.1.2.1 Required withstand voltages of air gaps

The procedures to determine the required withstand voltage described here are based
on the data of EN 50341-1, Annex E [2.27], and refer to [2.1, 2.29, 2.31, 2.30]. The
capability of an air gap to withstand power frequency or impulse voltages of a given
shape can be described with statistical concepts; for a given insulation and for impulse
voltages of a given shape and a given altitude of the line, a certain probability of
flashover can be associated to each value of the voltage; such probability is described
through the parameters Usge,, oy and Ny. Reference [2.31] recommends the use of a
modified Weibull distribution. This distribution is determined such that its parameters
correspond to the values of a Gaussian distribution at probabilitics of 50 % and 16 %
of being exceeded and is truncated at Usyy — 3 oy-

The required withstand voltage of an air gap is determined by considering an z %
probability of being exceeded taking the critical voltage Usgy, into account, so that:

Urw = Ux = USO% - ngu 5 (2~32)

where Usqgo, is the 50 % withstand voltage of the air gap, oy the standard deviation and
Ny the number of standard deviations, which correspond to the interval between the
probabilities 50 % and z %, respectively.

For transicnt stresses (fast-front and slow-front overvoltages), the required withstand
voltage should be the 90 % withstand voltage of the air gap. It is determined as a
function of the 50 % withstand voltage by the following relation:

Ul‘w = Ugo% = U50% - 173 Oy . (233)

As far as the power frequency voltage is concerned, the required withstand voltage U.,
is considered as a deterministic parameter:

Urw = Urgo% = Usoy —30u (2.34)

The required design withstand voltage can be determined by employing the deviation
factor K, and the coeflicient of variation v, through:

Urw = (1 = vy - N) Usoy, = KoUso, 5 (2.35)

where v, designates the coefficient of variation. The resulting deviation factors K, are
given in Table 2.13.

In general, the type of air gap affects its dielectric withstand strength. The 50 % with-
stand voltage Usgy, of an air gap of any arrangement can be equated as a function of
the voltage of the rod-to-plane (Usgy,p) air gap through:

Uson = Ky Usowep (2.36)

where K, designates the gap factor. For cvery type of voltage stress, the respective gap
factor can be related to the gap factor for switching overvoltage as follows:
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Table 2.14: Gap factors for clearances in air

Type of gap Slow-front Fast-front  Power frequency
overvoltage overvoltage voltage
Kgst = K¢ Ke s Kg_pt
Rod-to-plane 1,00 1,00 1,00
Conductor-to-obstacle 1,30 1,08 1,16
Conductor-to-plane 1,15 1,04 1,09
Conductor-to-tower window 1,25 1,07 1,14
Conductor-to-tower 1,45 1,12 1,22
Conductor-to-guys 1,40 1,10 1,2
Conductor-to-conductor 1,60 1,16 1,26

Note: The gap factors for fast-front and power frequency voltages are derived
from the factors for slow-front overvoltages.

— Slow-front overvoltages

Ky s =Kg ; (2.37)
— Fast-front voltages
K, g =074+026K; ; (2.38)
— Power frequency voltages
Ky ot = 1,35 K, — 035 K7 . (2.39)
The required design withstand voltage results from (2.30) and (2.35) as:
Uiw = K, Kg U5O%rp . (2'40)

The values of air gap factors, applicable to slow-front overvoltages, depend on the air
gap arrangement. Four types of arrangements are considered according to [2.27]:
— Conductor-to-obstacle (external clearances);
— Conductor-to-conductor in tower window, that is an I-string or V-string in the
tower window (internal clearance);
— Conductor-to-tower, from freely swinging insulator string or from V-string to a
crossarm or tower body (internal clearance);
— Conductor-to-conductor (internal clearance).
In Table 2.14, examples of air gap factors are shown according to [2.27], {2.29] and
[2.31]. Other values obtained by experience or tests can be used. Other typical values
for air gap factors can be obtained from [2.18].
Standard [2.31] contains formulae which describe the reaction of rod-to-plane air gaps
against overvoltages; the 50 % withstand voltage Usgo,,, of rod-to-plane air gaps is used
as reference for the clearance distance d. Therefore, the relation between the withstand
voltage of an air gap and the clearance distance d can be expressed as:

Uw=K, Kg- f(d) . (2.41)

The withstand voltage of any self-restoring insulation regarding slow-front overvoltages
with front time 250 us and time to half value 2500 us is significantly lower than the
corresponding voltage for fast-front overvoltages of the same polarity. Practically, the
withstand voltage of a rod-to-plane air gap up to 25 m distance, for positive polarity
and the standardized slow-front wave shape, can be determined by:

USO%rp_sf = 1080 In (0746d + 1) P (2.42)

where d is the clearance distance in m and Usgop_sf T€presents the peak value of the
impulse overvoltage in kV.
For standard lightning impulses with a front time of 1,2 us and time to half value of
50 us, and for rod-to-plane air gaps up to 10 m distance, the critical voltage of positive
polarity is determined by:

UEO%rp_ff =530d s (243)
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Table 2.15: Altitude factor K, as a function of the withstand voltage for
insulation coordination according to [2.27]

Altitude Altitude factor K,
(m) up to  from 201 kV  from 401 kV  from 701 kV above
200 kV  to 400 kV to 700 kV to 1100 kV 1100 kV

0 1,000 1,000 1,000 1,000 1,000
100 0,994 0,995 0,997 0,998 0,999
300 0,982 0,985 0,990 0,993 0,996
500 0,970 0,975 0,982 0,987 0,992
1000 0,938 0,946 0,959 0,970 0,978
1500 0,904 0,915 0,934 0,948 0,960
2000 0,870 0,883 0,906 0,923 0,938
2500 0,834 0,849 0,875 0,896 0,913
3000 0,798 0,815 0,844 0,867 0,885

where d is the clearance distance in m and Usgy,p, g represents the peak value of the
impulse overvoltage in kV.

The 50 % withstand voltage Use,, of a rod-to-plane air gap for power frequency voltage
is determined by:

Uso%rp_pt = 7502 In (1 +0,55d"%) (2.44)

where d is the clearance distance in m and Usgyp_pr means the peak value of the
voltage in kV. The critical disruptive voltage depends on the air density and, therefore,
on the altitude of the area above the sea level, as explained in clause 2.4.5.3. Such
dependence is considered through the altitude factor K, according to equation (2.45)
and Table 2.15:

Uw =K, K, - Kg : U5O%rp . (2~45)

2.5.1.2.2 Voltages to be considered

Fast-front overvoltages caused by lightning should be taken into account for the cal-
culation of clearance distances in electric systems of ranges I and II; i. e. according to
[2.31] for all nominal voltages.

Slow-front overvoltages caused by switching operations should be considered for the
calculation of clearance distances in electric systems of range I1, i. e. for nominal voltages
equal or higher than 300 kV. The representative overvoltages to be taken into account
are given in Table 2.16 according to clause 2.4.5.

Fast-front overvoltages

For the determination of the air gap distance regarding fast-front overvoltages, consid-
eration should be given to the representative voltage that hits a certain point of the
transmission line and spreads over a few supports. For determining phase-to-ground
clearance distance, a voltage equal to 90 % of the lightning withstand voltage Uggoyr_ins
of the insulator set should be taken into account. This voltage depends on the flashover
distance dips of the insulators sets and on the type of air gap.

For phase-to-phase clearances, the representative overvoltage 1,20 Uggoy_ins should be
considered. According to [2.27], it applies:

Urp = Ugowst_ins = Kot - Kg_rins - 930 - dins (2.46)

where K, g is the deviation factor (K, ¢ = 0,961), Ky _f_ins the lightning impulse air
gap factor of the insulator set and di,s the flashover distance of the insulator set.
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Table 2.16: Representative voltages Uy, (external in-

sulation)
Type of stress Phase-to-earth Phase-to-phase
Lightning Usonf_is 1,2 - Ugonsris
Switching Kes - Usg_sf 1,4 Kes - Usoy or
Power frequency (\/5/\/§)Us V2.U,

DC voltage 1,054/3/2-Upc  2-1,054/3/2-Unc

Slow-front overvoltages
For insulation coordination of overhead lines regarding slow-front overvoltages, a sim-
plified statistical method can be used. It is assumed in this case, that the distributions
of both the overvoltages and the insulation withstand voltages can be defined by one
point of the respective statistical distributions.
The overvoltage distribution is represented by the statistical overvoltage Usy, g, which
corresponds to 2 % probability of being exceeded. The insulation withstand voltage is
represented by the statistical withstand voltage, which corresponds to 90 % probability
of withstanding. The representative overvoltage Uy, is determined through the multi-
plication of the statistical overvoltage by a statistical coordination factor K. It results
therefrom:

— Phase conductor to earth:

Uwp = Kes - Usg ¢ and (2.47)
— Phase-to-phase:
Urp = Kcs M Up?%_sf = 1,4 . Kcs . UZ%_Sf . (248)

The statistical coordination factor K. is related to the risk of failure. To determine
the electrical clearance distances, K. can be set as equal to 1,05, corresponding to a
flashover risk of around 0,001.

Power frequency voltages
For the purpose of insulation design and coordination, the representative permanent
voltages should be considered as constant, being taken as equal to the peak value of
the highest power frequency voltage.

— Phase-to-earth:

U = (V2/V3)Us and (2.49)
— Phase-to-phase:
Urp = \/5 . Us ) (250)

where Us means the highest system voltage.
Table 2.16 summarizes the representative voltage stresses to be considered.

DC voltages

The insulation in direct current (DC) lines, generally named as high voltage direct
current (HVDC) systems, is stressed by lightning overvoltages, overvoltages induced
by faults and the operating voltage. Slow-front overvoltages reach only moderate mag-
nitudes of not more than 1,7 p.u. as a consequence of the attenuation in the converter
stations, and are, therefore, not significant for line design. Fast-front overvoltages, as a
consequence of lightning strokes, attain the same values as in AC systems.

Regarding the stresses at operating voltages, a DC line performs like an AC line with
the peak value of the power frequency voltage. Therefore, it applies Usac = V3/2-Upc
where Usac is the highest phase-to-phase power frequency voltage of the comparable
AC line and Upc is the highest operating voltage of the DC line. For design, a voltage
increased by 5 % compared with the nominal voltage should be adopted.
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Table 2.17: Clearances D, and
Dyp  corresponding to fast-front
withstand voltages, of conductor-
to-obstacle and  conductor-to-
conductor air gaps in altitudes up

Table 2.18: Clearances Dy
and Dy, corresponding to slow-
front overvoltages, of conductor-
to-obstacle and  conductor-to-
conductor air gaps, in altitudes up

to 1000 m above sea-level to 1000 m above sea-level

Lightning surge Dag Dypa Switching surge Deist Dppst

withstand voltage withstand voltage

&V) @)  (m) &V) (m)  (m)
400 0,77 0,85 400 0,88 1,02
600 1,14 1,26 600 1,44 1,67
800 1,50 1,68 800 2,07 2,45

1000 1,88 2,08 1000 2,84 3,41

1200 2,23 2,50 1200 3,71 4,57

1400 2,61 2,92 1400 4,77 5,97

1600 2,98 3,33 1600 6,02 7,66

1800 3,35 3,75 1800 7,50 9,70

2000 3,72 4,17

2050 3,82 4,27

2100 3,91 4,38

2150 4,00 4,48

2.5.1.2.3 Summary of formulae for electrical clearances

For each kind of voltage stress, the coordination withstand voltage of the air gap shall be
equal or higher than the representative overvoltage. As a result, the following relation-
ships can be deduced from equation (2.45), considering equations (2.42) to (2.44) and
Table 2.16, for determining the required electrical clearances under the three mentioned
conditions.

Fast-front overvoltages

Dei_tt = Uggost_ins/ (530 - Ko - K, ¢ - K ) (2.51)
and

Dpp_ = 1,2Ugo% ins/(530 - Ky - K, g - Ko g) (2.52)
In Table 2.17, the values for De_g and Dy, ¢ are provided depending on the represen-

tative overvoltages for conductor-to-obstacle and conductor-to-conductor air gaps, in
altitudes up to 1000 m above sea level.

Slow-front overvoltages

K. Usg
D — 917 e csY2% st -1 2.
elst = 2, {"XP 1080 - K - K, o - Ky o -
and
].,4 KchZ‘V_Sf
D = 2,17 ; -1 o
pp_sf ) l:eXp 1080 - K, - K, - Kg,sf ( !

In Table 2.18, the values for Dg g and Dy, s are provided depending on the represen-
tative overvoltages, for conductor-to-obstacle and conductor-to-conductor air gaps, in
altitudes up to 1000 m above sea level.
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Table 2.19: Minimum clearances Table 2.20: Empirical data
in air dependent on the highest for minimum clearance dis-
voltage of equipment tances Dg and Dpp
Highest voltage  Dpfpe Dpfpp Highest voltage  Dei  Dpp
of equipment Us of equipment Us
&V) (m) (m) kV) (m) (m)
52 0,11 0,17 52 0,60 0,70
72,5 0,15 0,23 72,5 0,70 0,80
82,5 0,16 0,26 82,5 0,75 0,85
100 0,19 0,30 100 0,90 1,05
123 0,23 0,37 123 1,00 1,15
145 0,27 0,42 145 1,20 1,40
170 0,31 0,49 170 1,30 1,50
245 0,43 0,69 245 1,70 2,00
300 0,51 0,83 300 2,10 2,40
420 0,70 1,17 420 2,80 3,20
525 0,86 1,47 525 3,50 4,00
765 1,28 2,30 765 4,90 5,60

Power frequency voltages

U 0,833
. ot g 1 2.55
pf_pe [ p 7503 - K, - K, pt - Kg pt } ( |
and
0,833
S Us 1 (2.56)
pf-pp ’ 750 - Ky - K, _pt - Kg_pf |

In Table 2.19, the values for Dy¢ . and Dy p, are supplied being applicable to
conductor-to-tower and conductor-to-conductor air gaps. They refer to insulation coor-
dination considerations. Other requirements, such as for live-line work, may necessitate
longer clearances.

Direct voltages

According to [2.32], the requiredclearances in HVDC lines can be obtained from equa-
tion (2.51) and (2.52), where the fast-front overvoltage has to be considered. The clear-
ances required with respect to the operating voltage result from (2.55) and (2.56),
whereby Us has to be replaced by 1,22 Upc.

2.5.1.3 Empirical data for clearances

Overhead transmission lines have been operated in all regions of the world, from which
empirical data for the clearances Dg and Dy, can be obtained. In Table 2.20, such
values are given as standardized in EN 50341-1 [2.27]. If the clearances D of Table
2.20 are used to determine clearances necessary between conductors and obstacles in
crossings, the following additional requirement should be complied with: The minimum
clearance should be higher than 1,1 times the longest air gap asom along the insulator
sets. Under this assumption, it will be guaranteed that disruptive discharges, if any,
occur along the insulator sets or within the line and never to crossed obstacles or persons
under an overhead line. In practical terms, it is not known so far that any flashover
ever occurred to obstacles or persons when these requirements had been fuifilled.
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2.5.2 Internal and external clearances
2.5.2.1 Introduction

In case of overhead lines, internal and external clearances are considered. The internal
clearances refer either to conductor-to-conductor or conductor-to-tower air gaps in the
line. The external clearances are used for determining safety clearances betwcen live
conductors and objects under or in the vicinity of the overhead line. The internal
clearances arc specified solely for the purpose of designing for an acceptable ability to
withstand overvoltages.

According to standards [2.29] and [2.31], the overvoltages, in connection with a limited
number of flashovers, through the critical clearances, for instance conductor-to-tower,
can lead to an economic design of a power network.

The purpose of the external clearances is to avoid any hazard of flashovers to the
general public, to persons carrying out activities in the vicinity of the overhead power
lines and to persons maintaining the power network. The external clearances are set
so that flashovers have very high probability of occurring inside the overhead line. For
live-line work, special rules are applied, which take care of special conditions applying
in this situation.

The clearances relate to overhead transmission lines which use bare conductors. Lines
which usc a solid insulating layer around the phase conductors can be designed with
clearances lower than the ones established in clause 2.5.1.

It is also accepted that for producing cconomic designs of a power network, the designer
has to consider a foresceable range of climatic conditions, such as wind velocities and
ice load. If exceptional meteorological events occur, it is acceptable that the clearances
established in clause 2.5.1 will not be complied with. An event can be considered as an
cxception if it is expected to occur once in more than 50 years. In these exceptional
conditions, the safety of persons is paramount and should be the governing rule.
Vertical and horizontal clearances can be distinguished in order to determine the short-
est distance between live parts and the object under consideration. If not specified as
vertical or horizontal, the clearances should be taken as the shortest ones between live
parts and the object under consideration.

2.5.2.2 Design principles

Disregarding live-line work, the following rules are applied for determining both internal
and external clearances:

— There is a basic electrical clearance D), which, if obeyed as an external clearance,
prevents flashovers between live parts and external objects at earth potential un-
der normal system operation. Normal operation comprises switching operations,
lightning surges and overvoltages resulting from earth faults. For internal clear-
ances, it is permitted to use lower values than Dy, because flashovers affect only
the operation of the network. For external clearances, according to [2.27], Dg
should be applied in any case.

— A basic clearance Dy, should be used in order to avoid phase-to-phase flashovers
during lightning or switching overvoltages. Clearances lower than Dy, can be
accepted at adverse weather conditions, as flashovers in this case would affect
only the network reliability and not the safety of persons.

— An additional clearance component Daqq is necessary to ground or crossed objects,
being intended to ensure that no person or conductive object violates the electric
distance cven when they are undertaking work or leisure activities which can
be foreseen as reasonably probable. In Figure 2.11, the relationships are shown
between clectrical and additional clearance.
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— The internal clearances to earthed objects can be less than the lowest values of Dg
and Dpp during infrequent events, such as those caused by the maximum swing
of the conductors due to wind loading. In this case, there is a low probability of
a coincidental transient voltage and such a coincidence would in any case result
only in a supply interruption, presenting no danger to persons. It is, therefore,
recommended in [2.33] that clearances lower than those required with respect
to overvoltages can be accepted in 1 % of time duration of one year. Similarly,
phase-to-phase clearances Dy, can be lower than the ones, required according to
Tables 2.17, 2.18 and 2.20 under the occurrence of low probability events.

— The probability of flashover through the lowest internal clearance asom should be
always higher than that to any external object or person. Also with long insulator
sets, the risk of flashover should always be through the internal distance agom and
not to any external object or person. In case of long insulator strings, an increase
of the distances D, to values more than 1,1 - asom can be expedient, according to
[2.27].

The minimum distances required for live-line work can be determined according to
[2.34].

2.5.2.3 Load cases for the calculation of clearances

2.5.2.3.1 Maximum conductor temperature at no-wind condition

Vertical clearances should be based on the mazimum design temperature of the con-
ductors and on their resulting position along the span and they should be designed
sufficiently large. The maximum conductor temperature is a result of the line operation
or can be considered as the highest permissible temperature for the conductor. In Table
2.21, the design temperatures according to EN 50 341-3 [2.35] are listed. According to
international practice, maximum permanent conductor temperatures in the range of 75
t0 90°C are used. Normal clearances are established for maximum permanent conductor
temperature. If higher currents and temperatures are additionally taken into account
for emergency conditions, clearances lower than Dg and Dpp, can be accepted.

2.5.2.3.2 Ice load without wind

The characteristic ice load to be applied and the relevant temperature should be spec-
ified based on the experience gained in each region or at individual lines. Guidelines on
ice loads to be applied are provided in clause 6.6.3.

A summary of ice load conditions to be considered for clearances in the individual Eu-
ropean countries is given in Table 2.21. High ice loads are taken into account, specially
in Northern European countries like Norway, Sweden and Finland. No ice load con-
ditions are specified in Southern European countries; some standards refer to project
specifications. The temperatures during icing periods are between -10 and 0°C.
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Table 2.21: Conductor temperatures and ice loads to determine clearances in some Euro-
pean countries constituting CENELEC according to EN 50341-3!)

Country Temperature °C Ice load N/m Source EN
Austria 40 4+0,2- DY 50 341-3-1
Belgium 5 no ice load 50 341-3-2
Switzerland 40 20 50 341-3-3
Germany Design temperature 5+ 0,1-D%:10+0,2- D?; 20+ 0,4 D?;  50341-3-4
depending on line location
Denmark Design temperature no ice load 50 341-3-5
Spain > 50 0 to 500 m no ice load 50 341-3-6

500 to 1000 m 1,8vD
above 1000 m 3,6v/D
Finland 70 0 to 50 m 10 50343-3-7
50 to 100 m 25
100 to 200 m 50
above 200 m 75

France Design temperature 0 to 600 m 20 mm radial® 50 341-3-8
above 600 m - project specification
Great Britain  Design temperature project specification 50 341-3-9
Greece 50 no ice load 50 341-3-10
Ireland Design temperature 15 to 50 mm — radial® 50 341-3-11
depending on type of line
Ttaly up to 800 m 55 no ice load 50 341-3-13
above 800 m 40
Netherlands 70/80 ice load with 50 years return period 50341-3-15
Norway Design temperature 30 to 50 m, depending on height 50341-3-16
above sea-level and location
Portugal up to 100 kV 65 up to 700 m no ice load 50341-3-17
above 100 kV 75  above 700 m 11/40 - (10 + D)?
Sweden 50 9,2 + 0,51 D? 50 341-3-18

Y not, available for Luxembourg
2 D conductor diameter in mm

3) thickness of radial ice accretion, measured in mm, not in N/m

Besides a uniform ice load along the line section, some standards require to comply
with minimum clearance when a local ice load acts just in one span, e. g. for crossings
of traffic routes etc. EN 50 341-3-4 [2.36], as an example, specifies 50 % of the uniform
ice accretion in this case. Such an unbalanced ice load results in unequal longitudinal
conductor tensile forces, causing longitudinal swings of the insulator sets and, therefore,
higher sags may be created as compared with the conductor maximum temperature
condition.

2.5.2.3.3 Wind load assumptions
Regarding clearances at wind load, three conditions should be taken into account:

— Moderate wind load having an average frequency of occurrence. According to
[2.27], a wind load for a three years return period is suggested. Reference [2.33]
recommends a wind speed which is not exceeded during at least 99 % of the time.
The first assumption could lead to approximately twice the swing angle than the
proposal according to [2.33]. In clause 2.5.2.4 further details will be given.
According to [2.36], the dynamic wind pressure to be adopted reaches 80 % of
the value which would be considered for a 50 year return period.

— FEztreme wind load according to a design wind speed of e. g. 50 years. This wind

load lcads to the limit values of the conductor swing.

Wind action on ice covered conductors may determine the electrical clearances
under particular conditions. Then, the relevant conductor position can be calcu-
lated using the assumptions described in [2.33)].
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The conductor temperature depends on electric load, wind velocity, wind direction and
ambient temperature. The more the wind velocity increases, the lower the increase
of the conductor temperature will be compared with the ambient temperature. Such
circumstances can be considered in the design of an overhead line, when the actual con-
ductor position is calculated. According to [2.36], conductor swing is always calculated
at +40°C temperature.
At medium wind load, internal clearances may be reduced compared with D¢ and Dy,
because under these circumstances there is only a low probability that an overvoltage
occurs and results in a disruptive discharge to persons or third party properties. The
extent to which the clearances could be reduced is established in correspondence with
the reliability level required for the line. According to [2.36], the values of D¢ and Dy,
of Tables 2.17, 2.18 and 2.20 may be multiplied by the factor 0,75.
Under extreme wind condition the internal clearances should withstand the highest
phase-to-earth power frequency voltage in systems with directly-earthed-neutral and
earth fault factors of 1,3 or below. Clearances according to Table 2.19 apply under
this assumption. For higher earth fault factors, especially in systems with isolated and
resonant-earthed-neutral, consideration of temporary overvoltage may be necessary.
The practice among several utilities in regions not subjected to ice loads, regarding
association of wind velocity for swing angle calculation, temperatures and clearances
for tower design or tower application is:
— Consideration of a no-wind condition at everyday stress (EDS) temperature and
of clearances for fast-front or lightning overvoltages;
— Use of a moderate wind velocity equal to 50 to 60 % of the high-wind velocity for
50 year return period for the swing angle calculation and its combination with
the clearance for the maximum slow-front or switching overvoltages;
— Use of the high-wind 50-year velocity for calculation of maximum swing angle
and its combination with the clearance for power frequency voltages.

2.5.2.4 Insulator and conductor position under wind action

2.5.2.4.1 Definition of wind action

The available clearances between phase conductors or between phase conductors and
earthed tower elements depend on the conductor and insulator positions which vary un-
der the action of wind. The wind load causes swinging of the conductors and insulators,
thus reducing the still air clearances. The wind action varies with time and location
and can be described as randomly distributed using statistical approaches (see clause
6.3.2 and [2.1]). The time-dependent conductor position will be randomly distributed
as well. Additionally, the swing angles depend on line parameters, such as ratio of wind
to weight span, conductor type etc.

To determine the distribution of conductor position depending on the wind, it is neces-
sary to consider the distribution of the wind velocity along the span and its variation
with height above ground level. To assess the time distribution of the conductor po-
sition, a knowledge of the time distribution of wind velocity is necessary. Only the
component of the wind acting perpendicularly to the conductor causes swinging of con-
ductor and insulators. Wind statistics often comprise only wind values independently
of the wind direction. To assess the probability of swing angles, it is necessary to take
appropriate note of the wind direction.

According to IEC 60826 [2.1] the probability of yearly extreme values of wind velocity
may be described by the Gumbel distribution (see clause 6.9.4). According to this dis-
tribution the wind velocity V; corresponding to a given return period 7 (measured in
years) can be determined from

V, =V —oy[0,45 +In(—In(1 — 1/7)) - V6/7] . (2.57)
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Equation (2.57) can be used to establish the wind velocity having a high probability of
occurrence during one year, e. g. the wind velocity with a return period of two years,
and to derive the yearly time distribution of the wind velocities based on this value.
It may be assumed that the yearly time distribution of the wind velocities follows the
Weibull distribution

PV <Vy)={1-exp[- (VT/Vn)ﬂ]} 100 . (2.58)

Equation (2.58) determines the percentage of time during which the wind velocity
V will be below the value V.. The Weibull distribution (2.58) is described by the two
parameters 3 and V;,. Data for the value 3 can be found in literature, ranging from 1,8 to
2,2. To assess the parameter V;, from extreme value statistics, 3 = 2,0 is recommended.
The probability that a velocity V' exceeds V; is then

P(V > Vy) = exp| — (Vo/V)?] - 100 . (2.59)

With standard practice for wind measurements in mind, it can be concluded that the
wind velocity having a two years’ return period will have a yearly time probability of
occurrence of P = 3,42 - 107 (see [2.33]). Hence, V; can be determined from (2.50)
with g = 2,0:

Vi = V2a/2,825 . (2.60)

According to the structure of the boundary air layer close to the ground surface, the
wind velocities increase with the height above ground. To determine the wind velocity
V. at a height z above ground, the power law

V. = Vr(z/2r)" (2.61)

is often accepted, where Vi is the reference wind velocity for the height 2z and « the
roughness parameter depending on the terrain category. For the coefficients « sce [2.1]
or Table 6.13.

IEC 60826 [2.1] contains figures describing the effect of span lengths above 200 m
through the span factor Gy,. The wind load on conductors is given by

Qwc =G, -Cc-0/2-VE - D-aw . (2.62)

In Figure 2.12, the span factor Gy, is shown depending on the wind span according to
IEC 60826, EN 50341-1 and EN 50 341-3-4. The drag factor Cc: can be assumed to be
1,0 for standard conductors.
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2.5.2.4.2 Calculation of swing angle

If the wind acted steadily along the line and constantly over a longer period of time,
the calculation of swing angle would just be a simple matter. However, in reality the
fluctuation of wind affects the swing angle considerably. The peak wind velocities will
not cause swing angles statically equivalent to that calculated from the locally observed
peak wind velocities.

Conductors possess a certain mass which has to be accelerated first and moved into a
swung position before the wind forces will be transmitted to the support. Therefore,
peak wind velocities of short duration will not affect neither the swing angles nor the
forces acting on the towers. Only mean values of wind velocities averaged over a sufhi-
ciently long period of time affect the swing angle. This fact can be directly observed on
overhead power lines. In heavy storms with distinctly discernible gusts, the conductors
and insulators resist in a stable swung position without clearly reacting to the gusts.
Accordingly, various investigations of swing angles indicate that the measured swing
angles are smaller than those theoretically expected from the recorded instantaneous
peak wind velocities adopting the basic relations between wind velocities, wind forces
and swing angles. Figure 2.13 shows records from [2.37] in comparison with calculated
data. This figure confirms that the relation between wind velocity and swing angle
requires extensive considerations to become consistent. For bare stranded conductors
a drag coefficient Cc = 1,0 is adequate [2.1]. To achieve sufficient agreement between
calculations and measurements, the climatic data such as air density have to be duly
considered.

The swing angle of an insulator set may be related to the wind velocity by:

1| (e/2) - Cc- V- G- D - aw + Qwins/2

Pins = tan Wo + Won/2 (2.63)
In this formula the following symbols are used:
0 air density depending on temperature, humidity and altitude above sea level,
Cc drag factor equal to 1,0 for stranded conductors,
r reference wind velocity,
Gr, span factor taking into account the effect of span length,
D conductor diameter,

aw wind span,

Qwins wind load on insulator set,

W effective conductor weight taking into account the differences in the level of
conductor attachment points,

Wins dead weight of insulator set.

The effective conductor dead weight results from the weight span without considering
the increase in tension due to wind action.
The swing angle for a conductor alone follows accordingly from

— 2).Co- V2. .D.
b = tan™! (e/2) CngR aGL I (2.64)

where @ is the span length and mc¢ the conductor mass per unit length.

Evaluations of measurements demonstrate that the reference five- or ten-minute mean
value should be used for the wind velocity Vg. Formulae (2.63) and (2.64) can then be
used to calculate the mean value of the swing angle ¢ for every given wind velocity.
Using the five-minute mean wind velocity is a conservative assumption, as confirmed
by observations [2.33]. It can be assumed that the actual swing angles for a given mean
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wind velocity follow a Normal distribution function with a mean value of ¢ resulting
from formulae (2.63) or (2.64), whereas the standard deviation is given by

05 =2,25[1 — exp(— Vi /230)]  (in degrees) . (2.65)

For low wind wvelocities, the standard deviation o4 is 0° and for large values oy will
be 2,25°.

Most wind statistics refer only to the occurrence of absolute values without relating
these wind velocities to wind directions. However, only winds acting perpendicularly
to the line direction will cause maximum swing angles. Therefore, statistics on wind
directions would be necessary as well, in order to establish realistic time probabilities
for swing angles. As an approximation, it is proposed in [2.33] that the probability of
the swing angle should be assumed as half of that of the corresponding wind velocity.
This might be a fairly good assumption for swing angles of more than 2° [2.33].

2.5.2.4.3 Time distribution of swing angles

It is assumed that a Weibull function according to (2.59) represents the time distribu-
tion of the swing angles. The parameters are derived from the wind velocitics having
a return period of two years. The mean wind velocities under a given wind action can
be reliably calculated with equation (2.63) for insulator sets and (2.64) for conductors
using a mean wind speed averaged over five to ten minutes, where five minutes can
be considered as a conservative value. This approach yields conservative values for the
mean values of the swing angle. Formula (2.65) gives an estimate for the standard
deviation of swing angles. Only wind directions perpendicular to the line cause the
maximum swing angles.
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2.5.2.4.4 Determination of swing angles by measurements

Several experiments have been carried out for studying the relationship between the
swing angle of the insulator set and the observed wind velocities. A world-wide often
used method for determining swing angle, as described in [2.18], is based on measure-
ments carried out at Hornisgrinde on Black Forest, Germany, see [2.38] and [2.37]. In
Figure 2.13, the results of swing angle measurements are shown. From such measure-
ments, diagrams were prepared showing the relationship of the swing angles of the
insulator sets with the wind velocity and the factor

ky = (D/mc)/(ag/aw) (2.66)

where D is the conductor diameter in mm, mc the conductor mass per unit length in
kg/m and ag/aw the weight span to wind span ratio. In Figure 2.14 the swing angles
are shown as a function of the wind speed, for various parameters k.

Diagrams of Figure 2.14 assume that wind velocities act always perpendicularly to the
line direction. The measurements were performed in 300 m spans. In longer spans, the
swing angles tend to be lower, while in shorter spans, the swing angles would be higher
than the indicated values. However, according to [2.18], the impact on the swing angles
is only low. The wind conditions and the time and spatial distribution at the measuring
location were supposed to be similar to those regarding time and spatial distribution
of real lines . Measurements on Hornisgrinde provided lower swing angles for bundle
conductors than for single conductors with similar cross section. This difference cannot
be recognized in Figure 2.14. So, for swing angles of bundle conductors, the approach
seems conservative. The wind velocities refer to the one-minute average. An example
in clause 2.5.2.8 explains the application of Figure 2.14.

2.5.2.4.5 Conductor and insulator position according to standards
According to [2.27] and [2.36], conductor swing angles are based on the wind action
having medium frequency of occurrence corresponding to a three years’ return period.
In this case, the equations (2.63) and (2.64) can be used to determine the insulator and
conductor swing angles, respectively.

2.5.2.5 Midspan clearances

The midspan clearances should be designed to avoid flashovers under overvoltage con-
ditions, assuming medium-frequent wind actions, as well as under power frequency
voltage combined with extreme wind action. If all the conductors were deflected with
equal angles, then the same clearances as at the tower would result close to midspan
position. As a result of [2.33], the most unfavourable conductor positions assuming
swing angles can be calculated from

$c=¢ct204 , (2.67)

where ¢ is obtained from (2.64) and o4 from (2.65). The positions of the conductors
should be separately examined for the two aforementioned conditions. The most un-
favourable conductor relative positions occur when the swing angle for one conductor
is set as ¢c = d¢ + 204 or ¢¢ =¢o— 204.

In practice, several empirical procedures are used to calculate the necessary midspan
clearances which proved their validity during long-term successful operation of lines
designed based on these empirical procedures.

In case of equal cross sections, materials and conductor sags within a span, the following
approach for evaluating minimum clearances in midspan can be used according to [2.36].
The swing angle ¢¢ is determined by (2.64).
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Table 2.22: Values of the factor k¢ as a function of swing 0

angle ¢ and relative conductor positions (see Figure 2.15) rangel. o

Range of Relative position between conductors 2 and 1
swing angle range 2
degree ¢c conductor 2
Grad Range 1 Range 2 Range 3 f .
0° <9 <30° 30° < <80° 80° <y <90° =
= G A 80
> 65,1 0,95 0,75 0,70 B Orange3
55,1 to 65,0 0,85 0,70 0,65 O At TN
3 horizontal line
40,1 to 55,0 0,75 0,65 0,62 conductor 1
< 40,0 0,70 0,62 0,60

Figure 2.15: Determination
of factor k¢ depending on the
relative position of conductor
2 to conductor 1

The minimum clearance cpip of the conductors at midspan in still air should be at least

Cmin = koVfo + Ik +0,75- Dy inm (2.68)

however, not less than k¢ in m in case of phase-to-phase clearance. Between conductors
and earth wires, it applies:

Cmin = kcvVfc+lk+0,75- Dy inm (269)
where:
fc  sag of the conductor at a temperature of 40°C, in m ;
{ length of that part of the insulator set swinging orthogonally to the line

direction, in m ;
kc coefficient according to Table 2.22; the relative position of the conductors is
explained in Figure 2.15;
Dy, minimum clearance (phase-to-phase), in m, which depends on the voltage
according to Tables 2.16, 2.17 or 2.19;
De  minimum clearance (phase-to-earth), in m, which depends on the voltage
according to Tables 2.16, 2.17 or 2.19.
If circuits with different operating voltages run in parallel at the same structure, then
the most unfavourable value for Dy, or Dg should be used.
Relationships similar to equations (2.68) and (2.69) are used in many countries: Austria,
Belgium, Finland, Italy, Netherlands, Norway, Portugal, Spain, Sweden and Switzer-
land. There, the factor k¢ varies between 0,45 and 0,95, sags at 10°C to maximum
conductor temperature are inserted for fc and instead of 0,75 Dy, values up to Dpp
apply.
In case of conductors with different cross sections, materials or sags, the higher factor
ke from Table 2.22 should be used to determine the clearances; similarly, the biggest
sag of both conductors, if they are different, should be used. In addition to the clearance
for the conductors in still air, the clearances between swung conductors should also be
investigated in this case. Then, the wind load should be assumed according to relevant
loading assumptions. According to [2.36], it should be demonstrated, that whilst wind
pressures differing by 40 % are acting on the individual conductors, a clearance not less
than 0,75 Dy, or 0,75 Dgy, and Dps_pp, or Dye_pe, respectively, should be maintained,
where Dy, and D are obtained from Tables 2.17, 2.18 or 2.20, and Dy _pp and Dps _pe
from Table 2.19.
The described determination of midspan clearances applies to conditions for standard
line heights lower than 60 m. For taller towers, as applied in crossings, an extra clearance
of 1 % of the span should be aimed at, as experience from Norway has shown [2.39].
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Table 2.23: Minimum clearances within a span or at a tower

Load case Mid-span At tower
phase-to- phase-to- phase-to-  phase-to-
phase earth wire phase earth

Maximum conductor  Djpp Dy Dyp De,

temperature

Ice load Dyp D, Dyp D,

Wind load with k1 - Dpp k1 - De k1 Dpp k1 - Del

medium frequency

of occurrence

Local ice load k1 - Dpp k1 - Del k1-Dpp k1 Del
Extreme wind load Dyt _pp Dyt pe Dyt pp Dyt _pe

In case of crossings, the clearances should be checked for an additional loading case,
which is defined by local ice load on one conductor in the relevant span, while the other
conductors are unloaded. In this case, the clearances should be higher than k; - Dy, or
k1 - De). The local ice load is assumed to be 50 % of the design ice load according to
[2.36]. Other standards specify different limiting criteria in this case.

2.5.2.6 Minimum clearances within a span or at a tower

The minimum clearances according to EN 50341-1 [2.27] and the associated conditions
can be summarized, as presented in Table 2.23. Values between 0,7 and 1,0 seem ac-
ceptable for the factor k1. As an example, a value ky = 0,75 has proved to be adequate
for Germany. The existing clearances can be determined as recommended in clauses
2.5.2.4 and 2.5.2.5. The values for Dej, Dy, and Dy are found in Tables 2.17 to 2.20.

2.5.2.7 Clearances to ground and obstacles

Due to the different history and safety principles, clearances to ground, to buildings,
traffic routes etc. differ in a relatively wide range from country to country or even among
utilities. When establishing the European standard EN 50 341-1 [2.27] a common basis
was found for stipulation of clearances. Table 2.24 summarizes the most important data.
For detailed information and conditions, the standard [2.27] and the accompanying
National Normative Aspects [2.35] should be studied.

The aim of these clearances is to avoid that persons will approach to the conductors
closer than the distance D also when carrying any objects (see also Figure 2.11). The
following cases are distinguished:

— Clearances to residential and other buildings, when the line is above or adjacent

to the buildings or near antennas or similar structures;

— Clearances to lines crossing roads, railways and navigable waterways;

— Clearances to lines crossing or parallel to other power lines or overhead telecom-

munication lines;

— Clearances to recreational areas with a power line above or in close vicinity.
Voltage-dependent values Dg shall be added to the values D,qq of Table 2.24. Several
standards specify special requirements on the line design in case of crossings, e. g. the
use of multiple-string insulator sets. Details for European countries are given in EN
50 341-3 (National Normative Aspects) [2.35].

2.5.2.8 Examples

2.5.2.8.1 Electrical clearances for a 110 kV overhead line
The example shows the determination of electrical clearances for a 110 kV line equipped with
one long rod insulator type L100 C325 or L210 C550 (according to IEC 60433, see Table 9.4).
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Table 2.24: Distances Daqq to obstacles according to [2.27] in addition to De
Crossed obstacles Maximum conductor Local
temperature; ice load; ice load
average wind load

Ground in open country side

— Normal ground profile, used by agriculture 5,0 (a)
— Steep slopes 2,0 (a)
Trees

— Impossible to climb 0,0 (a)
- Possible to climb 1,5 (a)
Buildings with fire resistant roofs

- Slope greater than 15° 2,09 2,0"
- Slope less than 15° 4,09 4,0%
Non-fire resistant roofs 10,0 10,0
Antennas, street lamps, flag poles and similar structures 2,0 2,0
Roads 6,0 6,0
Electric overhead contact lines 2,0 2,0
Ropeways 2,0 2,0
Towers of ropeways 4,0 4,0
Gauge of navigable waterways 2,0 2,0
Power lines and telecommunication lines D, Dy
Recreational areas

— General 7,0 7,0
-~ Swimming pools 8,0 8,0
— Permanently installed facilities 3,0 3,0

(a) Verification of clearances is not required for local ice loads .
R Required minimum clearance distance 3 m
2 Required minimum clearance distance 5 m

3 Required minimum clearance distance 1 m

The line is located 500 m above sea level.

— Highest operating (power frequency) voltage: 123 kV.

— For voltages of range I, according to [2.29], it is not necessary to consider switching
overvoltages.

— The 90 % withstand voltage for fast-front overvoltages Uggog_ins is 325 kV phase-to-
ground for insulator L100 C325 and 550 kV for insulator L210 C550.

— The altitude factor, according to Table 2.15, is K, = 0,975 phase-to-earth and K, = 0,982
phase-to-phase for fast-front overvoltages and 0,970 for power frequency voltages.

— The deviation factors K, are: K, ¢ = 0,961 for fast-front overvoltages and K, »s = 0,910
for power frequency voltages (see Table 2.13).

— The four different air gap types result in the gap factors K, shown in Table 2.14.

Electrical clearances for fast-front overvoltages are determined from equations (2.51) and (2.52):
Dy = UQO%H_ins/(53O Ky K, g+ Kg_ﬁ') =
325/(530- 0,975 - 0,961 - 1,12) = 0,58 m
between conductors and tower (crossarm or tower body) and
Dy = 1,2 Usosr_ins /(530 - Ko - K, ¢ - Ky t) =
= 1,2-325/(530-0,982- 0,961 - 1,16) = 0,69 m

between phase conductors.
The values De; and D,,, for other air gap types are provided in Table 2.25.
For power frequency voltages, the electric distances are determined from (2.55):

U 0,833
D = 164( ex S - 1) )
pf_pe < p 750\/5 - I(a . Kz‘pf : I(g—Pf
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Table 2.25: Electrical clearances at a 110 kV overhead line, in m

Phase-to- Phase-to- Phase-to- Phase-to- Phase-to-
phase earth wires tower window tower obstacles

Fast-front overvoltage

Insulators L100 C325 Dy, =0,67 De =0,56 D = 0,60 D =0,58 De = 0,60
Insulators L210 C550 Dy, =1,14 D¢ =0,95 D¢ = 1,03 D, =098 D¢ =1,02
Power frequency voltage

Both insulators types  Dpr = 0,36 Dy = 0,23 Dy =0,24 Dps =022 Dy =0,24

=0,22 m

0,833
= 1,64 < ex 123 )

-1
P 750v/3 - 0,970 - 0,910 - 1,22

between conductor and tower body (or crossarm). The phase-to-phase distance follows from
(2.56)

U 0,833
D = 1,64 > - -
pf_pp ’ (exp 750 - Ky - Ky pf - Ky pt 1)
193 0,833
— 164 -1 T
(exp 750-0,970-0,910 - 1,26 ) e

When an insulator L210 C550 is installed, the withstand voltage Uggug_ins 15 950 kV and
K, = 0,982 applies also for fast-front overvoltages. Therefore, it results from (2.51) and (2.52),
respectively:

De = 550/(530-0,982- 0,961 -1,12) = 0,98 m
and
Dy, =1,2-570/(530-0,982-0,961 - 1,16) = 1,18 m.

The values for the clearances at power frequency voltage will be the same as for insulators L100
C325.

2.5.2.8.2 Electrical clearances for a 380 kV overhead line
The line is located at an altitude of 500 m above sea level and will be equipped with three
long rod insulators L210 C550. The highest power frequency voltage is 420 kV. The lightning
withstand voltage Uggog _ins i 1780 kV. The statistical switching overvoltage Use; ¢ is 1050 kV.
The slow-front overvoltage to be considered is, according to (2.47) and (2.48), taking K, =
1,05 into account:
— Phase-to-earth Uy, = 1,05 - 1050 = 1103 kV;
— Phase-to-phase at voltages above 1100 kV U, = 1,4-1,05 - 1050 = 1544 kV.
The altitude factor K, is determined from Table 2.15 for voltages higher than 1100 V, as
K, = 0,992 for overvoltages; in case of power frequency voltages K, = 0,975 for phase-to-earth
and K, = 0,982 for phase-to-phase applies.
The deviation factors according to Table 2.13 are:
K, g = 0,961 for fast-front overvoltages,
K, st = 0,922 for slow-front overvoltages,
K, s = 0,910 for power frequency voltages.
The resulting clearances for fast-front overvoltages are determined from (2.51) and (2.52) as:
Phase-to-tower:

D, = 1780/(530-0,992-0,961-1,12) = 3,15 m
Phase-to-phase:
Dy, =1,2-1780/(530- 0,992 - 0,961 - 1,16) = 3,64 m

For slow-front overvoltages, it results from (2.53) and (2.54):
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Table 2.26: Electrical clearances in m for a 380 kV overhead line equipped with long rod
insulators

Overvoltage type Phase-to- Phase-to- Phase-to- Phase-to-tower ~ Phase-to-

phase earth wires tower window body or crossarm obstacles
Fast-front overvoltage Dpp = 3,64 De = 3,04 Do = 3,29 Do = 3,15 D = 3,26
Slow-front overvoltage Dy, =360 Do =219 Dey = 3,13 D = 2,52 Dq = 2,95
Power frequency voltage Dps = 1,14 Dy = 0,60 Dy; = 0,66 Dys = 0,61 Dps = 0,61

Table 2.27: Electrical clearances in m for a 500 kV overhead line equipped with cap-and-pin
insulators

Overvoltage type Phase-to- Phase-to- Phase-to- Phase-to-tower ~ Phase-to-

phase earth wires tower window body or crossarm obstacles
Fast-front overvoltage Dy, =3,53 Do =2,94 De = 3,19 D = 3,05 D, = 3,16
Slow-front overvoltage Dy, = 4,30 De = 2,57 De) = 3,73 D = 2,97 De = 3,50
Power frequency voltage Dpr =1,53 Dy =0,86 Dy = 0,95 Dys =0,89 Dy = 0,93

Phase-to-tower:

1103
X —
P 1080 0,992 0,022 1,45

De = 2,17< 1) =252m and

Phase-to-phase:

1544 B
1080-0,992-0,922 - 1,6

Dy, = 2,17<exp 1) = 3,60 m

For power frequency operating voltages, (2.55) yields:

420 0833

De = 1,64<exp — 1) =0,61m
750/3 - 0,975 - 0,910 - 1,22

between phase conductors and tower structure.

The other electrical clearances shown in Table 2.26 have been determined similarly. It can be

seen from the example that fast-front overvoltages prevail in the calculation of clearances, a

consequence of the high value of the lightning withstand voltage Uggor_ins-

2.5.2.8.3 Electrical clearances for a 500 kV overhead line
The line is located at an altitude of 500 m above sea level and will be equipped with 22 cap and
pin insulators U160BL. The highest power frequency voltage is 550 kV. The lightning withstand
voltage Uggusr_ins 15 1725 kV. The statistical switching voltage Usge is 1175 kV. The slow-front
overvoltages to be considered follow from (2.47) and (2.48) taking K.s = 1,05 into account:
— Phase-to-carth Uyp = Kcs - Ugyer = 1,05 - 1175 = 1234 kV;
— Phase-to-phase at voltages above 1100 kV Up = 1,4-1,05- 1175 = 1727 kV.
The altitude factor K, is determined from Table 2.15 for voltages above 1100 kV, to be K, =
0,992 for overvoltages; in case of power frequency voltages K, = 0,975 for phase-to-ground and
K, = 0,982 for phase-to-phase apply.
The deviation factors according to Table 2.12 are:
K, g = 0,961 for fast-front overvoltages,
K, = 0,922 for slow-front overvoltages,
K, pr = 0,910 for power frequency voltages.
The resulting clearances for fast-front overvoltages are determined from (2.51) and (2.52) as:
Phase-to-tower:

D =1725/(530-0,992- 0,961 - 1,12) = 3,05 m
Phase-to-phase:
Dy, =1,2-1725/(530- 0,992 - 0,961 - 1,16) = 3,53 m

For slow-front overvoltages, it results from (2.53) and (2.54), respectively:
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Table 2.28: Technical data of a 380 kV overhead line
Conductor: 2 x 564-AL1/72-ST1A; diameter: 32,85 mm, mass; 2,11 kg/m

Average conductor height above ground 20 m
Maximum span length 400 m
‘Wind span 500 m
Ratio wind span to weight span 1,3 -
Average of yearly maximum wind speeds 20 m/s
Coeflicient of variation 0,14 -
Terrain category B -
Weight of the insulator set 300 kg
Wind exposed area of insulator set 1,5 m?
Aerodynamic drag coeflicient 1,2 -
Switching surge overvoltage 1050 kV

Phase-to-tower:

1234
1080-0,992-0,922 - 1,45

Do = 2,17<exp 1) =297m and

Phase-to-phase:

1727
1080 - 0,992 - 0,922 - 1,6

Dyp = 2,17(exp 1) =430 m

For power frequency voltages it is obtained from (2.55) and (2.56):
Phase-to-tower

550 0533
Dytpe = 1,64 ex ~1) =08m
P ( P 750v/3-0,975 - 0,010- 1,22 )

Phase-to-phase

550 0833
D =1,64{ e -1 =1,53
pf-pp ( *P 750-0,982 0,910 - 1,26 ) m
The other electrical clearances shown in Table 2.27 were determined similarly. Switching impulse
determines the phase-to-phase, phase-to-tower window and phase-to-obstacle clearances, while
lightning impulse prevails on phase-to-earth wire and phase-to-tower body clearances. The
clearances for fast-front overvoltages as for the 380 kV example are nearly the same. Therefore,
switching surges gain influence on the clearances.

2.5.2.8.4 Clearances to obstacles for line design, empirical approach

It is required to determine the minimum electrical clearances according to Table 2.24 for a
380 kV line, which crosses a fire resistant roof with a slope angle above 15°. The maximum air
gap Gsom in the crossing section of the line is assumed to be 4,50 m. with the data according to
Tables 2.20 and 2.24, the following clearance results:

Cmin = Det + Dagq = 2,0 + 2,80 = 4,80 m.
However, as this clearance must be higher than 1,1 - asom, a clearance of 1,1-4,50 = 4,95 m
should be obeyed.
For a 110 kV line with agom = 2,0 m it would result from Tables 2.20 and 2.24:

Cmin = 2,0+ 1,00 = 3,00 m

with the constraint c¢pin > 1,1 asom = 2,20 m. In this case, the value ¢min = 3,00 m prevails.
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Table 2.29: Return period of wind velocities
Average of maximum yearly wind velocities: 20 m/s

Return period (a) 2 5 10 20 50 150 500
V,/V according to (2.57) 0,977 1,101 1,183 1324 1,363 1,547 1615
Velocity V5 (m/s) 19,5 22,0 23,7 26,5 27,3 30,9 32,3

Table 2.30: Distribution of swing angles (example)

Return Wind velocity Time Swing angle Standard  Return period or
period percentagel) (20 m height, deviation  time percentagez)

Height 5 min-average)

10 m 20 m Span Span

10 min 5 min 400 m 200 m

m/s m/s % Degree  Degree Degree

50 a 27,3 32,0 47,6 48,3 2,25 100 a
25 a 25,7 30,1 44,1 44,8 2,20 50 a
10 a 23,7 27.8 39,6 40,3 2,15 20 a
5a 22,0 25,8 35,5 36,1 2,12 5a
3,5 a 21,1 24,8 33,3 34,0 2,10 7a
2,0 a 19,5 22,9 29,3 29,9 2,00 4a
250 d 182 214 99,9 26,1 26,7 1,90 0,06 %
100 d 16,9 19,8 99,75 22,8 23,3 1,80 0,125 %
50 d 15,9 18,7 99,5 20,5 21,0 1,70 0,25 %
25 d 14,8 174 99,0 17,9 184 1,60 0,5 %
5d 13,7 16,1 98,0 15,5 15,9 1,50 1,0 %
2,5d 12,9 15,1 95,0 13,7 14,0 1,35 25 %
30 h 10,5 12,3 90,0 9,2 9,4 1,05 50 %
12 h 8,8 10,3 80,0 6,5 6,6 0,80 10,0 %
0 0,2 0,25 0,1 ~0 ~0 0 100,0 %

D During this time period of time the corresponding wind velocity is not exceeded

2 During this time period of time the corresponding can be exceeded.

2.5.2.8.5 Time distribution of swing angles

The time distribution of swing angles and the resulting tower top geometry will be established
for a 380 kV suspension tower with the data summarized in Table 2.28.

Equation (2.57) yields the wind velocities corresponding to return periods from 2 to 500 years
(Table 2.29). The parameter V, of the Weibull distribution is then calculated from (2.60) based
on the wind velocity having a return period of 2 years being 19,5 m/s.

V, =19,5/2,825 = 6,92 m/s.

The wind velocities which will be exceeded with a given probability P per year can be deter-
mined from (2.59) with 5 = 2,0:

V=V, /-m(1-P) . (2.70)
Table 2.30 contains the results.
The five-minute wind 20 m above ground is calculated from (2.61) and Figure 6.6

VSmin,QOm - VlOmin,lOm * (Z/ZR)a N V})min/VIOmin = VlOmin,lOm ° 1712 : 1305 - (271)

The mean swing angles for insulators and conductors are obtained from equations (2.63) and
(2.64), respectively. The factor G, is taken from Figure 2.12 as 0,94 for 400 m and 1,0 for 200 m
span. The air density ¢ is taken to be 1,225 kg/m?®. For the 50 year return period, swing angles
of 47,6° for insulators and 41,8° for conductors result from (2.63) and (2.64), respectively, at a
span of 400 m.

So far the procedure does not take into account the angle of wind attack. When assuming that
the probability of occurrence of swing angles above approximately 2° is only half of that of the
corresponding wind velocity, swing angles of 2,8° (insulators) and 2,3° (conductors) and above
would then occur during 25 % of the year, while swing angles above 15,5° and 12,8° would
occur only during 1 % of the year. During 75 % of the year, the swing angle will be below 2,3°
(see Table 2.30).
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2.5.2.8.6 Tower top geometry according to statistic considerations

For design of the tower top geometry, swing angles having a probability of occurrence of 1 %
or more during a year should be combined with the clearance distance necessary to withstand
switching or lightning surges. The swing angle under wind load according to the design return
period should be correlated with the clearance necessary to withstand power frequency voltages.
To take care of the scattering of swing angles under a given wind velocity, equation (2.65) is
used. For Vg = 32,0 m/s a standard deviation of 2,25° results. The standard deviations are
listed in Table 2.30. To determine an unfavourable conductor position, extreme swing angles of
¢+20, are assumed, which are 47,6 +4,5 = 52,1° for insulators and 41,8+4,5 = 46,3°/37,3° for
conductors. A standard deviation o4 of 1,5° results for the swing angles to be expected during
1 % of the year (15,5° and 12,8°, respectively). Then the swing angles to be considered under
this condition are 15,5 4 3,0 = 18,5° (insulators) and 12,8 + 3,0 = 9,8°/15,8° (conductors).
According to Table 2.26, a phase-to-phase spacing of approximately 3,60 m is obtained for fast-
front and slow-front overvoltages, while for power frequency voltage a phase-to-phase spacing
of about 1,14 m would result. The investigated conditions are shown in Figure 2.16 for an
insulator set 5 m long and a conductor sag of 20 m. It is demonstrated that the case of fast-
front or slow-front overvoltages is predominant, the case of the extreme swing angle combined
with the clearances for power frequency voltage does not prevail.

The clearances between conductors and earthed tower elements are shown in Figure 2.17. The
minimum required phase conductor-to-earth or phase conductor-to-tower clearances are 3,15 m
for overvoltages and 0,61 for power frequency voltages, as given in Table 2.26. For power fre-
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Figure 2.19: Tower top dimensions of a 500 kV compact crossarmless guyed tower (Brazil)

quency voltage, a clearance of 4,76 m results between tower body and conductor attachment
point, and for fast-front overvoltages 4,95 m. The last data prevails here.

2.5.2.8.7 Tower top geometry according to European standards
For comparison, the tower top geometry according to [2.36] will be established as well. In
midspan the required clearance is determined from (2.68):

Cmin = k(‘, \/m + 0740 + 0,75 Dpp
The factor k¢ depends on conductor swing angle. According to [2.36], it applies:

bo = tan—! [QC -G -D- a}
mc-g-a

where Gi, = 0,45 + 60/400 = 0,60 according to [2.36] for a = 400 m and ¢¢ = 0,58¢, =

0,58 - 860 = 499 N/m?. Hence ¢c = 25,4°. Therefore, it results from Table 2.22: kc = 0,60.

The value Dy, should be taken from Table 2.20: Dy, = 3,20 m. It results, therefore, for the

phase-to-phase clearance a value of 5,8 m instead of 6,5 m in case of statistical approach. The

maximum clearance Dy, is here prevalent.

The swing angle of the insulator set follows from formula (2.63) as:

e = tan! 0,58 - 860 - 0,6 - 0,03285 - 400 -2 +1,2- 1,5 - 0,58 - 860/2
ins = 2-400/1,3-2,11- 9,81 + 300 - 9,81/2
= tan~'(8314/14209) = 30,3°

With such data, clearances of Figure 2.18 are obtained and they are somewhat lower than the
ones calculated with the statistical approach.

2.5.2.8.8 Tower top geometry according to Brazilian practice

The tower top geometry will be determined for a 500 kV compact line as shown in Figure 2.19
according to Brazilian practice for such kind of lines: Phase conductors quadruple bundle 483-
AL1/34-ST1A, diameter of subconductors 29,6 mm; weight 15,72 N/m; rated tensile strength
116,1 kN; everyday stress 20 %; subspan spacing 0,47 m; length of insulator string 4,80 m; span
length 450 m.

Following Brazilian practice, the tower top geometry is verified for power frequency voltage and
maximum swing angles. A swing angle of 40° is obtained for the 1-min wind velocity having
a return period of 50 years using the approach described in clause 2.5.2.4.4. The required
clearances can be taken from Table 2.27, the relevant data being Dys pp = 1,53 m phase-to-
phase and Dpr_pe = 0,95 m phase-to-tower window. The sag at everyday condition is

f=(450%-15,72)/(8-0,2- 116 100) = 17,14 m .
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Studies carried out by Brazilian utilities have shown that asynchronous swinging of conductors
does not exceed around 8° being in accordance with [2.40]. Assuming a swing angle of 40° for
the middle phase and 32° for one of the outer phases, a clearance at midspan of

¢ =15,50—0,46 — (4,8 + 17,14)(sin40° — sin 32°) = 2,56 m

results being more than the required 1,53 m. The required midspan clearance using equation
(2.68) and Dy, = 4,00 m according to Table 2.20 would be

Cmin = 0,64/17,14 + 4,80 + 0,75 - 4,00 + 0,46 = 6,27 m .

The main difference to Brazilian practice is the consideration of overvoltage clearances instead
of power frequency clearances. The Brazilian practice has been developed for 500 kV compact
lines, aimed at having a high surge impedance load. Its basic characteristic is the consideration
of power frequency clearances together with maximum string angles. Operational performance
of the 550 kV compact line is reported to be very satisfying.
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3 Electric parameters

3.0 Symbols

Symbol Signification

a Line or conductor length

A Conductor cross section

B Susceptance

Co Zero-sequence capacitance

Cos, Cop Zero-sequence capacitance, single- or double-circuit line, without earth
wire

Cose, Copg Zero-sequence capacitance, single- or double-circuit line, with earth wire

(&) Positive-sequence capacitance

Cis, Cip Positive-sequence capacitance of a single- or double-circuit line

d Conductor diameter

Dag, Dac, Dpc  Phase-to-phase distances

Dgigo Distance between earth wires

Dy Geometric mean distance

Dyir, Dyvo Auxiliary mean distance of each circuit of a double-circuit line

Dug Mean distance between conductors and earth-wire

f Frequency

G Conductance

hg Mean earth wire height above ground

hm Mean conductor height above ground

k1 Quantity to determine the bundle conductor equivalent radius

L Positive-sequence inductance

o Number of subconductors per bundle

Poat Surge impedance load

Py Active power

Ploss Line losses

ro Radius of bundle circle

B Bundle conductor equivalent, radius

TE Earth wire radius

r Subconductor radius

R Resistance, per unit values are designated by R’

Rac AC resistance

Rpc DC resistance

Rg Resistance of earth wire

s Subconductor distance within a bundle

T Temperature

U Voltage

Upp Phase-to-phase voltage

X Reactance

X3 Positive-sequence reactance

Xo Zero-sequence reactance

Xc Capacitive reactance

Yy Zero-sequence admittance

Y, Positive-sequence admittance

Z Impedance

Zos, ZoD Zero-sequence impedance of a single- or double-circuit line without earth

Zos1E, ZoD1E

Zos2E, ZoD2E

wires

Zero-sequence impedance of a single- or double-circuit line with one earth
wire

Zero-sequence impedance of a single- or double-circuit line with two earth
wires
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Symbol Signification

Zy Zero-sequence impedance

7 Positive-sequence impedance

Zc Surge impedance

Zcr Mutual impedance between phase conductors and earth wires
ZE1E Mutual impedance between two earth wires
ZEE Self-impedance of earth wire

« Temperature coefficient of resistance, attenuation constant
) Phase constant

o4 Propagation constant

é Return depth of earth current

AU Magnitude of the voltage drop

g0 Dielectric constant: 8,854 - 10712 F/m

(4 Phase angle

A Wave length

o Constant of magnetic field: 4 -7 - 1077 H/m
UE Permeability of earth wires

ur Permeability of phase conductors

0 Resistivity

0E Earth resistivity

© Phase angle

w Angular frequency

3.1 Introduction

The electric performance of a transmission line circuit is determined by its electrical re-
sistance, inductance and capacitance. Such parameters depend at first on the conductor
properties. However, when conductors with a certain physical configuration are strung
in an overhead line, at variable phase-to-ground and phase-to-phase spacing along the
line, the whole context of conductor internal properties and physical dimensions com-
prises the resulting line parameters. When counsidered in electric system studies, these
parameters are usually treated in form of the so-called symmetrical components that
are described as positive-, negative- and zero-sequence impedances.

In deriving the equations for inductance and capacitance of transposed transmission
lines, balanced three-phase currents are assumed. When only zero-sequence current
flows in a transmission line, for instance, the current in each phase is identical, if a
phase-to-ground short-circuit occurs. The current returns through the ground, through
carth wires or through both. Other secondary parameters, originated from the physical
presence of an energized line and affecting the environment are also of importance, as it
is the case of electrical and magnetic fields, inductive and capacitive coupling and their
effect on persons or animals. These effects are treated in chapter 2. The transmission
line representation in an electric system is treated as well, because of its frequent use
in electrical studies.

In general, only the basic formulae for calculating the main line parameters will be
presented. Those having interest in knowing more details can refer especially to [3.1]
or to [3.2].

The line parameters and equivalent impedance circuits are broadly used in most of
electric system calculations. Positive and zero-sequence impedances of overhead lines
are part of load flows, losses, short-circuit and stability investigations. They are also
required for setting line protection impedance and distance relays. The determination
of series or shunt compensation requirements is closely dependent on line parameters,
especially on series inductances and shunt capacitances.

While some new technologies aimed at improving line transmitting capabilities, such
as so called high surge impedance load lines, try to increase the surge impedance load
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of the lines, other technologies, such as flexible alternating circuits transmission sys-
tems (FACTS), are designed to control series inductive reactances or shunt capacitive
reactances, so as to reach stable conditions under different loading requirements (see
chapter 1). In all cases, the determination of line parameters is of paramount impor-
tance.

3.2 Resistance

The electrical resistance of an overhead line is one of the most influencing factors in
designing an optimised line; the power and energy losses are a direct function of the
phase-conductor resistance, so that their exact determination is important. Resistance
is the property of an electric circuit or any body that may be used as part of an electric
circuit, which determines the average rate at which electric energy is converted into
heat as a function of the electric current.

A uniform cylindrical conductor of diameter d has a total resistance per unit length, in
m, to direct current expressed by

Rpc =o/A=0-4/(nd’) , (3.1)

where Rp is the resistance in €2/m, g the resistivity in Q- mm?/m, A the conductor
cross section in mm? and d conductor diameter in mm.

When used for conducting alternating currents, the effective AC resistance may be
higher than the DC resistance defined above due to skin and spiral effects (see equa-
tion (7.16)).

The resistivity of standard annealed copper at 20°C is 0,01724 Q -mm?/m and its con-
ductivity of 58 m/Qmm? is designated as 100 % IACS (International Annealed Copper
Standard) [3.2] and is used as a reference. Hard-drawn copper, with a tensile strength
about 50 % greater than that of the annealed copper, has a conductivity of 56 m/ Qmm?
corresponding to about 97 % TACS. Average hard-drawn aluminium has a conductivity
of 35,38 m/Q-mm? (61 % TACS) or a resistivity of 0,02826 ©-mm?/m. Knowing the
resistance of a conductor at 20°C, one obtains the resistance at any temperature T', by

Rrpc = Rypc- [1 +a(T -20)] , (3.2)

where « is the temperature coefficient of resistance. Table 7.4 shows data for the most
usual conductor materials. Additional data are given in in [3.2].

In the case of bundles with ny subconductors, the equivalent resistance is simply the
resistance of one subconductor R divided by ny: R, = Rp/n2, as the influence of
the separation between subconductors is neglected.

When dealing with overhead line conductors, the resistance shall be considered at
appropriate temperatures. Usually conductors of overhead lines are designed for 60 to
80°C as maximum conductor temperatures.

Temperature measurement of overhead conductors carried out in the field has shown
that the real conductor temperature is generally lower than the values obtained the-
oretically. In view of that, for calculating Joule losses, it is more appropriate to take
into account a lower conductor temperature, say 40 to 50°, in order to prevent an
over-evaluation of the thermal losses in any economical consideration.

3.3 Positive-sequence impedance

3.3.1 Introduction

The positive-sequence impedance is the mostly used line parameter for normal operating
conditions and calculations of AC circuits, such as voltage and current relationships,
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Table 3.1: Conductor bundle equivalent radius

Number of Radius Conductor k1 Example rg
conductors of bundle
bundle equivalent rr =16 mm
na circle ro radius rg § = 400 mm
1 - r 1 16
2 5/2 TS 1 80
3 s/V3 Vrs? 1 137
4 s/V2 Vrst-v2 1,12 195
5 0,81s 3/2,618rs* 1,272 255 Figure 3.1: Determina-
. N4 5
6 8 . brs - 1,43 315 tion of bundle conductor
8 1,307 s /52,12 rs 1,76 438 equivalent radius

power and energy losses, power flow etc. It is a vector quantity, that can be represented
as a complex number either in rectangular format with real and imaginary compo-
nents as

Z1=Ri+jX; (3.3)

or in polar format

7 =21 46 (3.4)
where:
» resistance as in (3.2),
X, positive-sequence reactance,

|Z1| = y/R2+ X? module of Z; and

0 =tan '(X{/R)) phase angle.

3.3.2 Inductance and inductive Reactance

The inductance relationships used in predicting the performance of overhead transmis-
sion lines often involve the effects of single and bundled conductors operating in series
or in parallel. Configurations of groups of current-carrying elements of one circuit co-
ordinated with similar circuits constituting other phases in three-phase systems are also
treated in several cases. The positive-sequence inductive reactance of a fully transposed
equivalent three-phase transmission line is given by:

X1 =wl; = (wpoa/2 ) (ln Dy + —1~> , (3.5)
B 4no
hence L1 = (puoa/27) (In Dy /rp — 1/4ny),
where
w  angular frequency =27 - f,
L1 positive-sequence inductance in H/m,
a conductor length in m,
Dy geometric mean distance,
po  constant of magnetic field = 47 - 1077 H/m,
B bundle conductor equivalent radius
g = "{/ng R ”{/(kl cs/ryreh (3.6)

k1 see Table 3.1, ky = 7),;/("271)/[2 sin(rw/ns)],
ny  number of subconductors,
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subconductor radius,
subconductor distance within the bundle and
ro  radius of bundle circle g = s/[2 sin (7/n2)]-.

Table 3.1 contains values for g and k. Figure 3.1 shows the relevant geometric quan-
tities. In case of a single-circuit line (Figure 3.2), the geometric mean distance is:

Dy = \3/ Dag - Dac-Dpc . (3.7)

For double-circuit lines (Figure 3.3) equation (3.5) is transformed to

DuyD 1
witoa (ln MDwm2 ) 7

X; = wly = 1
1= = reDyy | 47y

(3.8)

where Dy follows from (3.7). If a symmetrical phase arrangement of the individual
circuits is assumed, Dyy; and Dy are obtained from

Dyi = /Daa - Dppb - Dee (3.9)
and
Duz = /Dap- Dac - Dpe - (3.10)

In case of an asymmetrical arrangement Dyjo is given by

Dy = V/Dab - Dac - D - Dpa - Dca - Dey (3.11)
For one kilometer of line and f = 50 Hz and single conductors it applies for the reactance

per unit length

D
X) =0,0628 (m TM + %) Q/km (3.12)
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Table 3.2: Electric parameters of typical overheadlines for 50 Hz
Rated phase-to-
phase voltage kV 20% 110 220 380 500 750
48-AL1/ 184-AL1/ 434-AL1/ 562-AL1/ 494-AL1/ 653-AL1/
8-ST1A 30-ST1A 56-ST1A 49-ST1A 34-ST1A  45-ST1A

Number of

subconductors 1 1 1 2 3 4
Subconductor

diameter mm 9,6 19,0 28,8 32,2 29,9 34,4
Resistance R} 2/km" 0,666 0,176 0,075 0,029 0,022 0,012
Positive-sequence

reactance X7; Q/km 0,42 0,41 0,40 0,33 0,30 0,29
Operating

capacitance C' uF /km 8,6 8,9 9,0 11,1 12,0 12,5
Capacitive

reactance Xc1 MQ-km 0,37 0,36 0,35 0,29 0,26 0,25
Surge impedance Z¢ §2 395 385 375 310 280 270
Zero-sequence

resistance R €/km 3 0,81 0,42 0,30 0,24 0,23 0,22
Zero-sequence

reactance X} Q/kme‘) 1,60 1,00 0,98 0,84 0,80 0,78
Zero-sequence

capacitance nF/km 4,95 6,10 6,40 8,65 9,12 9,36
Zero-sequence capacitive

reactance Xco MQ-km 0,64 0,52 0,50 0,37 0,35 0,34
Ratio X/X}, 3,81 2,44 2,45 2,55 2,67 2,69

1) at 50°C; 2) without earth wire; 3) one circuit with two earth wires

and in case of bundle conductors

X, =0,0628 <In% + L) Q/km. (3.13)

3 4ny
In case of 60 Hz the factor 0,0628 will be replaced by 0,0754. For double-circuit lines Dy
will be modified to (Dy; - Dya/Dyy). Table 3.2 shows the positive-sequence reactance
for typical line configurations. Fully transposed lines are considered, so that phase
sequences ABC, BCA and CAB comprise each one a third of the total line length [3.3].

Example: For a 500 kV line, having sclf-supporting towers with flat conductor configuration
as in Figure 3.2b, triple bundle of ACSR conductors 494 mm?/34 mm? (494-AL1/34-ST1A),
subconductor spacing s = 400 mm the inductance and positive-sequence impedance is required.
Frequency f = 50 Hz, conductor diameter = 29,9 mm, conductor resistance R = 0,0584 Q/km
at 20°C, tempcrature coefficient of resistance o = 0,00403 1/K. Phase arrangement see Fig-
ure 3.4.

According to (3.2) the resistance at 50°C is

Rso = 0,0584 - [1 4 0,00403(50 — 20)]/3 = 0,0218 Q/km.
Geometric mean distance according to (3.7) is

Dy = 4125-12,5- 25 = 15,75 m.
The radius of the bundle circle is given by:

ro = s/ (2 sinm/ns) = 0,400/ [2 sin(x/3)] = 0,231 m.

The bundle conductor equivalent radius results from (3.6):

s = ¢/3-0,014805 - (0,231)2 = 0,134 m.
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As bundle conductors are concerned, inductance and inductive reactance are determined by
(3.5) and (3.12), respectively, as:

L} =47-1077/(27) - (In15,75/0,134 4+ 1/12) /1000 = 9,70 - 10~* H/km
and
X, = 0,0628 In(15,75/0,134 + 1/12) = 0,3046 /km.

For 60 Hz, X] is 0,3655 Q/km.
The positive-sequence impedance follows from (3.3)

Z1 = 0,0218 + j 0,3046 = 0,3054 £85,9° ©/km.

3.4 Zero-sequence impedance

3.4.1 Introduction

Zero-sequence currents are identical in each phase conductor and not displaced by 120°
as positive- and negative-sequence currents. The magnetic field due to zero-sequence
currents is very different from that caused by either positive- or negative-sequence
currents. The difference in magnetic field results in a zero-sequence reactance of a
transmission line being in the range of 1,5 to 4 times the positive-sequence reactance.
The zero-sequence currents flow only if a return path exists through which a completed
circuit is provided. The impedance of the ground and ground wires is included in
the zero-sequence impedance of the transmission line. The most common use of zero-
sequence impedance is in the calculation of phase-to-ground short-circuit currents. Such
current calculations are required for setting ground fault protection relays.

3.4.2 Simplified approach for the determination of zero-sequence im-
pedances

The zero-sequence impedance of overhead line conductors involves the self-impedances
and the mutual impedances of the ground return circuits.

Complex equations are required for a precise calculation of zero-sequence impedances,
as they involve return circuits to ground, as treated in [3.2] and [3.4]. The calculation of
zero-sequence impedances can be carried out with simplified approaches that provide
a sufficient degree of accuracy for most practical applications. One of these approaches
is presented in this clause.

The basic equations for the calculation of zero-sequence impedance were determined by
Pollaczek [3.5] and Carson {3.6]. Considering that both the resistance and inductance
of conductors, earth wires and ground return circuits are dependent on the frequency,
simplified formulae have been developed for application in 50/60 Hz circuits.
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The deduction of such formulae are beyond the scope of this book and can be studied
in [3.1] and [3.3]. The simplified approach presented here after is applicable to single-
circuit and double-circuit symmetrical lines, provided with no, one or two earth wires.

Single-circuit line without earth wires

The zero-sequence impedance is

R, 3 )
ngzRg+_iX{):n‘;+anpo+jfuo (3~1n~—+“—T> , (3.14)

3/7'BD12\/I 4 N9
where

R}  conductor resistance per unit length at the design temperature in Q/km, ac-
cording to (3.1) or (3.2),

ny  number of subconductors per bundle,

f frequency in Hz,

o  constant of magnetic field 47 - 10~* H/km,

rg  bundle conductor equivalent radius according to (3.6); for single conductors
™ =T,

Dy geometric mean distance according to (3.7),

pr  permeability of phase conductor, pt = 1,0 for usually adopted phase conduc-
tors,

) return depth of earth current (m),

0 =1.85/\/2nfuo/or (3.15)

with gr being the average earth resistivity in £-m.

Line with one earth wire (Figure 3.2a and 3.2c¢)

The impedance is determined from the impedance of a line without earth wire (see
(3.14)) and the self- and mutual impedances of the earth wire

Zysie = Zos — 3(Zee)? [ Zes - (3.16)
The mutual impedance of the conductors to the earth wire is

Z¢g = fuom/4+] fuo - n(6/Dug) (3.17)
where

Dyve = V/Dak - Dpg - Dog (3.18)

is the mean distance between conductors and earth wire.
The self-impedance of the earth wire is

Zpg = Ry + fuo - 7/4+] fuo (Iné/rs + pe/4) (3.19)

where

Ry, earth wire resistance in £ /km;

uE  is the relative magnetic permeability of the earth wire.
For copper and aluminium conductors or earth wires and ACSR conductors
with a ratio of aluminium to steel section equal or higher than 6 the relative
magnetic permeability can be taken as pur = pp = 1. For ACSR conductors
or earth wires with one aluminium layer, T or pg is taken between 5 and 10.
For steel earth wires put or ug can be taken as an average value of =~ 25.

7 earth wire radius in m.
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Single-circuit line with two earth wires (Figure 3.2 b)

For any arrangement of the earth wires it follows
Zisor = Zs — 3(Zep)* Zipn - (3.20)

The mutual impedance Z(y, is given by (3.17), where Dyg can be taken from (3.18) in
case of the symmetrical arrangement of earth wires. In case of asymmetrical arrange-
ment it applies

Dye = Daiog = V/Dagi - Det - Degi - Dagz - Dee2 - Doga (3.21)

The mutual impedance Zp g, is given by

Ziige = Rp/2 + fuom/4+] fro [ln (5/\/ TEDElEQ) + ME/8] ) (3.22)

where Dgigs is the distance between the earth wires in m.
Table 3.2 contains the zero-sequence impedances of typical lines with one circuit and
two earth wires.

Double-circuit line without earth wires

The zero-sequence impedance for two circuits is

Zop = Zs +3Zcica (3.23)
where Z]q is obtained from (3.14) and

Zgice = from/4+] fuoln (5/\/ DMIDMZ) ) (3.24)

with Dy or Dyo determined from (3.9) and (3.10), respectively.

Double-circuit line with one earth wire (Figure 3.3a or 3.3b)
For this arrangement it applies:
Zipie = Zop — 6 (Zce)? [ Zie - (3.25)

Considering the symmetrical arrangements Zj, can be taken from (3.23), Z{g from
(3.17) and Zgy, from (3.19).

Double-circuit line with two earth wires (Figure 3.3a or 3.3b)

For this arrangement it applies:

Zonor = Zop — 6 (ZCgiee)’/ (Ziime) - (3.26)

Because of the symmetry Z)p can be taken from (3.23), Zyg from (3.17), Zgp, from
(3.22) and Z{p g, is according to

Zegige = from/4+j fuo In(6/ Do) (3.27)

where Dyo is obtained from (3.21).
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Example of calculation of zero-sequence impedance: The same line of example in
section 3.3.2 will be used to determine the zero-sequence parameters. Further data are: average
earth resistivity: 300 Qm. Two earth wires 51-AL1/30-ST1A: diameter: 11,7 mm, electrical
resistance at 20°C: 0,5644 Q/km.

From (3.15) the return depth of earth current will be

5= 1,85/\/27r 5047 -10-7/300 = 1613 m.
Equation (3.14) yields

le = 0,0218+37/4-50-47-107*+j50-47-107*
[31m (1613 / YOI 1575 ) +1/(4-3)] =
= 0,0218+0,1480+ 1,177 = 0,170+ j 1,177 Q/km
As the earth wires are symmetrical toward the phase conductors, the equivalent distance Dug

can be calculated easily by: Dyg = 10,3-14,14-24,6 = 15,31 m.
Equation (3.17) yields:

Zly = w/4-50-4-7-107* 4+j50- 47107 In(1613/15,31) =
0,0493 + j 0,2926 ©2/km

i

Equation (3.22) yields
Zhlgs = 0,5644/247/4-50-4-7-107* +j50-47-107" -
: [m (1613/\/(m) + 10/8] =
= 0,2822+ 0,0493 + 0,610 = 0,332 4+ j 0,610 2/km
Finally the zero-sequence impedance is obtained from (3.20):

3(0,0493 + j 0,2926)>
(0,332 +j0,610)
= 0,170+ 1,177 +0,0621 — j0,3754 = 0,232 + j 0,802 Q/km

0,170 +j 1,177 —

Ziog
or in polar format Z},r = 0,835 /73,9° Q/km.

3.5 Capacitance and capacitive reactance

3.5.1 General considerations

Capacitance is that property of a system of conductors and dielectrics which permits
the storage of electrically separated charges when potential differences exist between
the conductors. The capacitance is measured in Farads, where 1 F = 1 As/V. But due
to the huge value of one Farad, the unit Microfarad, where 1 uF = 1075 F, is more
usual. The capacitive reactance is an inverse function of capacitance and frequency, or

Xe=1/@2nf-C) . (3.28)

X is measured in Q or MQ (10% Q). The inverse of the capacitive reactance is called
capacitive susceptance Bc = 2xf - C, measured in S or uS (107¢ S).

The capacitance of the overhead lines is an important parameter, as it is responsible for
accumulating and generating reactive power for system requirements. The conductors of
an overhead line assume potentials in relation to each other and to the earth. The earth
is considered in all cases as having the reference potential equal to zero. Electrical fields
and capacitances are formed among conductors and earth (including the carth wires).
The capacitances are distributed on the whole conductors along the line. For transposed
lines the average total capacitances per phase are equal, so that usually the average
conductor-to-ground height is taken into account for their calculation.
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A
‘gco J—CAQ) +3C

0)

Figure 3.5: Capacitance in positive- and zero-sequence system. a) delta connection; b) trans-
formation to star connection; ¢) schematic equivalent connection

Considering, therefore, Cap = Cpc = Cac = C as the capacitances between phase
conductors and Cag = Cpo = Cco = Cy as the capacitances to ground or zero-sequence
capacitance, it will result in the schematic representation of Figure 3.5.

The conversion of triangle to star connection permits going from Figure 3.5 a) to Figure
3.5b) and another conversion leads to Figure 3.5c¢), from which it can be deduced:

Co=Cp=Cc=C=Cy+3C . (3.29)

The total capacitance per phase is the so-called positive-sequence capacitance Cp, while
the capacitance to ground is the zero-sequence capacitance Cp and the capacitance
between conductors is C. Mathematical approaches are deduced for calculating C;, Cy
and C, so that equation (3.29) above allows to check the accuracy of the calculations.

3.5.2 Single-circuit lines
Single-circuit line without earth wire

The zero-sequence capacitance per unit length is according to [3.3]

o2 / | \V (2hy)? + DYy
0s = 5 €0 n|+- ———
3 \3/ TBD%/[

where

gg  dielectric constant 8,854 - 10712 F/m,
hv  mean conductor height above ground

hv = Vha -he-he (3.31)

rg  bundle conductor equivalent radius according to (3.6),
Dy mean geometric phase-to-phase distance. Since (Dy/2 hyv)? < 1 the approxi-
mation as in equation (3.30) can be made.

2h
o —mo/ln M (3.30)

\/T’Bl)2 ’

The capacitances between the conductors are
C§ = Chp=Chc=Cpe=(C1~Cps)/3=
— 2re - In(2hw/Dy)] / [3 In(Dag/rs) - In (2 hat /,3/7~BD§4)} (3.32)

and the positive-sequence capacitance

le = n Dy >27
CIS = 2%80/1 (TBWW> =2 60/1n(DM/'I‘B) . (3.33)
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Single-circuit line with one or two earth wires (Figure 3.2)

Earth wires affect only the zero-sequence capacitance while the positive-sequence ca-
pacitance can be taken from (3.33). With the approximation used in (3.30) the zero-
sequence capacitance for a line with one earth wire is

}ZM + hE 2hg
! Q «
Cose = 7750/ {ln (2 h\I/\/TBDM) { DMF /lnﬁ , (3.34)
where

hym mean conductor height above ground according to (3.31) in m,

hg mean earth wire height above ground in m,

Dyg  mean geometric distance between conductors and earth wire(s) arranged sym-
metrically according to (3.18) in m,

TE earth wire radius in m. In case of two earth wires at the same height and
symmetrically arranged rg will be replaced by /7 - Drir2, where D go is
the distance between earth wires.

3.5.3 Double-circuit lines

Double-circuit line without earth wires

The zero-sequence capacitance per unit length is according to (3.3]

2 452 1 D TE
Céngﬂso/ln( hi + (Dwz/ L\I)) ’

\3/7'BD§1 \/D\U {2

where Dy is obtained from (3.7), Dyg from (3.10) or (3.11), Dapy from (3.9), hy from
(3.31) and rg from (3.6).
The positive-sequence capacitance is

Dy Dy Dy Do
Cip =2mey/ In = 2mey/In ——— 3.36
v 0/ <TBDm L+ (Dwm/2 hM)2> o/ r D (3.36)

(3.35)

with the quantities as described above.

Double-circuit line with one or two earth wires (Figure 3.3a or 3.3b)
The zero-sequence capacitance for one or two earth wires can be obtained from

2 \/—-_"f
C(,)DE _ §7T€0/ {ln 4hM 1+ (DMQ/Q hM) _ 2111[(/1),1 + hE)/DME]

oDt /DD, In2 b/

(3.37)

The quantities used in (3.37) have already been described above. In case of two earth
wires arranged symmetrically at the same height in equation (3.37) rg is replaced by
VrEDgir2. The positive-sequence capacitance Cpg can be taken from (3.36).

Example of calculation of positive- and zero-sequence capacitances: For the
same line as used in examples 3.3.2 and 3.4.2, the capacitances and capacitive reactances will be
determined. As it deals with a single-circuit line with two earth wires, formulae (3.33) and (3.34)
will be applied. The average conductor height is determined from the conductor coordinates to
be h = 14,7 m. The earth wire radius rg is replaced by /75 - Dg1gz = +/0,00585 - 20 = 0,342 m.
Due to the symmetrical arrangement of conductors and earth wires Dy is obtained from (3.18)

Dyg = /10,3-14,14- 246 = 15,31 m
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The positive-sequence capacitance is received from (3.33)
15,75
0,1341/1 + (15,75/2 - 14,7)2

The zero-sequence capacitance C{ is obtained from (3.34):

=12,0-10"2 yF/km.

Clg=27-8854-10712. 103/1n

1
COSE

Il

2
37 8,854-10712. 103/

2.14,7 14,7+ 24,7\ * B
{m $/0,134 - 15,752 _( 15,31 ) /ln(2‘24’7/0’342)] -

= 18,544-107°/[2,213 — 0,8935/4,973] = 9,12- 10 ~® pF /km

Table 3.2 shows line parameters of typical lines determined using the formulae of clauses
3.2 to 3.5.

3.6 Admittance

When carrying out electric circuit calculations of transmission lines, it is generally
preferable to use the shunt admittance to ground instead of the impedance to ground.
Using the vector representation, the positive- and the zero-sequence unit shunt admit-
tance, Y{ and Y, can be equated as

Y] =G, +jB, (3.38)
Y. =G)+jBy . (3.39)

In the formulae above, G| and G are the real parts of the admittance, usually named
as conductances, while B} and Bj are the imaginary parts of the admittance, named
as susceptance. For overhead lines, the real terms Gj and G are very small and can be
neglected, meaning, therefore, G; = G = 0. This means that the following approximate
relations can be equated

Y/ =1/X,,; inS/km (3.40)
and
Y] =1/X., inS/km. (3.41)

If X4, and X{, are given in the unit value of Qkm, then Y| and Yy, as respective
inverses, will be given in S/km.

The capacitive susceptances, calculated as the inverse of (3.28), are respectively deter-
mined as

positive-sequence susceptance

B} =2nfC] and (3.42)
zero-sequence susceptance
By =2xnfCy . (3.43)

The admittance, as well as its components conductance and susceptance, are measured
as an inverse unit of €, called Siemens (S), but the submultiple xS (1076 S) is more
usual.
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Figure 3.6: Representation of a line by a nominal
II-circuit.

Us sending end voltage, Ur receiving end voltage,
Is sending end current, Iy receiving end current,
Y/2 half of the admittance

Example: For the example of section 3.5.3 it is obtained, neglecting the real part in equation
(3.38) and (3.39), for the positive-sequence unit admittance:

Y) =B; =27-50-12,0-107° = 3,77 uS/km
and for the zero-sequence system:

Yy =By =2m-50-9,12-107° = 2,87 4uS/km

3.7 Electric representation of lines

3.7.1 Goals and basic conditions

In this clause formulae for electric representation of lines will be presented. These for-
mulae can be used to calculate voltage, current and power factor at any point of a
transmission line, provided the values of these variables are known at another point
of the line. Usually those variables are known in one of the linc ends and it is desired
to calculate the values at the other line end. Loads are usually specified by their volt-
age, power and power factor, from which the current can be calculated for usc in the
equations. Other parameters, such as surge impedance load or natural power, voltage
regulation and power losses can be indirectly determined.

Normally transmission lines arc operated with balanced three-phasc loads. Even if
the conductors are not spaced equilaterally and may not be transposed, the resulting
disymmetry is slight, and the phases are considered to be loaded equally by the currents.

3.7.2 Short- and medium-length lines

For carrying out clectric calculations involving overhead lines, some simplification can
be used depending on the line voltage and length. The main simplification consists in
neglecting the capacitance of the line for low and medium voltages and short lines. In
this case, the capacitances and the resulting admittance to ground would represent a
relatively small contribution to the reactive power of the line and the relevant system.
The equivalent circuit of a short line is represented by a series resistance and a scries
reactance only, which are concentrated or lumped parameters not uniformly distributed
along the line. As the shunt admittance is neglected for short lines, it makes no dif-
ference, as far as measurements at the ends of the line are concerned, whether the
parameters are lumped or uniformly distributed.

The shunt admittance, generally a pure susceptance, is included in the calculations for
a line of medium length. In such a case, the line parameters resistance R, inductance
L and capacitance C need not to be uniformly distributed along the line, but can be
considered as concentrated or lumped parameters. The resulting errors are negligible,
due to the relatively small value of the capacitance.

For this case, the representation of the lumped parameters is designated by the Greek
letter II. The values of the total resistance (f2), inductive reactance (2) and shunt
admittance (128) are simply obtained by multiplying the unit values in Q/km or uS/km,
respectively, by the line length. Because of this simplified approach, such representation
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is usually named as nominal II-circuit of a line. The nominal II-circuit, shown in Figure
3.6, is often used to represent medium-length lines.
In the circuit of Figure 3.6, the total shunt admittance is divided into two equal parts
placed at the sending and receiving ends of the line. The total series resistance and
reactance are put in the middle. The resulting parameters are calculated simply by
multiplying the unit parameters by the line length, i. e. R = R} -a, Xy = X] - q,
Z'=Z-aandY =Y'-aand Y/2=Y".a/2.
The voltage and current relationships used in electric calculations for medium-length
lines under this approach are
Us=(Z-Y/2+1)Ur+Z-Ig or Us=(Ur-Y/2+4+1r)-Z+Ur (3.44)
Is=Y(1+Z-Y/4)Ug+(Z-Y/2+1)Ip . (3.45)

Neglecting the capacitance for short lines, the above equations become the well-known
simple relations

Us=Ur+7Z- Ix (3.46)
and

Is=Ir . (3.47)
The magnitude of the voltage drop or voltage regulation (in %) is:

AU% = (|Us| / |Ur| — 1) - 100 . (3.48)

3.7.3 Long-length transmission lines
3.7.3.1 Representation by exponential functions

When dealing with long lines, for instance lines longer than 100 km, the consideration
of the distributed parameters is necessary, if a higher degree of accuracy is required.
According to [3.7] and {3.3], the exact mathematical model for a long line can be
represented either as an exponential function or as a hyperbolic function. A summary
of the method and its practical use will be presented in the following paragraphs.
Generally, in most practical applications, knowing voltage and current at the receiving
end of the line (consumer side), it is required to calculate the voltage and current at
the sending end of the line. In this case, U turns out into Us, I into Is and z into a.
According to [3.3] the following equations can be deduced

U = [(Ur + Zc - In) & + (U — Zc - Tn) e~"%] /2 (3.49)
and
I=[(Ur/Zc+IR) e + (Ur/Zc — Ir)e ] /2, (3.50)

where
Ze=\JL/C' = ‘\/X'L - X,
is the surge impedance of the line (see [3.7]) and

= VIO = /XX, =a+]B (3.52)

is called the propagation constant.

Both, Z¢ and v are complex quantities. The real part of the propagation constant -y is
called the attenuation constant o and is measured in Nepers per unit length, while the
imaginary part is called phase constant 3 and is measured in Radians per unit length.

(3.51)
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The wave length X\ is the distance along a line between two points of a wave which
differs in phase by 360° or 2. If 3 is the phase shift in radians per km, the wave length
in km is

A=271/8 . (3.53)

At the frequencies of 50 Hz, the wave lengths is approximately 5870 km and 4 895 km,
respectively. The velocity of wave propagation in km/s is the product of the wave length
in km and the frequency in Hz, v = f - A in km/s.

In calculating the voltage U and the current I at any point of the line as a function
of the voltage and current at the receiving end, the equations (3.49) and (3.50) are
applicable as a function of the distance z to the receiving end.

With these quantities the equations (3.49) and (3.50) for voltage and current turn out
into

U = [(Un + Zolr)e™ e + (Un ~ Zolp)e e ] /2 (3.54)
and
I = [(Un/Zc + In) €6 + (Un/ Zo — In) eomeT] j3 (3.55)

A deep analysis, beyond the scope of these highlights, will prove that the first terms
of the above equations are the incident voltage or current while the second terms are
the reflected voltage or current. From (3.54) and (3.55) it can be concluded that a line
terminated in its characteristic impedance Z¢ has Ug = Ig - Z¢ and, therefore, there
is no reflected wave, as the second terms are equal to zero.

Such a line is called flat line or infinite line, the latter designation arising from the fact
that a line of infinite length cannot have a reflected wave. Usually power lines are not
terminated with their characteristic impedance, but communication lines are frequently
so terminated in order to eliminate the reflected wave. Typical values of Z¢ are given in
Table 3.2 for single-circuit lines. The phase angle of Z¢ is usually between 0 and —15°.
Z¢ is also called surge impedance in power lines. Surge impedance load (SIL) of a line
is the power delivered by a line to a purely resistive load equal to its surge impedance

Poat = U2 /| Zc] in MW (3.56)

where Upp, is the phase-to-phase voltage in kV and Zg is given in Q.

3.7.3.2 Representation by hyperbolic functions

Hyperbolic functions are mathematically easier to handle, so that its introduction per-
mits relatively simple calculations. The incident and reflected waves of voltage and
current of equations (3.54) and (3.55) can be rearranged and equated in terms of hy-
perbolic functions as

Us = Ug cosh(ya) + Iy - Zc¢ sinh(ya) (3.57)

Is = Iy cosh(ya) + Ur/Zc sinh(ya) (3.58)
where a is the line length. The equations can be solved in view of Ur and Iy

Ug = Us cosh(ya) — Is - Z¢ sinh(vya) (3.59)

Ig = I cosh(ya) — Us/Z¢ sinh(ya) . (3.60)
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Example: For the 500 kV line according to the example presented in clause 3.3.2 a line
length of 300 km and a load of 1000 MW are assumed. The line parameters are

R{ =0,0218 Q/km; Lj=9,70-10"* H/km; C} =12,0-107% uF/km.

With Z' = 0,3054 /85,9° 2/km and Y' = 3,77 /90° pS/km it is obtained from (3.50) v =
VZ'-Y'=1,073-1073 /87,95° 1 /km or @ = 3,84 - 107% 1/km and 8 = 1,042 -10~3 1/km.
For the total line it applies

v-a=1,073-107%-300 /87,95° = 0,322 /87,95° = 0,012 + j 0,322

The surge impedance follows from (3.51):

Zc = /0,3054 /85,9°/(3,77 - 10~6) /90° = 284,6 /—2,05° = 284,4 — j10,2 0
The line to earth voltage at the line end is

Ur = 500/v/3 = 288,7 £0° kV
and the corresponding current

Iz = 108/(500 - v3) = 1154,7 £0° A
From (3.54) it is obtained with z = 0 for the incident voltage as Uy

Ux

[Ur + Zc - Ir] /2 = [288,7 Z/0° + 1,1547 £0° - 284,6 /—2,05°] - 10%/2
(144,35 + 164,2 — §5,9) - 10° = (308,6 — j5,9) - 10° = 308,7 /—1,09° kV

and for the reflected component of the voltage as Uy

[Ur = Zc - In] /2 = [288,7 £0° — 1,1547 £0° - 284,6 /—2,05°] - 10°/2
(144,35 - 164,2 +§5,9) - 103 = (—19,9 +j 5,9) - 10° = 20,7 £163,5° kV.

Ur

At the sending end of the line it results with = 300 km

US = [Ur+Zc-Ir]/2e*%0f3%0 = 308,7 /—1,00° - 2012630522 =
308,7/-1,09° - 1,012 /17,83° = 312,4 /16,7 kV
and
U = [Ur-—Zc-Ig]/2e*0e™303%0 = 20,7 £196,6° - 7001210822 —

20,7 £163,50° - 0,988 /—17,83° = 20,45 £145,7 kV.
The voltage Us = UJ + Uy at the sending end to earth will be

Us = 312,4/16,7° + 20,45 £145,7° =
= 290,2+j89,8 — 16,9 +j11,5 = 282,3 +j101,3 = 299,9 /19,7° kV.

The line voltage at the sending line end is therefore Us = 299,9 - /3 = 519,5 kV.
The wave length is obtained from (3.53) by A = 27/8 = 27/1,042- 1073 = 5861 km and the
propagation speed will be 50 - 5861 = 293 060 km/s.

3.7.3.3 The equivalent II-circuit of a long line

The nominal TI-circuit of Figure 3.6 doesn’t represent a long transmission line exactly
because it does not account for the parameters of the line being uniformly distributed.
However, the format of the I-circuit shown in Figure 3.6 is very convenient for electric
calculations of voltages, currents and other related variables. In this aspect, it has been
studied how a similar IT-circuit could be also defined for long lines, that is, taking into
account the distributed line parameters.

The discrepancy between the nominal II-representation and the real line behaviour
becomes larger as the length of the line increases. It is possible, however, to find the
equivalent II-circuit of a long transmission line composed of lumped parameters so that
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o Figure 3.7: Equivalent II-circuit of a long line

voltage and current relations at both ends are accurate. This means, in order to deduce
an equivalent II-circuit, the voltage and current in both, the sending and the receiving
end, are calculated by the exact hyperbolic functions. Then, corrections are determined
into the lumped parameters such to provide the same voltages and currents as in the
exact method. An equivalent Il-circuit is, therefore, determined for the long line, with
the following correction factors and resulting parameters, as shown in Figure 3.7.

The elements of the equivalent II-circuit are

7 = Zgsinh(ya) = Z'/(vya) - sinh(ya) (3.61)
Y /2 = 1/Zctanh(ya/2) = Y'/(vya) - tanh(ya/2) . (3.62)

The relations between Ur and Ir as well as between Ug and Ig are given by the
equations (3.44) and (3.45). The determination of U and I at every point of the line
can be performed by equations (3.49) and (3.50). The hyperbolic functions according
to (3.61) and (3.62) determine the equivalent II-circuit elements.

The use of the equivalent I1-circuit permits to calculate voltage Us and current Ig in the
sending end, but no intermediate point is considered. The line is then represented by an
equivalent series impedance in the middle and two legs with half of corrected admittance
or capacitance. If any relation between voltage and current in an intermediate point
is desired, another equivalent II-circuit should be determined from this point until the
receiving end. Powers and power factors are accordingly taken into account at both, the
sending and the receiving end by the formulae relating these parameters with voltage
and current in three-phase circuits.

Example for an equivalent II-circuit of a long line: Voltage, current and power
of the line calculated in the example carried out in clause 3.7.3.2 will be determined using an
equivalent II-circuit for the line and comparing with the nominal II-circuit.

From preceding examples, the following parameters are known: Z¢ = 284,6 /—2,05° Q; ya =
0,012 + j0,322; voltage at the receiving end Ur = 289 £0° kV; current Iy = 1155 Z0° A.
Equation (3.59) yields

Us = 288,7 £0° - cosh(0,012 +j0,322) + 1,1547 - 284,6 £—2,05° - sinh(0,012 + j 0,322)

Since cosh(a+j 3) = cosha-cos f+] sinh a-sin # and sinh{(a+j §) = sinh a-cos f+j cosh a-sin 3
it is obtained cosh(0,012 +j0,322) = 0,949 + j 0,0038 = 0,949 £0,23° and sinh(0,012+j0,322) =
0,011 +j 0,316 = 0,317 £87,9°. Therefore,

Us = 288,7/0°-0,949 £0,23° + 1,1547 - 284,6 /—2,05° - 0,317 /87,9 =
= 274/0,23° +104,2 /85,9° = 274 +j1,1 + 7,5 +j 103,9 =
9281,5 +j 105,0 = 300,4 £20,45° kV.

From (3.58) it is calculated

|

Is = 11547 /0°-0,949 £0,23° + (288,7 - 10% £0°)/(284,6 £—2,05°) - 0,317 /87,9° =
1096 £0,23° + 322,1 /90,0° = 1096 + j 4,4 + 0,0 +j322,1 =
1096 + j 326,5 = 1143 /16,6 A.

I

il

Line voltage at the sending end is

Upp = 300,4 - v/3 = 520,3 kV.
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Table 3.3: Comparison between nominal und equivalent Il-circuits;
500 kV line, 300 km long, conductors 3 x 494-AL1/34-ST1A

Resistance Inductive reactance Impedance Admittance

R, () X1 () Z () Y/2 (uS)
nominal
II-circuit 6,54 91,4 91,6 565
equivalent
II-circuit 6,45 89,9 90,1 571

The power factor at the sending end is given by cosp = c0s(20,45 — 16,6) = 0,998; power
required at the sending end will be

Pws = v3-520,5-1143- 0,998 = 1028 MW
Therefore, the losses in the line are
Ploss :RNS_PWR:28 MW

In the following paragraphs the calculations with nominal and equivalent II-circuits will be
compared; considering sinh(ya) = 0,317 £87,9° the equivalent impedance is obtained from (3.61)

7 = 284,6 /—2,05° - 0,317 /87,9° = 90,15 /85,9° = 6,45 + j 89,9 Q2
Equation (3.62) yields

1 W9 1 cosh(ya) -1

Y/2 = —t =
/ Zc Attty Zc  sinh(vya)
B 1 10,949+0,0038 -1 _ 0,0511 /175,8° 3
T 284,6 /—2,05° 0,317 /87,9° T 284,6 /—2,05° - 0,317 /87,9°

= 0,571-107%/89,9° Sor [Y/2| = 571 uS

The series impedance of the nominal II-circuit is obtained by just multiplying the unit series
impedance Z' (Q/km) by the line length

Z=2"-a=(0,0218+0,3046) - 300 = 6,54 + 91,39 Q = 91,6 /85,9° 0

The same is valid for the shunt admittance, so that the total admittance of the nominal I-circuit
is

Y =Y'-a=3,77-300 = 1131 pS

Each arm of the nominal H-circuit will, therefore, be Y/2 = 565 uS.

Table 3.3 provides a summary of the comparison between the nominal II-circuit and the equi-
valent Il-circuit of the line.

The equivalent Il-circuit will provide the exact solution for the line, while the nominal II-
circuit will yield an approximate solution. It can be observed that the difference is not so large;
in most cases the nominal Il-circuit is enough for solving most circuits involving lines, if a high
degree of accuracy is not required. However, as the line length increases, the approach using the
nominal II-circuit will introduce bigger and bigger differences compared with the exact solution.
Therefore, the use of the exact solution with the equivalent II-circuit is recommended.
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4.0 Symbols

Symbol  Signification

c Earth wire factor

D Lightning strike distance

hg Earth wire height

hc Phase conductor height

I Lightning impulse current

k Reduction factor

L Inductance

Ly Tower inductance

ne Number of flashovers

Ny Number of flashes per km? and year
Ny Keraunic level

St Slope of lightning impulse current
U. Lightning overvoltage

Um Overvoltage at tower

Ups Power frequency voltage

Zc Line surge impedance

VAV Tower surge impedance

Bs Shielding factor

(4 Protection angle

0F Earth resistivity

4.1 Significance of lightning

Lightning discharges constitute the main cause of most non-programmed outages of
electric systems. International statistics show that about 65 % of line outages originate
from lightning strokes that hit the overhead transmission lines [4.1]. It is certainly
possible to reduce the number of line outages to an acceptable level through a convenient
protection scheme, with an adequate installation of earth wires and an appropriate
earthing of the towers. The growing amount of power to be carried by transmission
lines forces the electric systems to operate more and more at their limits, so that non-
programmed line outages increase the risk of instability. At the same time, the increase
of short-circuit currents contribute to increase such risks.

Every fault turns out into an overvoltage surge, that may last from a fraction of a second
up to one second. Such surges, despite not felt by most of industrial equipment and
facilities, are extremely harmful to weaker installations and devices, specially computers
and other electronic apparatus. On the other hand, some industrial facilities, such as
aluminium and steel mills as well as oil factories are often very sensitive to line outages,
even if of short duration and subject to quick reclosing. The communities and users
are, as a matter of fact, more and more sensible to electricity breakdowns, requiring
from the utilities a continuous improvement of quality of supply. The reduction of
insulation flashovers due to lightning strokes is, therefore, an important goal of the
overhead transmission line design, especially those situated in regions of high keraunic
levels [4.2].
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4.2 Formation of lightning strokes

4.2.1 Mechanism of lightning discharge

The lightning discharge is initiated by a streamer from the cloud which progresses
toward earth in a series of steps some tens of meters long. It is known as stepped
leader. There is a time interval between the steps at the order of 40 to 100 us. As this
leader progresses, it splits in branches and the luminosity of the ionised way increases
(see Figure 4.1). When the lcader is upon reaching the earth, upward predischarges
arc developed usually from salient points: trees, structures, buildings, etc., toward the
leader direction (see Figures 4.1 and 4.2).

At the moment in which one of these upward predischarges and the leader meet one
another, a short circuit is established between the cloud and the ground, giving rise to
a large current flow. This current is made up of charges at the soil surface that go up
to the ionised channel formed by the leader, neutralising its charges. A highly luminous
flash can be observed progressing from the earth to the cloud, the return stroke, at a
speed of about one third of light speed.

A lightning discharge is usually constituted of several strokes flowing at the same ionised
channel by the following process: when the current of the first return stroke ends up,
there is an interval of about 40 ms until a second stroke appears, the cloud being still
able to contain a certain amount of charge; this second stroke begins with a leader that,
unlike the stepped leader, progresses continuously, being named dart leader and having
a propagation speed about 100 times lower than the return stroke. Several successive
strokes may occur according to the same mechanism; in general, a complete discharge
lasts from 0,2 to 1 second and is made up of 3 to 4 partial discharges, in average.

4.2.2 TImpulse behaviour of lightning discharges

The stepped leader is an ionised channel containing an excess of negative charges when it
begins at the negative part of the cloud, and an excess of positive charges when it begins
at the positive part of the cloud. It is considered that there exists a high concentration
of charges of the same polarity at its edge. When the leader approaches the earth, the
electrical field just below this concentration of charges increases significantly.

When the electrical field at ground level reaches the critical value, several positive
upward strokes are developed toward the leader. One of the strokes, the nearest one
or the one which progressed more quickly, gets in touch with the leader: an ionised
channel is then established between the carth and the cloud, and a stroke occurs. If two
or more upward strokes converge into the leader, a branched stroke occurs; the same
happens when two branches of the leader give rise to an upward stroke.

The electrical field at ground level is a simultaneous function of the amount of charges
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Figure 4.2: Segments of a lightning stroke path to an earthed structure

in the leader and of its separation towards the ground. So the distance to the ground
after which the critical point is reached depends on the charge of the leader. The
present models suppose that the first stroke neutralizes the leader charges, a con-
stant relation existing between these charges and the discharge current. This relation is
about 15 kA /Coulomb, according to measurements carried out at Monte San Salvatore,
Switzerland [4.3]. A numerical relation is then established between the distance from
the leader edge to the ground and the stroke current magnitude of the discharge when
the critical electrical field is reached.

The following empirical formula has been proposed for calculation of the strike distance

D=67-1 | (4.1)

where D is the strike distance in m and I the stroke current in kA. It can, therefore,
be concluded that the area of effectiveness of a lightning arrester will be greater and
greater as the current magnitude increases, what is a favourable point. If, on the other
hand, the current is low, the impact may occur even at the lightning arrester base. The
lightning protection is then ineffective.

4.2.3 Electric characteristics of the discharges

The lightning discharges can be classified according to [4.4, 4.5, 4.6] and [4.7] in con-
formity with their polarity as:

— negative discharges (discharges from a negatively charged cloud);

— positive discharges (discharges from a positively charged cloud).
In regions with temperate climate 80 to 90 % of the discharges are negative. According
to the direction of progress of the leader, the following classification is used:

— downward discharges where the leader develops from the cloud;

— upward discharges where the leader develops from the earth (see Figure 4.4).
In flat regions most discharges are downwards [4.4], while upward discharges hit more
frequently sharp and elevated objects, such as telecommunication towers and transmis-
sion line towers situated on hilly tops. According to present knowledge, the discharge
direction does not depend on the polarity of the cloud but on the formation of both
electrodes: the cloud and the subject on earth potential.
The negative discharges are made up of a main stroke and several subsequent strokes,
each one having several amplitudes and duration. The front time of the first partial
stroke is about 10 ps. The front time of the secondary strokes is much lower, usually
about 1 ps, but their wave tail is much more regular than that of the first stroke. The
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peak values of the subsequent strokes are generally lower than that of the main stroke
(see Figure 4.3).

The positive discharge is made up of only one stroke, lasting from 0,1 to 0,2 seconds.
The time of wave front is fairly long, varying between 20 and 50 s, but the current
amplitude may reach much larger values, even higher than 100 kA (see Figure 4.4).

4.3 Frequency and intensity of lightning strokes

4.3.1 Keraunic levels and earth flash density

The number of line outages is directly proportional to the number of strokes hitting
the line. Of course, the higher the occurrence of thunderstorms in a region the higher
the probability of lightning stroke incidence on a line crossing this region.

The frequency of incidence of lightning strokes at a certain locality has been along
the years measured by the keraunic level, i. e. the average number of thunderstorm
days per year in that locality as recorded by hearing of a thunder. Figure 4.5 shows
keraunic levels on a worldwide map. This parameter, despite simple and depending on
the hearing ability of weather observers, has proved valuable in the investigation and
assessment of lightning performance of overhead transmission lines.

Regarding the validity of the keraunic levels, it is important to have a long period
of observations because they are essentially statistical data so that a longer period of
observations is significant in order to have a more reliable forecast for use in future
projects.

Although keraunic levels give a good idea of the lightning activity at a certain region,
however, because of their subjective and inaccurate nature, it is more advisable, under
an engineering standpoint, to know the flash density defined as the number of flashes
per km? and year along the line route.

The search of this parameter is unfortunately still rare in most countries, but some
measuring systems have been developed for this purpose. One of the measuring devices,
developed by Cigré, is known as “counter of earth discharges” and is based on the
variation of the local electrical field produced by a lightning flash [4.9)].

Using the results of such counters, several researchers have attempted to develop em-
pirical formulae for correlating the number of flashes to ground Ny to the keraunic
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Figure 4.5: Keraunic levels on a worldwide basis
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Table 4.1: Statistical measured data of lightning strokes

Curve Source Average  Coefficient Number of Measuring  Measuring
value of variation = measurements device place
kA %
CEMIG magnetic
1 t t
1 Brazil 46 21 50 charts ower top
ERIKSSON oszillo- measuring
41 22 11
2 South Afrika graph mast
3 BE'RGER 30 42 101 oszillo- measuring
Swiss graph mast
4 POPOLANSKY 28 - 618 oszillo- measuring
Czech Republic graph mast
LEWIS - magnetic
5 USA 28 50 110 charts tower top
SZPOR magnetic
6 Poland 30 40 104 charts Tower top
ANDERSON magnetic
7 Rhodesia 40 19 140 charts

level Ny. Several empirical formulae have been developed for relating flash densities
with keraunic levels. All provide similar results. Based on measurements held in South
Africa, A.J. Eriksson [4.4] recommends the following formula, that is considered among
electric utilities to be well acceptable:

N, =0,04- N flashes/(km? year), (4.2)
g k

where Ny is number of thunderstorm days per year. According to [4.10], the following
approach is valid:

Ng ~ 0,2 - Ng flashes/(km? year). (4.3)

For a keraunic level of for instance, Ny = 20 to 40, formula (4.3) provides a ground
density approximately twice as much as formula (4.2).

The flash density to ground is only an average indication valid for a region with a
given keraunic level. There are other local factors favouring the incidence of lightning
strokes, such as relief type, ionisation state of the atmosphere, etc. However, the mech-
anism determining the point of incidence of the stroke points of the lightning discharge
seems to decide about this point only about a hundred meters above ground (see also
4.2.2). Local conditions are, therefore, supposed to have an important influence on the
discharge at this moment.

The lightning embracing exposure of a transmission line depends on its height. For tower
heights around 40 m, typical for 110 kV lines, the embracing exposure reaches about
150 m; for tower heights of 60 m around 250 m and for tower heights of 80 m around
350 m. The latter comprise tower heights for lines in the range of 362 to 785 kV.

4.3.2 Magnitude of lightning stroke currents

Under the standpoint of transmission line performance, the distribution of the current
magnitudes and slope of the negative upward discharges should be known: WG-33.1
(Lightning) of Cigré [4.3] proposed that consideration should be given only to data
obtained from structures not higher than 100 m. As for structures up to this height,
the probability of occurring negative upward discharges doesn’t exceed 10 %; this dis-
tribution is considered as the most representative for engineering studies, specially for
lightning performance evaluation of transmission lines.

Under these premises, the average current of 35 kA is recommended as the mean value
of lightning strokes; support of additional information from tropical and subtropical
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Figure 4.6: Distribution frequencies of lightning stroke currents and slopes (clarification in
Table 4.1)

regions is not yet available at enough quantity. However, the average lightning current
magnitude can vary from region to region and may depend on the altitude above sea-
level as well. Figure 4.6 shows cumulative frequency distribution of lightning stroke
currents obtained in some countries. Table 4.1 clarifies origin and statistical data of
the measurements shown in Figure 4.6. The cumulative distribution contained in [4.10]
corresponds to line 4.

Figure 4.6 shows cumulative distribution of lightning stroke slopes for negative single
and multiple discharges. For a lightning current of 50 kA, the standard front time of
1,2 ps corresponds to a slope of about 40 kA/us, which is exceeded by 10 % of all
lightning strokes.

4.3.3 Direct and indirect lightning strokes

Lightning overvoltages occurring in a transmission line are related to the point of inci-
dence of the lightning strokes and can, therefore, be classified as:
— Induced overvoltages that occur when the lightning strokes reach the ground near
the line;
— Overvoltages due to shielding failures that occur when the lightning stroke reaches
the phase conductors;
— Overvoltages caused by back-flashovers that occur when the lightning stroke
reaches the shield wire or the tower.
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Induced overvoltages rarely exceed 600 kV, being, therefore, negligible for transmission
lines above 90 kV, whose insulation level is usually higher than 600 kV.

In case of a direct stroke reaching the conductor, the current I splits in two portions
flowing toward both directions of the line. The peak value of the overvoltage U, is
given by:

¢ = 1/2 -I- ZC ’ (44)

where Zc is the surge impedance of the circuit (see clause 2.1.2). The overvoltage
wave is similar to the stroke current, although it can be subsequently modified by the
propagation, by corona effects and by reflections at the terminals.

A flashover along the insulator strings at the tower or to an adjacent conductor may
occur or not, depending on the insulation level of the line. It is conventionally said that
a flashover occurs if

Uc + Upe > Usgy, (4.5)

where U, is the lightning overvoltage, Ups the instantancous value of power frequency
voltage and Usgy, is the critical flashover voltage of the insulator string with the same
polarity as the impulse wave.

A convenient layout of earth wires will cause the lightning strokes to hit only the earth
wires, the towers or the neighbouring ground, seldom the conductors.

The back-flashovers are a consequence of lightning strokes that reached the earth wire.
When the stroke current is drained to the ground through the tower, an overvoltage
is originated at the latter as a direct function of its earth surge impedance and an
indirect function of the earthing resistance. If this overvoltage, combined with the
instantaneous power frequency voltage of the phase conductors, exceeds the insulation
level of the insulator strings, a tower-to-conductor flashover occurs. The tower earthing
resistance or the surge impedance is, therefore, a parameter of paramount importance
in the computation of the tower overvoltage, as expressed by the formula

Um = (1 — k‘)(ZM -1+ Ly d[/dt) s (4.6)

where Uy is the tower overvoltage (kV), Zy the earth surge impedance of the tower as a
function of the tower earthing resistance (), Ly the tower self-inductance, I the stroke
current (kA) and k the coupling factor between earth wires and conductors (see [4.5]).

4.4 Arrangement and efficiency of earth wires

4.4.1 Theoretical background

Whitehead [4.11] and others have provided significant contributions on the clectromag-
netic theory for totally shielding the conductors of an overhecad line, both analytically
and practically (see also [4.5]).

An effective shielding requires a strategic positioning of the earth wirc so that the
leaders of incident lightning strokes, whose currents exceed the critical current, reach
always the earth wires or the ground, but not the conductors. In order to prove earth
wire efficiency, a circle of diameter D, obtained from equation (4.1), is drawn around
carth wire and conductor points. Besides, a parallel straight line is drawn at a distance
s - D to ground surface (sc¢ Figures 4.7 and 4.8). The most favourable position of
the earth wire is obtained when the circles around phase conductors and earth wires
meet in the same point with the parallel straight line with the ground surface. (Figure
4.8). Then a complete shielding protection of the phase conductors is obtained because
lightning strokes reach either the earth wires or the earth.
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Figure 4.7 shows an example of an incomplete shielding, because flashes A and C make
their final jumps to earth wire and earth, respectively, but flash B may jump only to
the phase conductor. In Figure 4.8 no uncovered area exists and an effective shielding
is reached.

The strike distance D is multiplied by a reduction factor Js when it refers to ground.
The coeflicient Gg allows for the strong likelihood that the final strike distance to the
horizontal ground plane, with its widespread attractive effects, will be significantly
different from the strike distance to a wire suspended above the earth plane. The value
of Bs recommended by EPRI [4.5] is 0,8 for lines of range I and 0,67 for lines of range
II, according to IEC 60 071.

4.4.2 Effective shielding by earth wires

In regions with medium or high keraunic levels it is standard practice to equip trans-
mission lines with earth wires to shield them against lightning discharges. In regions of
low keraunic levels the use of earth wires can be precluded.

When designing an effective shielding of lines, effects caused by back-flashovers have
to be considered as well. Therefore, an appropriate earthing of the towers is essen-
tial in addition to the arrangement of earth wires. Earthing with respect to lightning
protection does not directly correspond to earthing for power frequency voltages.

For effective shielding both the strokes hitting directly the conductors and back-flash-
overs from towers to conductors have to be considered. The latter occur as a conse-
quence of strokes into the earth wires or earthed towers causing the tower potential
to be increased. This increase depends on the stroke current, surge earth resistance of
the tower and eventual coupling between the earth wires and the phase conductors. In
both cases a lightning flashover occurs when the lightning overvoltage exceeds the line
insulation level.

The earth wires are installed with shielding angles that usually vary between 10 and
35°, depending on the importance of the line [4.12].

The first approaches developed for protecting the phase conductors against direct light-
ning strokes considered a maximum protection angle of 30° between the highest point
of the shield wire attachment at the tower and the horizontally most external conductor
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(see Figure 4.9). Really the protection effect of the earth wires depends also on their
height above ground and on the lightning current. Figure 4.10 according to {4.10] rep-
resents current peak values of lightning hitting phase conductors directly as a function
of angle 6. As the lightning current increases, the protection effect will improve as well.
Higher towers require lower shielding angles for attaining the same protection level.

For 55 m height above ground, only lightning currents lower than 30 kA, representing
about 30 % of all currents, can hit directly the conductors. If a probability of 50 %
for the lightning strokes is considered, then 7,5 to 15 discharges per year hit phase
conductors in average. About half from those discharges, that means 4 to 8, cause
flashovers through the insulation. The impulse voltage peak is determined through the
surge impedance, considering also the current distribution at its point of incidence:

U.=1/2Z¢1 . (4.7)

Figure 4.11 according to [4.10] represents the shielding failure rate measured by the
number of flashovers per 100 km and year, for 25 and 55 m shield wire heights and 3,6
flashes per km? and year. The following comments are based on such values.
Additionally to the direct strokes in phase conductors, also the strokes to towers or earth
wires can cause insulation failures due to back-flashovers, when the impulse overvoltage
reaches a value above the lightning withstand impulse of the insulation.

Keraunic levels between 15 and 30 thunderstorm days per year are typical in Central
Europe, while a maximum of 200 occurs in the equatorial region of South America, as
it can be seen in Figure 4.5. For the above mentioned keraunic levels of Central Europe,
a resulting flash density of 2 to 4 earth flashes per km? occurs for 60 m high towers
of 380 kV overhead lines; the corresponding embracing exposure reaches about 250 m,
while the number of flashes per 100 km and year is between 50 and 100.

For 500 kV overhead lines in North or South America with Z¢ = 300 © and light-
ning current of 30 kA, a voltage of 4500 kV is reached, what would result in insulator
flashover. EHV lines of range II usually have shielding angles lower than 30°, mostly
around 10°. For the latter protection angle only flashes below 15 kA can reach the con-
ductors; such flashes have a probability of 15 % to occur, resulting in 50 % probability
of shielding failures or in 4 to 8 flashes per year. Only flashes between 10 and 15 kA, or
1/3 of the total, can produce overvoltages that lead to insulation failures. The number
of flashovers reaches, therefore, 1,5 to 2,5 per 100 km per year.

For 110 kV lines with 40 m high towers the embracing exposure reduces to 150 m and
the number of flashes reaches 30 to 60 per 100 km and year. For 40 m high towers and
30° shielding angle, only flashes below 20 kA can hit phase conductors, or only 20 %
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of all flashes. Considering again a probability of 50 %, it results in 3 to 6 flashes per
year. All flashes lead to insulation flashovers due to the low impulse withstand of the
insulator string. Consideration should be given to 3 to 6 flashovers per 100 km and
year. Because of the increase of the insulation level with the nominal voltage of the
line, the risk of back-flashovers usually decreases with the voltage.
Statistics show that the number of flashovers from conductors to towers is about the
same for all voltage levels. This apparently contradictory tendency is occasioned by the
higher towers used in higher voltages, as for steeper lightning impulse events the higher
surge impedance of the towers will be effective.
For a 110 kV line with an impulse withstand voltage of 550 kV, 10 Q earth surge
impedance and 15 % coupling factor of the phase conductors with the earth wire the
critical lightning current attains I ~ 550/(10-0,85) ~ 65 kA. If a stroke hit directly the
tower then the lightning surge voltage strains the insulation. For 15 % of all strokes the
current will be equal or higher than 65 kA. If a stroke hit the earth wire at midspan
and a 50 % to 50 % distribution of the current on the neighbouring towers is considered
then only lightning with currents above 130 kA would cause back-flashovers. Only 1 %
of all strokes will reach or exceed this current. In Central Europe a current of 65 kA
is achieved or exceeded by 4,5 to 9 lightning strokes per 100 km line and year, while
0,6 to 1,2 strokes per 100 km and year will reach 130 kA. Back-flashovers have to be
expected when these lightning currents are reached or exceeded.
For 220 or 380 kV overhead lines with basic insulation levels of 1050 or 1425 kV,
respectively, having higher towers and lower surge impedances, it results in critical
current intensities of 100 or 110 kA for flashes reaching the towers. For equal lightning
currents, a lower number of back-flashovers can be expected, therefore.
Statistics show that in Europe the number of lightning failures is practically indepen-
dent on the voltage level for lines in the range of 110 to 380 kV, reaching between 1,1
to 1,6 flashovers per 100 km and year. Therefore, the estimates presented above lead
to conservative values. Statistics available in South America show the following ranges
for outages due to lightning strokes:

— 40 to 70 kV lines: up to 10 line outages per 100 km and year;

— 110 to 245 kV lines: 2 to 5 line outages per 100 km and year;

— 300 to 500 kV lines: 1 to 2 line outages per 100 km and year;

— 750 kV lines: 0,2 to 0,5 line outages per 100 km and year.
An interesting and valuable survey on the performance of EHV lines was carried out
by Cigré Study Committee 33 [4.13]. This survey has been useful when designing new
lines in the relevant regions.
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4.4.3 Surge arresters

An alternative to the use of earth wires for protecting the conductors against the direct
incidence of lightning strokes that has gained significance of late consists of using surge
arresters in parallel to insulator strings. The need of using earth wires is, therefore,
precluded and more economical towers can be designed. The technical advantages and
economics of such solution should naturally be examined but in several cases surge
arresters can be recommended if for other reasons lower towers are used [4.14]. Surge
arresters have been already used in lines up to 145 kV for providing further protection
against lightning strokes in especial regions. For EHV lines their use is still under
consideration mostly for economical reasons.

4.4.4 Assessment of lightning performance of overhead lines

Lightning overvoltages usually govern the external insulation of overhead lines of the
range I (up to 300 kV). They may govern even the insulation of lines with voltages
of range II, for instance until 525 kV, if the keraunic levels and/or earth resistivities
are high and the switching surges are limited by convenient means, such as the use of
pre-insertion resistors or surge arresters.

Several analytical and simulation methods have been developed for the evaluation of
overhead line performance under lightning overvoltages. The Monte Carlo’s techniques
consider that the process of lightning strokes reaching an overhead line comprises a
series of events of a probabilistic nature [4.15]. Other methods employ analytical equa-
tions and calculate the critical voltages that are applied to the insulation. Therefore, the
resulting back-flashover probabilities are determined. One of the most known software
developed by IEEE, the FLASH program, has been one of more accurate approaches
used of late [4.16]. This method takes into account the following sequence of calculation:

— Conversion of the keraunic levels of the region crossed by the line into flash
densities or direct use of flash densities, if available;

— Determination of probability density of earthing surge impedances as a function of
the assessed or measured probability distribution of the tower earthing resistance
of the line;

— Consideration of the geometry of the basic or more frequently used tower config-
uration of the line, as well as the typical wave shape of the lightning stroke;

— Calculation of the two components of the lightning performance, namely the
shielding fatlure rate and the back-flashover failure rate.

The standard line performance indez is measured in number of line outages per 100 km
and year. Basic directives and the respective tower earthing resistance are given in Table
4.2. The data are valid for keraunic levels of 30. The real number of linc outages varies
approximately proportional to the keraunic level, so that, having the keraunic level for
a certain line, its performance can be roughly obtained from a simple proportion in
relation to the data given in Table 4.2. Regarding the lightning performance of double-
circuit transmission lines, special phase arrangements at the towers, e. g. disposing
phases of one circuit at the inverse order in relation to the second circuit, may contribute
to reduce the number of line outages [4.17].

4.5 Earthing in view of lightning protection

4.5.1 Significance of earthing for lightning protection

The tower earthing resistance and the relevant surge impedance of the earthing system
of line structures is an extremely important parameter in the determination of lightning
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Table 4.2: Guidelines for determination of lightning perfor-
mance of overhead lines and relevant tower earthing resistances
Highest  Lightning  Number of Tower Number of
operating withstand outages per  earthing earth wires

voltage voltage 100 km resistance
kv kV and year Q
123 550 5 15 1
245 950 3 20 lor2
420 1300 1,5 20 2
525 1550 1,0 25 2
765 2100 0,5 25 2
60 T T —T
E |
50 F ]
(o] C 4
caof —
?‘!; E four parailel rods 3
Q30F 3
ETE one rod E
520k 3
? 1of // E Figure 4.12: Relationship between earth
§ E ] surge impedance and power frequency resis-
w O % o 50 o 200 ‘tance for determining lightning performance

according to [4.4]

Power frequency earthing resistance

flashover rates due to back-flashovers. The tower earthing resistance is a varying statis-
tical variable, the magnitude of which is governed not only by geography and geology of
the soil but also by non linear conduction physics in the earth. It may swing over a two
to one orders of magnitude or more owing to change in stroke current, and even with
constant current it will change with time. A convenient tower earthing is, therefore,
necessary in order to obtain a good protection against lightning (see also clause 5.3).

4.5.2 Surge impedance of earthing systems

The voltage increase of a tower following a lightning stroke is an important parameter for
determining the back-flashover rate. Both the tower surge impedance (or its inductance)
and earthing systems are involved in the calculation procedure. The surge impedance
of the tower depends on its geometry and considers three basic geometry types, namely
class 1: conical, class 2: cylindrical and class 3: towers with waist [4.5]. Measurements
carried out have shown values of the tower surge impedances for the three classes
between 10 to 30 Q.

Earthing system measurements for power frequency voltages can be used as a basis
for determining the lightning surge impedances as well as for the calculation of the
lightning protection of the overhead lines. The conversion of power frequency resistance
as measured by normal instruments, to surge impedance is performed for various types
of electrodes according to values obtained by experience.

In any case, practical investigations carried out show that, at the most pessimistic case,
the earthing surge impedance would reach the value of the power frequency resistance.
Investigations carried out by EPRI show that earth surge impedance can vary between
0,25 and 1,0 time the power frequency resistance [4.18].

Earthing resistance decreases with increasing current, at least until the current dries
out the soil. The proportional reduction is less for soils having low resistance than it is
for soils of high resistance.

The relationship between earth surge impedance and power frequency resistance is
shown in Figure 4.12 according to [4.4]. Other data can be found in [4.5]. Regarding
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the behaviour of horizontal earthing wires (counterpoise) under strokes, it has been
shown theoretically and by tests that the counterpoise has an initial transient surge
impedance at the order of 150 2, which decays to its final value of resistance, the
transition time being the time required for the first reflection to return, travelling with
one third of the speed of the light (100 m/us). For a given length of buried wire, the
transient resistance will reduce to the steady-state resistance faster if the counterpoise
is arranged as several, shorter radial strips than if it were laid as one long strip.

For lightning currents, the effective electrode length reaches around 0,2 - /T - gg for
deep electrodes or 0,3 - /I - pg for shallow electrodes, corresponding to 24 or 36 m in
case of peak lightning currents of 150 kA and a resistivity of 100 Qm [4.19]. As a
consequence deep electrodes are about 1,5 times more effective in normal soils than
shallow electrodes of the same length, as far as the maximum electrode length is not
exceeded. Deep electrodes are especially recommended when the conductivity of the soil
near the surface is bad and improves at deeper soil layers. This point has often been
confirmed by measurements of soil resistivity with the Wenner Method, as shown in
clause 5.8.
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5.0 Symbols

Symbol  Signification
a Distance of probes
d Diameter
dy2 Thickness of soil layer
e, f Distance
D Diameter of a ring-type electrode
E Electrical field strength
Fx Penetration factor
h Depth of probe
i Current density in soil
I Short-term current, total current
Iy Zero-sequence current
Iz Current through earth resistance
Ic Capacitive earth fault current
Ig Earth current
Igs Earth wire current
Ip Earth fault current
Iim Peak value of lightning impulse current
I Initial symmetrical short-circuit current
Lex Double earth fault current
m Measured current
Irgs Earth fault residual current
k Reflection coefficient
Kg Material-dependent value
l Distance of probes
L Length of an earthing electrode
My Factor to determine the inflection point
N Number of potential points
r Radius of a hemispherical electrode
Te Radius of equivalent rod
TE Reduction factor of earth wires/of a line
R, Additional resistance
Rg Earthing resistance
Rt Earthing resistance of a tower
s Distance of earthing rods
t Depth of earthing strip installation
tr Duration of fault current
T Initial temperature of a conductor
T Permissible final temperature
Uem Measured voltage
Uim Lightning impulse withstand voltage of the insulation
Up Permissible touch voltage with additional resistance
Ug Earthing voltage
Us Step voltage
Urp Permissible touch voltage without additional resistance
T Distance
Zo Iterative network impedance of a line
Zim Impulse earthing impedance of a tower
Zp Body resistance
ZcE Mutual impedance of conductors and earth wires
Zg Impedance to earth
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Symbol  Description

ZxE Earth wire self-impedance

Zs Earth wire impedance of a span

o Temperature coefficient of resistance
e Reciprocal of temperature coefficient
AUg Earth potential rise

OE Earth resistivity

Ok Mean earth resistivity

%) Surface potential

X Distance to probe/sphere

5.1 Purpose of earthing

The standard EN 50 341-1 [5.1] lists five requirements for earthing systems:

— Guaranteeing safety of persons when electric voltages occur during short circuits;

— Avoiding damage to third-party property and to other installations;

— Ensuring an acceptable performance;

— Complying design with the maximum short circuit carth current to be expected

and

— A sufficient mechanical strength and corrosion resistance.
The first requirement is to be paid priority and includes animals, e. g. grazing cattle.
Supports made of conductive material are earthed in principle through their founda-
tions; however, in addition cost-effective earthing installations are sometimes necessary
to achieve the required performance of the earthing system, e. g. for supports at sites
with low earth resistivity.
With respect to the main purpose three types of earthing can be distinguished:

— Operational earthing,

— Protection earthing and

— Lightning protection earthing.
In case of systems above AC 1 kV the requirements on earthing depend on the system
characteristics such as:

— Type of neutral point design: insulated, resonant earthing or low resistant ncutral,

— Type of supports: supports with or without built-in disconnectors or transformer

stations
— Material used for supports: stecl, reinforced concrete or wood,

— Support sites: normal or particularly exposed sites in swimming arcas, camping
sites or play grounds.

Figure 5.1: Example of ground surface po-
tential and the voltages in case of a current-
conducting earth electrode [5.2].

Ug earthing voltage; Up  touch voltage;
Us step voltage; ¢ surface potential; E earth
e clectrode; S1, S2, S3 earth potential control
t‘ 1 5‘55@ x —= clectrodes (ring electrodes) connected to the

(sufficiently
far away)
without potential control

earth clectrode; z distance to the earth clec-
with potential control trode E
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- i Figure 5.2: Earth fault currents, voltages and
- resistance in case of an earth fault at a tower.
Ir =3-Ioa +3-Ip; Zg = 1/(1/RT + 2/Zoo)§

Ig=rg I
:UE weference O - Joa 1s the total zero-sequence current from
carth  system part A; 3 - Iog the total zero-sequence
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sarthing vire Io current flowing through the earth resis-
T cath tance of the tower having an earth fault; rg
£ reduction factor of the line; Ry tower resis-
Ue=le-Ze Z -,_rﬂzx reference  tance; Z,, impedance of the line; Zg earthing
! ] earth  jmpedance; Ug earthing voltage
a overhead line
earth wire

L L A ﬂ E — =
lower
tower
earthing

reference earth

b
T

Figure 5.3: Iterative network impedance of a
line

a) arrangement of earth wires and towers
reference earth b) equivalent circuit diagram

5.2 Definitions and basic principles

Figure 5.1 can be used to explain terms frequently used in the context of earthing prob-
lems. The figure depicts the voltage potential on the ground surface in close proximity
of a short circuited installation with or without potential control having an earthing
rod, through which an earth fault current flows. In addition to the total earthing volt-
age the touch and step voltages can be recognised as partial potential differences. In
practice these values may reach 50 % and 30 %, respectively, of the earthing voltage.
Potential control measures can reduce them to values of less than 10 %. An example
for the current distribution is shown in Figure 5.2 with consideration of voltages and
resistance in case of an earth fault at a tower. The diagram of the equivalent circuit
shows the impedance to earth Zg as the result from paralleling the earth resistance
Rt of the tower and the iterative network impedance Z, of the line. From the figure
the distribution of the fault current Ir on earth and earth wire can be seen. The latter
current is affected by the earth wire reduction factor rg resulting in a considerably
lower earth potential when high-conductivity earth wires are adopted.

Figure 5.3 represents the recurrent network impedance of a line. The value of the
recurrent network impedance is depicted in Figure 5.4 depending on the mean earth
resistance Rt of the towers for varying types of earth wires and span lengths from
200 to 400 m. The graphs demonstrate that the iterative network impedance usually
reaches a few ohms only.
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5.3 Requirements

5.3.1 Standards

For transmission lines in Europe, EN 50 341-1 [5.1] establishes the basic requirements
together with the corresponding National Normative Aspects (NNA) applicable to the
associated countries, e. g. [5.3] for Germany, [5.4] for Austria and [5.5] for Switzer-
land. Outside Europe, among other relevant standards, that establish rules and limits
regarding earthing and earthing potentials, the following can be mentioned:

— Guide for safety in alternating current substation design [5.6];

— Recommended guide for measuring ground resistance and potential gradients in

the Barth [5.7].

5.3.2 Safety of persons

If an earth fault occurs, parts of a line installation are subjected to a voltage and a cur-
rent may flow through the human body or through animals in case of touching, which
can be hazardous. However, it is permitted to take into counsideration site-depending
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Table 5.1: Fault duration, permissible body
current and touch voltage
Fault Body  Human body  Touch
duration current impedance voltage

s mA Q \4
0,05 900 1090 735
0,10 750 1125 633
0,20 600 1175 528
0,50 200 1360 204
1,00 80 1780 107
2,00 60 2000 90
5,00 51 2130 81

10,00 50 2130 80

resistance, which reduce the body currents. The relationship between the acceptable
intensity of short-circuit current and its duration is shown in IEC 60479-1 [5.8]. Figure
5.5, therefore, shows graphs for permissible voltage differences without additional resis-
tance and graphs for higher site resistance and foot wear. The data assume the correct
functioning of protection devices which ensure that touch voltage acts during a short
duration only.
The permissible values for step wvoltages would be higher than those for the touch
voltages. Therefore, it can be assumed that, when complying with the requirements on
touch voltages, any hazards due to step voltages will be excluded.
When determining the permissible touch voltages, it is assumed that

— the currents flow between one hand and both feet,

— the probability of the occurrence of the assumed human body impedance is 50 %,

— the probability of occurrence of ventricular fibrilation is lower than 5 % and

— no additional impedances are considered.
These assumptions lead to an optimum human safety due to the low probability of
simultaneous earth faults and touching of a conductive component. Furthermore, they
result in the values for the permissible touch voltages and the human body currents
listed in Table 5.1 depending on the duration of current flow (according to [5.1], annex
G.4). When determining the permissible touch voltages, only 75 % of the voltage-
dependant body impedance were taken into account.

5.3.3 Thermal short-circuit strength

The dimensions of earth electrodes and earthing conductors shall be rated such that
the permissible temperature of 300°C for copper and steel or of 200°C for aluminium
will not be exceeded. The short-circuit loading of individual components of earthing
systems can be determined according to the electric system, taking into account the
subdivision of the current in the electrode system. For current duration lower than 5 s
an adiabatic temperature rise can be assumed without heat transfer to the surrounding.

5.3.4 Mechanical strength and corrosion resistance

Mechanical strength and corrosion resistance determine the minimum dimensions of
electrodes and earthing or bonding conductors. According to [5.1], the minimum cross
section for earthing conductors is 16 mm? for copper, 35 mm? for aluminium and
50 mm? for steel. For horizontal earthing wires (counterpoises) it is a common practice
in North and South America to adopt copper clad wires with a minirnum diameter of
5,2 mm and minimum cross section of 21,2 mm?. Electrodes having direct contact to
earth shall withstand mechanical or biological attacks, oxidation, formation of an elec-
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Table 5.2: Minimum dimensions of earth electrode materials according to EN 50341-1
Minimum size

Core Coating/sheath
Material Type of Dia- Cross  Thick- Single Average
earth electrode meter  section ness value values
(mm) (mm?) (mm) (pm) (pm)
Steel: Strip 90 3 63 70
Profile (incl. plates) 90 3 63 70
hot-dip Pipe 25 2 47 55
galvanized Round bar for 16 63 70
earth rod
Round bar for .
surface earth electrode 10 50
with leid Rognd wire for 8 1000
sheath surface earth electrode
with extruded Round bar for 152 2000
copper sheath earth rod
with electrolytic Round bar for
2
copper sheath earth rod 0 % 100
copper clad 5,2 21,2 156,/200%
Copper: Strip 50 2
Round wire for 254
bare surface earth electrode
Stranded cable 1,89 25
Pipe 20 2
tinned Stranded cable 1,89 25 1 5
galvanized Strip 50 2 20 40
with lead Stranded cable 1,8 25 1000
sheath? Round wire 25 1000

D Not suitable for direct embedding in concrete

Strip, rolled or cut with rounded edges

3 According to American practice ASTM B227, 30 and 40 % IACS, respectively

In conditions where experience shows that the risk of corrosion and mechanical damage is
extremely low 16 mm? may be used

Diameter of single wire

trolytic couple and electrolysis. Thereof, the minimum requirements listed in Table 5.2
apply.

5.3.5 Currents to be considered

The currents to be considered for earthing system rating and for touch voltage depend
on the earthing design criteria of the neutral point in the system and are given in Table
5.3 according to [5.3]. The minimum dimensions according to Table 5.2 shall be used.
In case of touch voltages, the relevant current may be determined taking into account
the earth wire reduction factor. This factor represents the ratio of the return current
through earth to the sum of the zero-sequence currents of the AC circuit. It can be
calculated for a balanced current distribution from the self- and mutual impedance of
conductors and earth wires.

re=Ip/31y= (1 —Igs/31y) =1 — Zcg/Zwr (5.1)

where
Igs is earth wire current;
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Table 5.3: Currents to be considered according to [5.3]

Type of the neutral point Thermal design of Verification of
earth earthing touch voltages
electrode  connections
System with isolated neutral point (€))] Iep® re - Ic
Resonant earthed systems 1 I'ep® re - Ings
Systems with low-resistant ' I, rg - Ity

neutral earthing

Resonant earthed systems and 1) Iex re - Ires
systems with temporarily low
resistant neutral points

(1) The minimum cross sections according to Table 5.2 are sufficient
(2) If the duration of a failure is lower than 1 s, the currents Ic or Irgs,
respectively, may be used
Legend: Ic¢ Calculated or measured capacitive earth fault current.
Irgs Earth fault residual current. If the precise value is not known,
a value of 0,1 times I¢ may be used for calculation.
I'zsg  Double earth fault current which may be assumed as 85 % of
the three-phase initial short-circuit alternate current.
I Initial symmetrical short-circuit current in case of single-phase
earth fault

Table 5.4: Reduction factors rg for earth wires at 50 and 60 Hz

Type of earth wire AL1/ST1AD BZII? ST1A%

cross section (mm?)  304/49 264/34 184/30  97/56  44/32 50 70 50 70
243/39

AC

resistance (€2/km) 0,10 0,12 0,17 0,35 0,75 052 0,37 4,13 250

Reduction

factor r 0,61 0,62 0,62 0,70 0,77 0,75 069 ~1,00 097

L Earth wire type according to EN 50 182
2) Earth wire made of copper alloy according to DIN 48 201 Part 2 or comparable standard
3) Earth wire made of galvanized steel according to DIN 48201 Part 3 or comparable standard

31y sum of zero-sequence currents;
Zcg mutual impedance of conductors and earth wires;
Zgr, self-impedance of earth wires.

The conductivity of earth wires and the distance between earth wires and conductors
have the most important effect on the reduction factor, which varies between 0,2 and
1,0; Table 5.4 gives values for often used earth wires according to [5.9].

5.4 Earthing for personal safety purposes

Earthing of conductive components which are not part of the operation circuit to protect
people and animals against excessive touch voltages is called earthing for personal safety.
According to [5.1], supports made of conductive material such as steel or reinforced con-
crete are considered as earthed by their foundations. Supports made of non-conductive
material, e. g. wood or plastic material, do not need earthing if there is no metallic
connection between insulator supporting crossarms and earth.

As far as the requirements for earthing are concerned, the systems are distinguished by
the type of neutral point connection. In case of systems with isolated neutral point or
resonant earthed neutral, usually adopted only in systems up to 110 kV, earth faults
could last for longer periods (more than several hours). In this case, the touch voltage
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may not exceed 65 V. These requirements are complied with if the resulting earthing
impedance Zg from paralleling the support earthing resistance Rt to the adjacent
supports via the earth wires complies with

ZE < 13O/IErms P (52)

where IErms =7TE" IF.
The earth fault current Ix has to be taken as
— the capacitive earth fault current I in case of systems with isolated neutral point,
— the residual earth fault current, which is between 5 and 15 % of I in case of
resonant earthed systems (at maximum 10 % of I¢ in case of missing data).
The reduction factor rg depends on the type of earth wires, their number, material
and cross section. Table 5.4 shows typical values between 0,6 and 0,99 for reduction
factors; whereby values above 0,9 apply to steel earth wires and the lower values to
higher conductive ACSR, conductors. In case of several earth wires, values rg close to
zero can be achieved.
In case of a 110 kV resonant earthed system and 130 A residual current as the maximum
limit for complying with the extinction limit, an earthing impedance of

Zg < 130/(1,00 - 130) = 1,009

results for a 50 mm? steel earth wire and less conductive cross sections. In case of a
line with one earth wire 264-AL1/39-ST1A having a reduction factor rg = 0,62, the
impedance may rise to 1,55 €.
In systems with low-resistant neutral point and supports made of conductive material
such as steel or reinforced concrete, an earth wire or ground conductor should be
installed which is connected to the substation earthing installation.
The earthing current Ig can be determined from the single-phase fault current I
being multiplied by the reduction factor rg of the line. In case of lines with voltages
of 110 kV and above, an additional expectation factor 0,7 can be considered because
of the low probability of coincidence of all unfavourable conditions. If an automatic
fault interruption within 0,5 s is guaranteed, as usual in case of low-resistant neutral
earthing, the supports do not need to comply with particular limits for touch and
earthing voltages. Only where no automatic disconnection within 0,5 s is carried out,
the limits for the permissible touch voltages presented in Figure 5.5 apply. They drop
from 200 V at 0,5 s fault duration to 85 V for a duration of 3 s. For supports near
swimming pools, play grounds, sports fields or camping sites it should be ensured, as
a function of neutral point type, that the touch voltage at the support and the voltage
between two arbitrary points with a distance of 1,5 m in the support surrounding do
not exceed the permissible limits according to Figure 5.5 if an earthing current flows.
This can be achieved through
— a barrier made of non-conductive fences or planting bushes;
— application of a low-conducting surface, e. g. by means of gravel or asphalt;
— potential control, e. g. by means of grading earth electrodes.
In case of supports with disconnectors or transformers, it should be guaranteed that
when an earth fault occurs the touch voltage is kept below 65 V. This requirement is
complied with when the earthing voltage is lower than 250 V and a ring earth electrode
is arranged around the support at a distance of about 1 m at a depth shallower than
0,5 m.
In Figure 5.6 according to [5.1] the steps are schematically shown to be taken with
respect to safety earthing:
(1) For wood or other non-conductive poles or towers without any conducting parts
to earth, earth faults are not possible in practice and there arc no requirements
for earthing.
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The criteria for safety should be carefully reviewed at tower sites freely accessible
to people in the following cases:
— If people are expected to be at such sites for a relatively long time (some
hours per day) during some weeks;
— If people may stay there for a short time but very frequently (many times a
day) for example close to residential areas or play grounds;
— If locations which are only occasionally occupied such as forests, open coun-
try sites etc. are not concerned.
For towers at locations that are not freely accessible or where access by people
will be rare, the touch voltages need not be considered in those cases where the
line is provided with automatic disconnection for protection.
If it can be assumed that access by people will be rare, then the probability of
this access and the incidence of a simultaneous automatically cleared fault can be
considered negligible and thus the earthing design can be accepted as satisfactory.
The earth potential rise AUg is given by

AUE:ZE~7‘E'3'IO 5 (53)
where

31, is the zero-sequence current during earth fault;
Zg is the impedance to earth. It can be taken from measurements or calculated
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Figure 5.7: Equivalent circuit to determine the permissible
touch voltage Up
from
Zp=0,25 (Zs +1/Zs- (4Rt + Zg)) , (5.4)
where

Zg is the earth wire impedance of a span;
Ry is the earthing resistance of a tower.

(5) If carth potential rise is lower than 2Up related to appropriate circumstances 1,
2, 3 or 4, as defined in Figure 5.5, then the design can be considered as acceptable.
The touch voltage under most of these circumstances is only a fraction of earth
potential rise.

(6) The permissible touch voltage Up depends on the resistance in addition to the
body impedance. Figure 5.7 shows the equivalent circuit with pick up voltage Up
as the source voltage. Utp is the permissible touch voltage without additional
resistance according to Figure 5.5, graph 1, or Table 5.1.

Regarding the touch voltage along the body it applics

Up =Urpp + Ry -In =Urp(1 + R./ZB) (5.5)
and vice versa
Urp = Up / (1 + Ra/ZB) . (56)

The additional resistance R, consists of the foot wear resistance and the resistance
of the location against carth. Examples for R, are explained in Figure 5.5.
(7) According to Figure 5.6, it has to be checked whether the touch voltage Urp
obtained from (5.6) is less than the permissible value according to Figure 5.5.
(8) If none of the conditions given above is satisfied, then measures to reduce the
touch voltage shall be taken, until the requircments will be met. Such measures
could be insulation of the location or improvement of earthing conditions.

5.5 Operational earthing

Operational earthing is necessary at specific points of the operational circuit to guaran-
tee the correct operation of earth terminal of single-phase devices or neutral earthing,
e. g. voltage transformers or the neutral of Y-connected transformers. In case of trans-
mission lines, operational earthing may play a role only at poles with transformers or
disconnectors. The cross section of the earthing conductors has to be designed according
to the thermal loading (sce clause 5.7).

5.6 Lightning protection earthing

The earthing resistance affects the back-flashover rate and, therefore, the line reliability.
The reliability is a subject related to line performance and is dealt with in clause 4.4.
In [5.3], it is required in view of avoiding back-flashovers that the impulse earthing
impedance Zjy, of a tower suffices the equation

Zim S Uim/Iim 5 (57)
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Table 5.5: Probability of short-circuit currents in overhead power

lines
Short-circuit current up to 20 kA 30kA 40kA 50kA 60 kA
Probability 80% 9% 95% 98% 9%

Table 5.6: Characteristic data to determine the short-
circuit capacity according to [5.1]

Material Copper  Aluminium  Steel
Temperature coefficient 0,0039 0,0040 0,0045
of resistance a (1/K)

Value 3 (reciprocal of 234,5 228,0 202,0
coefficient o) in K

Constant Kg (As'/?mm™2) 226 148 78

D according to [5.1], not exactly the reciprocal to a. The effect

on the calculated results is low.

where

Uim  is the lightning impulse withstand voltage of the insulation;
Iy, is the peak value of the lightning impulse current;

Zim  is the impulse earthing impedance, dealt with in clause 4.5.2.

Table 5.5 shows probabilities of occurrence for short-circuit peak values in Central
Europe. It can be seen that for 95 % of the short circuits the current does not exceed
40 kA.

5.7 Rating for short-term currents

For short-term currents lasting less than 5 s, the required cross section A can be ob-
tained, according to IEC 60724 [5.10] or [5.1}:

(an + 1 T: + ﬁ
\/ /1 e \/tF/l (5.8)
where

I is the short-term current in A;

KE is a value depending on the material, see Table 5.6;

a is the temperature coefficient of resistance in 1/K, see Table 5.6;
B is the reciprocal of temperature coefficient in K, see Table 5.6;
tr is the duration of the fault current in s;

T: is the initial temperature when the current starts to flow in °C;
T: is the permissible final temperature of the conductor in °C.

For materials frequently used as electrodes and earthing conductors, diagrams are given
in Annex G to [5.1] with the current densities depending on the fault current duration
tp. These diagrams depict the permissible long-term current for earthing strips and
conductors with circular cross section.

5.8 Soil resistivity and conductivity

The soil, like metallic conductors, presents a resistance and conductivity to the circula-
tion of currents, depending on its physical and chemical properties. When a voltage is
applied to a metallic conductor with uniform cross section and homogeneous material,
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Table 5.7: Soil resistivities at 50 and 60 Hz ! T T

Type of soil Earth resistivity (in Q-m)

Sea water 1

Marshy soil 5 to 40

Loam, clay, humus 50 to 350

Sand 200 to 2500

Gravel 2000 to 3000

Lime stone 350

Weathered rock up to 1000

Sand stone 2000 to 3000 4

Granite ~ 3000 to 50000 Figure 5.8: Hemispherical earthing electrode,

Moraine up to 30 000

radius of sphere r

the determination of its resistivity and resistance is a simple task. However, when deal-
ing with conduction of currents through the earth, the analysis of the problem becomes
very complex, due to the huge dimensions of the earth as compared to the metallic
conductors and due to the great variety of its characteristics.

For example, experimental tests made with red clay soil indicated that with only 10 %
moisture content, the resistivity was over 30 times that of the same soil having a
moisture content of about 20 %. For values above 20 %, the resistivity is not affected
too much, but below 20 % it increases rapidly with a decrease in moisture content.
Many studies have been published on earth conductivity depending on soil structure
and dimensions, most of them seem too theoretical and require complicated mathemat-
ical developments. A mathematical model of high complexity is not worth-wile, if its
application is dependent on parameters of dubious origin, such as apparent resistivity,
thickness of layers, etc.

Today there is a trend to a practical simplification of earthing studies, as a result of the
high degrec of uncertainties involved in the determination of the relevant parameters
and verification tests.

Resistivity of typical soils are indicated in Table 5.7.

5.9 Calculation of earthing resistance

5.9.1 Spherical electrode

A spherical electrode either buried completely in the ground or only with its lower
hemisphere is the least difficult to be analysed (Figure 5.8). In the latter case, assum-
ing uniform soil resistivity, a current I flowing from the hemisphere into the ground
produces a current density ¢ in the surrounding soil being

i=Ie/27X") ; (5.9)

where ¢ is the current density, Ir the total current (A) and y the distance from the
centre of the sphere.

According to Ohm’s Law, such a current produces in the soil an electrical field
strength of

E(x)=i-05=1Ig-o/(27x%) . (5.10)

where gg is the soil resistivity (2-m).
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The voltage, as the line integral of the field strength from the surface of the hemisphere
to any distance y, is

_Is-om [ do
U= | E(z
/ “Ton ) 22
T
or
IE-QE(I 1)
_ 11 11
2 r X ’ (5.11)

where r is the radius of the spherical electrode, see Figure 5.8.
The total voltage between the hemispherical electrode and a far distant point with
x — 00 will then be

U = Igor/(27r) . (5.12)
Thereof, the total earthing resistance becomes
Re=U/I=9/2n7-T) , (5.13)

where the resistivity has been considered as constant in the whole considered part of
subsoil.

As an example, a hemisphere with a radius of » = 1 m embedded in soil having the
resistivity o = 1000 Q - m will have an earthing resistance of

Rp = 1000/(27 - 1) ~ 160Q

From equation (5.11) it can be concluded that most of the resistance is encountered in
the close vicinity around the electrode. Thus 50 % of the total resistance is contained
within one meter from the electrode (x = 2r) and 90 % is contained within nine meters
beyond the electrode (x = 107).

5.9.2 Earthing rods

The calculation of the earth resistance of simple earthing rods buried in homogeneous
soil, despite not practically encountered, can be determined without complex mathe-
matical developments. Table 5.8 shows formulae for calculation of earth resistance for
some types of earth electrodes.

Figure 5.9 shows the earthing resistance of one ground rod of length L and diameter d
for various earth resistivity in homogeneous soils.

The earthing resistance of rods can be obtained from

Rp = 9g/(27L)-In(4L/d) . (5.14)

If the rods are moderately close to each other, the overall resistance will be higher than
if the same number of rods were spaced apart. The increase in resistance depends on
the number of rods involved.

Three rods with 19 mm diameter and 3 m length in parallel and spaced 3 m apart
will have an approximately 15 % higher resistance than when being arranged with a
wide distance apart. Four rods arranged in a square with 3 m long sides would have a
resistance higher by 25 % (see Figure 5.10).

Two rods reach approximately 60 % of the resistance of one rod, three rods 40 % and
four rods about 33 %.

Figure 5.11 shows the variation of resistance with rod length for various diameters. The
curves have been drawn for a ground resistivity of 100 € - m.

If the spacing between parallel earthing rods is wide compared with the length of the
individual rods, the resistance will be reduced in proportion to the number of rods.
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Table 5.8: Formulae to calculate the earthing resistance

Type of Schematic Earthing resistance
earth electrode representation
Hemisphere d Re = oe/(m - d)
diameter d = "I

Z R

One earthing rod

AR

!

DR

R —9p/(2xwL) - In(4 L/d)

Several
earthing rods

Rg = ¢e/(2wL) - In(2L/re)
(re see (5.16) and (5.17))

Horizontally burried
electrodes, circular
cross section, inde-
pendent of depth ¢

R R

e~ gr/(27wL) - In(2L/d)

Horizontally burried
electrodes,

crosswise

arranged,

depth ¢

2L

4L
;/(2wL)- (In -

Ring electrode,
ring diameter D,
independent of depth ¢

e/(x*D) - In(27wD/d)

+ln% +2,91)

If the rods are close together, cach rod will be in the intensive electrical field of its
neighbour. If the rods are very close together, then the overall resistance becomes

R =pp/(2nL)-n(2L/re) (5.15)

where 7, represents the radius of an equivalent rod.
For two, three or four ground driven rods in parallel and symmetrical configuration,
the equivalent radii would be with two rods

Te =1/d/2-s , (5.16)
with three rods
Te = {d)2 - 52 (5.17)
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Figure 5.11: Earthing resistance Rg of an Figure 5.12: Earthing resistance Rg of elec-
earthing rod depending on diameter and trodes arranged linearly or as horizontal ring in
length, soil resistivity gg = 100 2-m a homogeneous soil.

L length, D diameter of ring

and with four rods

re=1\V2-d/2-5% (5.18)

where 7. is the equivalent radius (m), d the individual rod diameter (m) and s the
separation between adjacent rods (m).

5.9.3 Horizontally arranged electrode wires (counterpoises)

Counterpoise wires arranged radial or as rings and rigidly connected with the tower
are commonly used for earthing of supports. In [5.1], annex H, formulae are given for
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Qm)

Soil resistivity pg

Figure 5.13: Examples for the qualitative
variation of soil resistivity with depth

Depth ———=

frequently used counterpoises. For radial arranged electrodes it applies

Rg = pg/(xL)-In(2L/d) (5.19)
for ring electrodes

Rg = gg/(7*D) - In(27D/d) (5.20)
and for earthing meshes

Rg =0r/2Da (5.21)

where L is the length of the counterpoise, D the diameter of the ring electrode, d the
diameter of the electrode in case of rods or stranded conductors or half of the width in
case of stripes and Dy the diameter of a circle with the same area as the area of the
earthing mesh.

Material and cross-sectional dimensions of the counterpoises are less important ac-
cording to (5.19) to (5.21). Experience confirms as well, that a mechanically sufficient
counterpoise complies with all the electric requirements. Therefore, copper-clad steel
wires are frequently adopted today instead of copper wires, galvanized steel wires or
stripes.

5.10 Measurements of soil resistivity

5.10.1 Basic principles

Knowledge of soil resistivity is an imperative condition to determine the earthing resis-
tance correctly, the latter being proportional to the resistivity. According to [5.1], mea-
surements should be carried out using a four-point method, e. g. the Wenner Method,
to evaluate the soil resistivity for various depths.

If the soil resistivity were constant, it would suffice to measure the earth resistance of
an earthing rod and the resistivity would be obtained from

op =27 Rg- L/[In(4L/d)] . (5.22)

If op were constant, a variation of the length L or the diameter d would accordingly
change the resistance Rg. In most practical cases, the soil resistivity g changes depend-
ing on the stratification of the soil, however. The values g obtained by this procedure
depend on geometric data of the electrode and may not be transferred to other elec-
trodes. The soil resistivity measured on average is also called apparent soil resistivity.
Figure 5.13 shows typical variations of soil resistivity with depth. When measuring soil
resistivity, these facts have to be adequately considered.
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Figure 5.16: Evaluation of earthing measure- Figure 5.17: Three-point method to measure
ments by means of reflection the resistivity gg

5.10.2 Measuring methods

The most frequently used method to determine the soil resistivity depending on the
depth is the four-point method, also called Wenner Method [5.11], where an earth megger
[5.12] is used (see Figures 5.14 to 5.16). The four rods are arranged with the same
spacing a; five measurements with the spacing a = 2 m, 4, 8, 16 and 32 m are carried
out. For each measurement a current I is injected between the probes C; and Cy and
the voltage between the points P; and P is measured. With increasing spacing a, the
measured soil resistivity applies for greater depths since the current flows through soil
strata in greater depth. The probes C; and C; have to be cylindrical and short such
that their resistance is low in relation to that of the soil. The voltage U occurring in a
distance y from the hemispherical electrode is

U=oele/(4mx) - (5:23)

Since the subsoil performs like a hemisphere with respect to current expansion the
mirror reflections according to Figure 5.16 can be applied with reflections of the probes
A and D, which correspond to C; and Cq of Figure 5.14, respectively, in the height h
above the surface. The total voltages at the points B and C are due to the currents
flowing through the rods A and D and their mirror images

I(1. 1 1 1 I(1 1 1
UB—QL(—+——~——)—5’P¥<—+———> (5.24)

T 4n \e a f  2a T 47 \2a e f
and
orl 1 1 1 1) QEI( 1 1 1)
U= "2 -2 ) =2 [ -4 = . 5.25
¢ 47r<e a+f+2a 4 2a e+f (5:25)
The voltage difference between B and C is
Ir¢pr 2 2 1 2 2
UBCZUB—UCZEE“(—-F-——)=QL(1+—av—a) . (5.26)
dxr \a e f dma e f
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Therefore, it applies

Rg =og/(dma)(1+2aj/e—2a/f) (5.27)
and

o =47 -aRg/(1+2a/e—2a/f) . (5.28)
Using e = vV4hZ +a? and f = VARZ ¥ 442, it results

or =4m-aRe [ (1+2¢/VAR? ¥ 20/VAR? 1 4a%) . (5.29)

In practice, it is h < a. Therefore, h? may be neglected compared with a2 in (5.29)
and it is obtained

op =27-a-Rp . (5.30)

The soil resistivity results from the probe distance a and the recorded resistance Rg.

5.11 Measurement of earthing resistance

The earthing or footing resistance of a tower can be measured using differing methods.

Fall-of-potential method with an earth megger

The earth megger is suited for measurements at earth electrodes or earthing systems of
small or medium extent such as single rod earth electrodes, strip earth electrodes, earth
electrodes of towers with attached or lifted off earth wires, high-voltage earthing systeimns
and separation of low-voltage earthing systems. The frequency of the alternating voltage
used should not exceed 150 Hz. The earth electrode tested, the probe and auxiliary
electrodes should lie in a straight line as far apart as possible. The distance of the probe
from the carth electrode tested should be at least 2,5 times the maximum extension
of this electrode, but not less than 20 m. The distance between the probe and the
auxiliary electrode should be at least 4 times the maximum extension of the electrode
tested, but not less than 40 m (see [5.13]).

High-frequency earth tester

The high-frequency earth tester facilitates the measurement of the resistance to earth
of a single tower without lifting off the earth wire. The frequency of the measuring
current should be so high that the recurrent network impedance of the earth wire
and the neighbouring towers becomes high, representing a practically negligible shunt
circuit to the earthing system of a single overhead line tower (see [5.14]). From practical
applications it could be realized that with this instrument less reliable results can be
expected when compared with earth meggers.

Heavy-current injection method

The heavy-current injection method is used particularly for the measurement of the re-
sistance to earth of large earthing systems but also if transferred potentials, i. e. through
metallic pipes, are to be taken into account and, therefore, greater distances between
the earthing system of the relevant tower and the remote earth electrode are necessary.
By applying an alternating voltage with approximately the system frequency between
the earthing system and a remote earth electrode, a test current I, is injected into the
earthing system, leading to a measurable potential rise of the earthing system. Earth
wires and cable sheaths with earth electrode effect which are operationally connected
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to the earthing system, should not be disconnected for the measurement. The modulus
of the ¢mpedance to earth Zg is given by:

7y = Uem/Im o, (5.31)

where U is the measured voltage between the earthing system and a probe in the
area of the reference earth, the remote earth in V; I, is the measured test current in A;
r is the reduction factor of earth wires, which may be determined by calculation (see
clause 5.3.5) or measurements. For overhead lines without earth wires r = 1 applies.
The distance between the tested earthing system and the remote earth electrode should
be not less than 5 km, so far as possible. The test current should be selected at least so
high that the measured voltages are greater than possible interference and disturbance
voltages. This is generally ensured for test currents above 50 A. The internal resistance
of the voltmeter should be at least 10 times the resistance to earth of the probe. With
currents below 50 A, suitable measurement results can only be achieved in smaller
installations.

An earth tester is used as measuring instrument, the principle of which is explained by
Figure 5.17. The controllable measuring current is injected into the soil through the
probes C; and Cy. The voltage is taken between the probes C; and Ps. This method
is also called three-point method. If the electrode C; is assumed as a hemispherical
electrode having the radius r, the potential Ugp occurs at its surface due to the current I

UBB = OE '1/27”’ . (5.32)
The voltage between the probes at points B and C is
Usc = oul/2n(l—7)] | (5.33)

where [ is the distance between points B and C (see Figure 5.17). The voltage of the
probe at point B against the remote earth, the reference earth, will then be

oI (1 1 ) oe-1 l
U U Une = i . .34
Boo — UBB BC 20 (T 1 r 2 T(l ’f‘) (5 )

According to Figure 5.17, the voltage between points A and B is
Uap=or-1/27a (5.35)

and the voltage between points A and C will be

Uac=—or-I/[27(l —a)] . (5.36)
Thereof, the voltage of the probe at point A to the remote earth results to be
I /1 1
Uroco = Upap + Uac = B (— — —) . (5.37)
27 \a l—a

By combining equations it results, for the voltage between A and B, from equations
(5.34) and (5.37)

ee-1I (1 1 1 1)
U="U U — - = . 5.3
Beo Ao 27 (T l—7r a+l—a (5-38)
Due to U = Rg/! then it applies
_oee (1 1 1 1
RE_27r(r I—r a+l—a> ’ (5:39)

Figure 5.18 depicts the qualitative dependency between earthing resistance Rg and the
distance a. If the voltage probe Py is situated close to the current probe Cs or close
to probe C; which represents the electrode or earthing system to be tested, no useful
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Figure 5.19: Location of potential probes P;, Figure 5.20: Soil resistivity depending on the
P, and current probes C;, C, to measure the distance of earthing rods
earthing resistance of overhead lines

results are obtained. For medium-range values of a, Ry, represents a parallel line to the
abscissa; the resistance is independent of U and I and is equal to Rgo. The distance
between C; and Cy must be long enough, so that no interference exists between the
probe Cy and the system to be tested. The most favourable value for a is given by
0,621.

The consideration presented here for a hemispherical electrode applies also to other
shapes of earthing electrodes provided the measurements are carried out with adequate
distances a and ! (Figure 5.17). For overhead lines, three measurements are carried out
with the arrangement according to Figure 5.19, varying a from 30 to 50 m in 10 m steps,
whereby | = 60 m is kept constant. Each of the three measurements should not deviate
by more than 20 % from the mean value. If the differences are higher, the distance
between probes C; and Cy (Figure 5.17 or 5.19) should be increased to 80 m and an
additional series of measurements should be carried out.

Example: The measurements carried out with a distance of { = 60 m yield the results given
in Table 5.9 for towers A and B. The highest deviation 100 - (RE max — RE mean )/ RE mean is more
than 20 % at tower B. Therefore, an additional measuring series should be carried out using
=80 m.
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Table 5.9: Measurement of earthing resistance Rg
Distance a Mean Maximum
30 m 40m 50 m value difference
Tower A 1209 130Q 150Q 1330 128 %
Tower B 7,50 105Q 1200 1019 257 %

0Om a am b
2 Pez
PE1
=
o2 _ ~inflection point .
2% PE ' Pe - 4
3o inflection point
==
@
" ' PE1 1
£2
d, d,
Depth of soil layer ——= Depth of soil layer ——=—

Figure 5.21: Replacing the measured soil resistivity by a two-layer soil structure with one
layer having the depth d; and the resistivity gg; and the resistivity ggs in the underlying soil;
a) soil resistivity decreasing with depth, b) soil resistivity increasing with depth

5.12 Earthing resistance in non-homogeneous soils

5.12.1 Soil resistivity in a two-layer soil structure

The readings of soil resistivity ¢ measured by varying probe distances a and [ reflect
really the resistivity of the soil layers in non-homogeneous soils as the depth increases
vertically. The resulting diagrams suggest the existence of an infinite number of deeper
and deeper layers, as per Figure 5.20.

However, the formulae presented for calculating the ground resistance (Table 5.8) use
only one resistivity value as a homogeneous soil was considered. In these formulae, the
mean resistivity or the apparent earth resistivity has to be used.

In view of this problem, several investigations have been carried out, trying to find out
a mathematical model for the calculation of earthing resistance in real soils, i. e. consid-
ering more than one layer of soil resistivity. One of the methods with more widespread
use consists in stratifying the soil in two resistivity layers, that would represent the ef-
fect of multiple layers in reality. The first layer reaches a depth d; and is characterized
by a resistivity gg;, while the second layer has an infinite depth and a resistivity ogs.
For the great majority of lines, it is possible to determine a two-layer soil structure
that can represent typical soils for earthing purposes. In some cases, depending on the
resistivity measurements, it might not be possible to define a two-layer soil structure
and hence a three-layer soil model is considered.

According to [5.15], the formula for computing the earth resistivity as a function of the
depth is

OE = OF1 +4QE1nX::1 (\/1+(2nd1/a)2 - \/4+(2nd1/a)2) , (5.40)

where k = (op2 — or1)/(0B1 + 0E2) is called reflection coefficient. There, pg; is the
resistivity of the first layer and pgg is the resistivity of the deeper layer of the soil.
The reflection coefficient & will be positive if pro > pg; and negative if pgs < pg1. This
identifies an increasing or decreasing curve of pg depth, which is reflected by the Figures
5.21a and b. The values gg; and gg2 represent the earth resistivity of the uppermost
and lowermost soil strata. The depth d; of the first layer corresponds to the inflection
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Table 5.10: Factor My for calculating the average
resistivity of a soil in a two-layer model

oe2/0E1 Mo oe2/0E1 Mo oe2/oE1 Mo
0,0010 0,6839 0,75 0,9480 15,50 1,418
0,0020 0,6864 0,80 0,9593 16,00 1,421
0,0025 0,6847 0,85 0,9701 16,50 1,423
0,0030 0,6850 0,90 0,9805 17,00 1,425
0,0040 0,6855 0,95 0,9904 17,50 1,427
0,0045 0,6858 1,00 1,0000 18,00 1,429

0,0050  0,6861 1,50 1,078 18,50 1,430
0,0060  0,6866 2,00 1,134 19,00 1,432
0,0070  0,6871 2,50 1,177 20,00 1,435
0,0080  0,6877 3,00 1,210 30,00 1,456
0,000  0,6882 3,50 1,237 40,00 1,467
0,010 0,6887 4,00 1,260 50,00 1,474
0,015 0,6914 4,50 1,278 60,00 1,479
0,020 0,6940 5,00 1,294 70,00 1,482
0,030 0,6993 5,50 1,308 80,00 1,484
0,040 0,7044 6,00 1,320 90,00 1,486

0,050 0,7095 6,50 1,331 100,00 1,488
0,060 0,7145 7,00 1,340 110,00 1,489

0,070 0,7195 7,50 1,349 120,00 1,490 ( 1

0,080 0,7243 8,00 1,356 130,00 1,491 -

0,090 0,7202 8,50 1,363 140,00 1,492 A
0,10 0,7339 9,00 1,369 150,00 1,493 |

0,15 0,7567 9,50 1,375 160,00 1,494 |

0,20 0,7781 10,00 1,380 180,00 1,495 |

0,25 0,7981 10,50 1,385 200,00 1,496 | ' dj
0,30 0,8170 11,00 1,390 240,00 1,497

0,35 0,8348 11,50 1,394 280,00 1,498 /

0,40 0,8517 12,00 1,308 350,00 1,499 Pe1 \ i

0,45 0,8676 12,50 1,401 450,00 1,500 1
0,50 0,8827 13,00 1,404 640,00 1,501 o %
0,55 0,8971 13,50 1,408 1000,00 1,501 -

0,60 0»3;07 14,00 1»110 - — Figure 5.22: Earthing rod in a
0,65 0,9237 14,50 1,413 — . )

070 09361 1500 1416 - B two-layer soil structure, where

L < d;.

point of the curve (scc Figure 5.21) and can be calculated from the mean resistivity oy
which is obtained from

op =Mo-01E - (5.41)

From Table 5.10, the factor My as a function of the inflection point is determined
depending on gga/9r:1. Having g, the depth d; is determined from Figure 5.21.

An application example for a two-layer model is given in clause 5.12.5. Within the
formulae given in Table 5.8, the mean resistivity op according to (5.41) is to be used.

5.12.2 Computation of earthing resistance in a two-layer soil structure

The computation of the earthing resistance depends on the type of earth electrode and
the depth of the first layer in relation to the length of the earthing rod. The formulae
given in Table 5.8 represent a relatively simple method for computation of the earthing
resistance. If the rod is driven only into the upper layer, as shown in Figure 5.22, the
resistance of the rod is deduced from the following formula

oC
OE1 k™ ndl/L+1

= %L @4 Ljd—1 L e Vi 42
Re=g 7 mUAL/d=1+ 3 5 Y ndi /L~ 1 (5.42)

n=1
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Figure 5.23: Correction of the earthing re-
sistance of a driven rod computed by means
of a one-layer soil structure, reflection coeffi-
cient positive, length of the earthing rod 3 m.
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Figure 5.25: Earthing rod in a
two-layer soil, where L > d;.
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Figure 5.24: Correction of the earthing re-
sistance of a driven rod computed by means
of a one-layer soil structure, reflection coeffi-
cient negative, length of the earthing rod 3 m.
o1 = 100 Qm (L > dl)
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Figure 5.26: Penetration factor Fkx for an
earthing rod with L > d;

The first term in this expression is the resistance of a rod having the length L driven
into soil of resistivity g1, and the second term represents the additional resistance due
to the second layer. Figures 5.23 and 5.24 show respectively the increase or the decrease
in resistance due to lower layers of higher or lower resistivity with different reflection
coefficients k and the ratios d; /L as parameters.

If, as shown in Figure 5.25, both layers are penetrated by the rod, then

Rg = Fkx-(Bg1+ Rga) =
OE1 1+k 2L & ndy/L+1
= — = __|ln— K*ln —————— || 5.43
7Ll —k+2kd /L | d +2; "2n_2)di/L+1 (5.43)
n=1
where Fx is called penetration factor being equal to
1+k
Fk + (5.44)

T 1-k+2k-dy/L
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Figure 5.27: Correction of the earthing re-
sistance of a driven rod computed by means
of a one-layer soil structure, reflection coeffi-
cient positive, length of the earthing rod 3 m.
o1 = 100 Qm (L < dl)
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Figure 5.28: Correction of the earthing re-
sistance of a driven rod computed by means
of a one-layer soil structure, reflection coeffi-
cient negative, length of the earthing rod 3 m.
or1 = 100 Qm (L > d])

Rp; is the resistance of the rod driven in uniform soil of resistivity gg1, REa is the
additional resistance due to the second layer. Figure 5.26 gives the penetration factor
Fx as a function of d;/L ratio with the reflection coeflicient £ as a parameter.
Figures 5.27 and 5.28 show the increase or decrease, respectively, of the resistance Rp,
for positive or negative values of k, respectively.

5.12.3 Computation of earthing resistance by means of the apparent
resistivity

Another method often used for computing the earthing resistance consists in using the
apparent resistivity [5.16]. This resistivity would represent the effect of all soil layers.
Table 5.8 shows formulae for calculating the earthing resistance as a function of the
apparent resistivity and of other parameters.

These formulae, however, don’t yield good results for disymmetrical electrodes such as
steel grillage and counterpoise wire systems of a tower.

5.12.4 Computation of earthing resistance of three-dimensional struc-
tures

In [5.17], a computer program was developed which calculates the potential in earth,
the resistance and the favourable probe position in field resistance measurements for
any complex electrodes in a two-layer carth structure. The theoretical study is carried
out to the following sequence:

— Computation of earth potential due to a poini-type electrode.

— Computation of earth potential for an eztended electrode (practical case).

— Finally, determination of the resistance of extended electrodes based on the known

expressions for the potential.

The earthing resistance of the electrode is then given by
1 O

RE:N~IZ.

Ui )
1

Il
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Pey= 520,0 Qm
Peo= 80,0 m
dy =62m

K

10 15 20 25 30 m35

Figure 5.29: Tower with earthing system Figure 5.30: Measured values for soil resis-
tivity

where N is the total number of points where the potential has been calculated, U; are
the potentials computed and I the current, for which the potentials are computed [5.17).

5.12.5 Example for computation of earthing resistance

The mean soil resistivity and the earthing resistance of a lattice tower, equipped with four radial
earthing strips (counterpoise wires) of 25 m length and 5 mm diameter are to be computed.
Figure 5.29 shows the arrangement.
The soil resistivity measured by means of the Wenner Method are depicted in Figure 5.30,
connected by a curve. The soil resistivity gg1 = 520 Qm of the uppermost layer is represented
by the intersection of the curve with the ordinate. The soil resistivity of the imaginary second
layer pr2 corresponds to the asymtote of the curve, being 80 Qm. The depth of the first layer
is obtained as follows:

— The ratio pga/0g; is 80/520 = 0,15;

— From Table 5.10 it is obtained for gg2/gr1 = 0,15: My = 0,757;

— Then, mean soil resistivity, is gg = 520 - 0,757 = 393 (;

— For pg =393 © di = 6,2 m is obtained from Figure 5.30;

— The reflection coefficient is calculated as k = (gr2 — 0r1)/(0E1 + 0E2) = 0,73.
To compute the earthing resistance, the formulae presented in Table 5.8 for crosswise-arranged
earthing strips are used. The effective length L will be 25 + 10 - v/2/2 = 32 m. Therefore, the
earthing resistance follows from Table 5.8 to be

e [, AL 2L 393 [ 4-32 . 232
Re 87r~L<h‘ T ”’9) 87r~32(n0,005+1n T
- 8410

Measurements resulted in 11,4 © for this example. The agreement with computation
using the formulae from Table 5.8 is satisfactory for this relatively complex arrange-
ment.

5.13 Practical rules for installation of earthing systems

5.13.1 Radial and ring-type earthing counterpoises

Radial and ring-type earthing counterpoises are frequently placed on the bottom of a
trench or within the foundation base in depths between 0,5 and 1,0 m, where a frost-
proof depth should be duly aimed at. The backfill is compacted to a low extent only,
whereby gravel and stones should not contact the earthing counterpoises because of
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their high resistance. If the encountered soil could corrosively attack the metallic earth
electrode, it should be replaced by more suitable backfill. Earthing electrodes made of
rectangular strips should be installed end up.

5.13.2 Vertically or obliquely driven earthing rods

The earthing electrodes driven in by mechanic force should be arranged at distances
wider than the rod length. Damage should be avoided when driving.

5.13.3 Bonding between earthing electrodes

The bonds for establishing an earth electrode network must have at least the same
electric conductivity, mechanical and thermal strength as the electrode itself. They
should be corrosion-resistant and may not give rise to contact corrosion. They may not
be damaged during the driving process. The joints, if any, must be protected against
contact with electrolytes in their vicinity.

5.13.4 Earthing connections

The earthing connections should be as short as possible and protected against mechan-
ical damage, especially when buried in the soil. At the surface, they should always
be accessible. Earthing connections may be installed in concrete, as well. Special care
should be taken at the transitions of bare earthing conductor from air to soil or concrete,
because of the increased corrosion hazard.

The connections between earthing conductors should have a sufficient conductibility to
avoid inadmissible temperatures also in case of faults. They should be protected against
corrosion, in particular against contact corrosion if different metals are connected. In
this case, protection against contact with an electrolyte is necessary. The connections
may not get loose by its own and may not be disconnected without tools. These require-
ments apply also for connections between earthing conductors and earthing electrodes.
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6 Requirements on loading and strength

6.0 Symbols

Symbol Signification

a Span length

a Mean span length

ag Weight span

Ay Wind span

A Area exposed to wind

Ains Area exposed to wind at an insulator

Ar Area exposed to wind at a tower

Atq Area exposed to wind at a crossarm

C1 Drag factor for ice covered conductor

C High probability drag factor

CiL Low probability drag factor

Cy Drag factor, C¢ for conductors, Ct for towers, Cins for insulators

Cy, Cs Parameters of the Gumbel distribution

Dy Equivalent conductor diameter with ice accretion

d Conductor diameter without ice

e Exclusion limit

fra Probability density function of strength or loading

N Normal distribution function

Frq Cumulative distribution function of strength or loading

g Gravitational acceleration

agr Ice load per unit length

i Ice load per unit length, mean value

giH High probability reference ice load

giL Low probability reference ice load

JIR Reference ice load

Go Combined wind factor for conductors

Gk Characteristic ice load

Gins Combined wind factor for insulators

GL Span factor for conductors

Gt Combined wind factor for towers

Gq Gust wind response factor

Gx Structural resonance factor

H Altitude above sea level

k Factor for wind loads

kg Wind velocity gust factor

k; Factor related to the terrain category of the meteorological station

k Terrain factor related to the area exposed to wind

Kg, Ky, K, , K,1 Factors related to the determination of the reference ice load gig
General term for variable loading or strength

m Mean value of a statistical distribution

mc Conductor mass per unit length

n Number of variables or of observations in a statistical distribution

N Number of components subjected to maximum load intensity, number
of years

P1, P2, P3 Parameters of distribution functions

Ps Reliability, probability of survival

Pss Reliability, probability of survival of the system

P Unreliability, probability of failure

q Dynamic wind pressure

0 Reference dynamic wind pressure
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Symbol Signification

qc, T Dynamic wind pressure on conductors and towers
¢z Dynamic wind pressure at the height z

Qr Load having a return period of T, years, design load
Q Load effect

Qw Wind load

Qw Wind load mean value

QW ins Wind load on insulators

Qwc Wind load on conductor

Qwi Wind load on ice covered conductor

Qwxk Characteristic wind load

Qwm Recorded wind load on conductors

Qwin Calculated wind load on conductors

Qwr Wind load on support

Qwrq Wind load on crossarm

R Strength

R Mean value of strength

R. Characteristic strength

R. Strength with an exclusion probability of e

trr Radial ice thickness

T Temperature, absolute temperature

T Return period

u Variable of a cumulative distribution function

Ue, UT Variables of normal distribution

U Use factor

U Mean use factor

Ug, Uy Mean use factor for weight span, wind span

v, Ux Coefficient of variation

UR,Q Coefficient of variation of strength or load

vy Coefficient of variation of wind velocity

\% Wind velocity

v Wind velocity, mean valuc of wind velocity

Wi Wind velocity associated with icing

11 High probability reference wind velocity associated with icing
ViL, Low probability reference wind velocity associated with icing
it Wind velocity with return period T; associated with ice load
VR Reference wind velocity

Vr Wind velocity with return period T

Vi Wind velocity at terrain category x

V. Wind velocity at height z, reference wind velocity
wer Wind effect on ice covered conductors per unit length
T General variable

T Mean value of a variable

T Variable with return period 7

X Generalized function

z Variable, height above ground

20 Roughness length

zc Average conductor height above ground

o4 Roughness exponent

g Factor used for ice load definition

" Partial factor for ice load

™ Material partial factor

YU Use factor coefficient

o Ice density

¥ Angle between wind direction and the perpendicular to conductor
0 Supplement to the line angle

3 General variable

0 Air density

00 Air density at +15°C and sea-level, assumed as 1,285 kg/m?
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Symbol Signification
o1 Specific weight force of ice
o Standard deviation
o1 Standard deviation of ice load g
oM Standard deviation of use factor
oQ Standard deviation of load @
ou Standard deviation of use factor
ov Standard deviation of wind velocity V
IN, dC Strength coefficient
Angle between wind direction and crossarm axis
X Solidity ratio of a tower panel
V1w Combination factor for ice and wind

6.1 Mechanical design of the overhead line system

6.1.1 Components and elements of an overhead line

Recent methods of overhead line design consider an overhead line as a system consti-
tuted by individual components [6.1, 6.2, 6.3]. The system design permits to coordinate
the mechanical strength of these components taking care of the fact that a failure of
any component may lead to the loss of the complete transmission capacity. As shown in
Figure 6.1, the overhead line system is divided into four components: supports, founda-
tions, conductors and interfaces. There, the supports may be suspension, angle, strain
or dead-end towers.

Each component is divided into elements. In case of supports, these elements are steel,
wood or concrete parts, bolts as well as guys and their fittings. Foundations consist of
concrete bodies, piles, steel grillages or structures made up of concrete and steel piles.
Conductors are not subdivided into elements. The elements of interfaces are insulators
and hardware.

6.1.2 Reliability

The reliability of a system expresses the probability that this system will survive a given
period, e. g. one year, without experiencing a failure. The reliability Ps;, therefore, is
related to the unreliability or probability of failure Pg; according to

Psi=1-Py . (6.1)

In case of a system made up of several components, the reliability is equal to the product
of the reliabilities of the components:

Pss=Ps1-Pso...Psn =[] Psi - (6.2)
i=1

System Components Elements

Steel material (angle,
plate), wood and concrete

Supports Bolts
Foundations Guys and their fitting
Transmission line Conductors and
ground wires Connectors
Interfaces Insulators Figure 6.1: Components

and elements of an over-
Hardware head line
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If the probability of failure of all components is less than 1072 and the least reliable
component has an unreliability approximately one order of magnitude higher than those
of the other components, the reliability of the system Pgg can be approximated by that
of the least reliable component, because of
n n
Pss=J[(1—Py)~1—-]] Pi=1- maxP; = minPy; . (6.3)
i=1 i=1
This situation occurs naturally in many transmission lines. For example, in areas with-
out ice, limitations of the everyday conductor stress to obviate vibration problems may
limit the maximum tension under wind. This in turn increases very substantially the
probability of survival of conductors, as compared to supports. Also, the insulators and
hardware show a higher reliability than the supports. The reliability of a transmission
line can be estimated using the following procedure:

— For each type of climatically produced load, at first the probability density func-
tion of loads fq is established. This function is adjusted to reflect the maximum
loading intensity that might occur within the area crossed by the line. All available
information on loads then will be considered by this function.

— The same procedure is applied to establish a probability density function of the
strength fr of the transmission line system. That may be complicated in general,
however, it is simplified if an overhead line is designed such that one component
has a considerably lower strength than all the others. In this case, the strength of
the overhead line can be represented by the strength of the weakest component.
It should be mentioned that both, the load and strength probability density func-
tions, need to refer to the same critical action, e. g. the compression force of the
highest strained member and its buckling strength.

For a better practical evidence, it is preferable to use the cumulative distribu-
tion function of strength Fg instead of the probability density function fr. The
cumulative distribution function of strength Fg is given by

z

Fulo) = [ fu©)dé (6.4)

0
The probability density functions of loads and strengths can be used to estimate the
overhead line reliability, as well as to design a line for a given reliability.

6.1.3 Calculation of reliability

Load effects @ and strengths R of transmission lines are random variables, each being
described by its specific distribution function. Through technical studies [6.1, 6.3], it
has been recognized that ice and wind variables may be represented by an extreme
value distribution function , for instance the Gumbel distribution, the probability den-
sity function of which is given by equation (6.105) and their cumulative distribution
function by equation (6.106). The cumulative distribution function (6.106) defines the
probability that a given value z will not be exceeded.

The strengths can be represented by the Gaussian normal distribution with the prob-
ability density function according to (6.88) and the cumulative distribution function
according to (6.89). In many cases, the strength distribution of components is character-
ized by a lower threshold. In such cases, the logarithmic normal distribution represents
the strength characteristics more adequately. Its probability density function is de-
scribed by (6.98) and its cumulative distribution function by (6.99). In clause 6.9, the
parameters of the functions mentioned are explained.

When statistical parameters of loads and strengths and their statistical distribution
functions are known, it is possible to calculate or estimate the yearly reliability or
probability of survival Ps through analytic models or approximate methods. In the
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Q R Q
_A 01=1-Pg
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Figure 6.2: Relations between load effects and strengths
a) load effect and strength constant

b) load effect constant, strength statistically distributed
c) load effect statistically distributed, strength constant
d) load effect and strength statistically distributed

following relations, Fiq and Fr are defined as the cumulative distribution functions
(CDF) of @ and R, while fq and fr are the probability density functions (PDF) of the
same variables, e. g. the load of a leg member and its strength. The yearly reliability
is obtained from

Ps=Ps(R-Q) >0 =1~ [ fo(@Fr(©)de . (6.5)
0

Equation (6.5) can be solved numerically in each case by computer programs, if the
functions fq and Fr are known. When only the average and standard deviation of @
and R variables are known, the reliability Ps can be obtained from (6.5), nevertheless. In
this case, it is assumed that the loads follow the Gumbel distribution and the strengths
the Gaussian normal distribution, whereby both distributions are defined by their mean
value and standard deviation. Other procedures for estimating the reliability can be
obtained from [6.2].

The reliability depends on the load effect parameters Q and the strength parameters
R. Four cases can be considered as shown in Figure 6.2:

Case 1
The load effect @ and strength R are assumed to be constant values. If the strength R
is higher than the load effect @, the reliability will always be 1 or 100 % (Figure 6.2a).

Case 2

The load effect @ is assumed as constant (deterministic) and the strength R is a statis-
tically distributed variable. If the constant load is equal to the design strength R having
an exclusion limit e, then the yearly reliability Ps is equal to 1 — Fg(e). If e = 10 %,
then the reliability is 0,9. The reliability expresses the probability, that the load effect Q
is less than the strength R (Figure 6.2b).
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Case 3

The load effect @ is a statistical distributed variable and the strength R is constant
(deterministic). Since strength R is constant and equal to the design load Q. the yearly
reliability depends only on the return period T, and not on the coefficient of variation
of load effects Q. The yearly reliability is 1 — 1/7; (Figure 6.2c).

Case 4

Load effect (@ and strength I? are statistically distributed variables (Figure 6.2 d). This
is obviously the most gencral case and typical for transmission lines. The load effect @Q
with a return period T; matches with the strength R (1 —u. - vr). The yearly reliability
depends on the parameters of the loads and the strengths.

According to [6.2], a major break-through in the application of probability methods for
the design of overhead lines was achicved when a relation between load, and strength
was established, leading to an almost constant probability of failure. This relation is

Q@1 = (10 %)R or Q1 = Re—10% - (6.6)

The load effect with a return period 7} is equal to the strength, which is characterized
by an exclusion limit of 10 % or met with 90 % probability. Calculations of failure
probabilities covering the most common combinations of load effects  and strengths
R for overhead lines are presented in Figure 6.3 for the return periods of load effects
of 50, 150 and 500 years. There, the range of coefficients of variation of load effects Q
scatters between 0,20 and 0,50 and that of the strengths R of the weakest component
between 0 and 0,2.

From Figure 6.3, it can be seen that, for a constant strength, the yearly probability
of failure is 1/T;. This probability of failure is reduced within the interesting range
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Table 6.1: Yearly reliability for differing assumptions for loads and strengths

Case Load Strength Reliability Ps
Mean  Coefficient Design Mean  Coefficient Design
value of variation  value  value of variation strength
1 Q 0 Q R 0 R>Q 1,0
Q
2 Q 0 Q R vR R(1 — uevr) 1-— /fR dL =

0
1— Fr(ue) = 0,90
(for ue = 1,28)

+o0
3 Q vg Qr R 0 R 1— / fqdL
QT
=1-1/T;
+oo
4 @ vQ Qr R VR E(l — UeUR) 1- /fQFR dL

~1-1/@T)

of coefficients of strength variation up to 0,1 to the value 1/ (27T;) independent of the
coefficients of variation of loads. Computations using other distribution functions lead
to practically equal results. In Table 6.1, the formulae for the yearly reliability applying
for the four considered cases are summarized.

Concerning the application to overhead lines, equation (6.6) offers more advantages.
First, the loads are described by the return period: an approach very common in build-
ing design for weather-related loads. Second, the analysis of strength data shows that
the characteristic strength is always above the 10 % exclusion limit. Therefore, the
reliability calculated using equation (6.6) can be considered as a lower boundary of
real values and leads to designs on the conservative side. Third, when using exclusion
limits lower than 10 % in equation (6.6), for example of 2 %, the reliability Pg would be
overestimated in cases where the characteristic strength would have a higher exclusion
limit than 2 %, for example 10 %.

For the design of overhead lines, return periods of the climatic loads between 50 and
1000 years are used in general. From Figure 6.3, it can be seen that the yearly failure
probability is between 1/ T} and 1/ (2T;) if the characteristic strength with 10 % ex-
clusion limit is that equal to the load with the specified return period. Then, the yearly
reliability will be

Py =1- Py . (6.7)

From this basic consideration, the probability of failure Pry and the probability of
survival Psy for a life cycle of a line comprising N years can be determined by

Psy =P =[1- Py . (6.8)
The probability of failure Pry during this life cycle period results from
Piy=1-Psn . (6.9)

Table 6.2 gives values for the probabilities of survival and of failure for return periods
of climatic loads in 50, 150, 500 or 1000 years and life cycles of a line between 50 and
100 years. The design for loads with 50 year return period as limit loads results in
theoretical failure probabilities between 39 and 87 %. Even for a design for loads with a
return period of 1000 years, the failure probabilities reach between 2 and 10 % related
to the life cycle of the line. According to relevant standards, in addition to the limit
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Table 6.2: Relations between probability of occurrence of loads and reliabilities of overhead
lines

Return period T; of

design loads (years) 50 150 500 1000
Lowest yearly
reliability Ps) 0,98 to 0,99 0,993 t0 0,997 0,998 to 0,999 0,999 to 0,9995
Yearly probability
of failure Py 0,02 to 0,01  0,0067 to 0,0033 0,002 to 0,001 0,001 to 0,0005
Reliability during

50 years Psso 0,36 to 0,61 0,71 to 0,86 0,90 to 0,95 0,95 to 0,98
100 years Psioo 0,13 to 0,37 0,50 to 0,74 0,82 to 0,90 0,90 to 0,95

Theoretical failure
probability during

50 years Prso 0,64 to 0,39 0,29 to 0,14 0,10 to 0,05 0,05 to 0,02
100 years Prigo 0,87 to 0,63 0,50 to 0,26 0,18 to 0,10 0,10 to 0,05

loads, partial factors on the load side and partial factors on the material side have
to be considered when designing lines. Using this approach, the actual frequencies of
failures are reduced by one to two orders of magnitude, compared with the data given
in Table 6.2. When designing according to climatic limit loads, the failure probability
will be lower than the probability of occurrence of the extreme loads, as the maximum
load does not always meet a support with a low strength because of the statistical
distribution of the support strength. The estimations presented in Table 6.2 assume
that all of the supports affected in a loading event are stressed up to their theoretical
maximum load. This again is a conservative assumption. The reliability of overhead lines
can be theoretically described only with a wide band width because of the explained
conditions. For comparisons of different loading assumptions or different designs, the
presented considerations are helpful, however.

6.1.4 Strength coordination and selection of reliability

Treating an overhead line as a system requires the coordination of strengths of all
components which set up the overhead line. The statistical distributions of strengths of
the individual line components differ; the components react differently on loadings. In
case of components arranged in series, a failure would occur if the acting load exceeded
the strength at least in one of the components.

A coordination of strength of the line components can be achieved using the following
criteria:

— The lowest reliability should be assigned to a component, the failure of which
would only introduce the least secondary load effects, statically as well as dynam-
ically, on other components, in order to minimize the probability of a propagation
of failure or of cascading.

— The strengths of the individual components should be selected and tuned to the
others, such that time and efforts for repair after a failure would be as low as
possible.

— The component with the lowest reliability should ideally show only a small dif-
ference between damage and complete breakdown, as well as a scattering of the
strength as low as possible. If the strength of a component with the lowest reli-
ability scattered to a wide extent, a deliberated coordination of strengths would
only be possible with a low confidence and with high investments.

— A low-cost component in series with a high-cost component should be designed
at least as strong and reliable as the major component, if the consequences of
failure were as severe as the failure of that major component. An exception of
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Table 6.3: Proposal for the coordination of strengths

Major Coordination within the major
component components
Component with lowest strength Suspension support support, foundations, hardware

Should not possess the lowest strength  Angle support
with 90 % probability Section support support, foundations, hardware
Dead-end support

Conductors conductors, hardware

this criterion is given when a component or element is purposely designed to act
as a load limiting device. In such a case, the strength should be well tuned with
the component it is supposed to protect.
Using the criteria mentioned above, it can be concluded for suspension supports, strain
supports, conductors, foundations and interfaces that:

— The conductors should not be the weakest component because they do not comply
with the first three criteria.

— The hardware cannot be selected as the weakest component because of the last
criterion.

— The strain supports are not suited because of the first two criteria.

— The foundations do not meet the second and the third criterion and, therefore,
should not be the component with the lowest reliability.

As logical consequence of the considerations above, the suspension supports should
constitute the component with the lowest strength. If a line designed according to
this rule experienced climatic loads exceeding by far the design loads, the suspension
supports would fail first. The damage would be limited to one or a few suspension
supports. New structures could be erected on intact foundations within a relatively
short period. A failure cascade would be avoided by a corresponding design of the line.
In Table 6.3 a typical coordination of strengths in an overhead line is shown. According
to this table, the suspension supports form the components with the lowest strength.
The presented coordination of strength can be used for most lines. Within each major
component, the element mentioned first should have the lowest strength with 90 %
confidence. From review of existing lines in practice, it can be concluded that their
design corresponds to this coordination with few exceptions.

In some special situations, for example in case of specific load conditions, another
sequence of strengths may be required. The suspension structures for crossings over
shipping lanes could be designed such that they withstand breaking of conductors. In
such a case, no failure of the supports would occur even if the conductor broke due to
external effects, for example due to vessels with exceedingly high structures. In areas
where avalanches occur, the erection of towers is difficult. Also in this case, towers
could be designed such that they would withstand one-sided conductor tensile forces
and would not fail if the conductors broke.

For the practical realization of the strength coordination, two methods are possible
according to [6.4]:

— The component with the lowest target reliability is designed with limit loads,
considering the necessary partial factors given in [6.4]. The component having
the next higher target reliability should be designed with the same design values
of actions, however, combined with an exclusion limit with a percentage factor 5
to 10 lower than that of the weakest component.

— The partial factors for material properties are established such that the target
strength coordination between two components will be achieved with a high level
of confidence (approximately 80 to 90 %).

Due to the random distribution of strengths, it is theoretically not possible to guar-
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antee the target reliability and strength coordination with 100 % probability. Details
concerning the coordination of strengths are given in [6.2] and [6.3].

Overhead lines can be designed for different reliability levels or classes depending on
the individual requirements, e. g. concerning the function of the line in an extended
system or due to special requirements given in standards. Standard EN 50 341-1 [6.4]
distinguishes three levels of reliability to which return periods of climatic loads of 50,
150 or 500 years are associated. For all lines, at least the reliability level corresponding
to a return period of 50 years should be achieved. The reliability level can be selected by
comparison of design loads with those of existing lines, which have shown a satisfying
operational record during a long period of time, or through technical and economic op-
timization [6.5]. If standards do not contain special stipulations for certain applications,
the following guidelines can be used for selecting the reliability level:

— The reliability level 1 with loads according to 50 years return period is selected
for lines in distribution and transmission systems with voltages up to 150 kV.

— The reliability level 2 with loads according to 150 years return period is used for
transmission lines with voltages of 230 kV and above, if the lines constitute the
principal or only source of supply to a particular electric load.

— The reliability level 3 with loads according to 500 years return period should be
selected for lines in interconnecting grids, for connection of power plants and for
supply of large important consumers. Also close to residential areas, at crossings
with important traffic routes and in the vicinity of large substations, the reliability
level 3 could be used for design.

The application of reliability levels may be set differently in individual standards or by
individual line owners, also depending on the structure of the grid and the consequences
of a line failure. In this case, also other than climatic loading assumptions have to be
considered. As an example, the loading assumptions for overhead lines in Germany are
based on climatic loads with a return period of 50 years. However, they are multiplied
by partial factors on the load and material side resulting in total limit strengths which
comply with the requirements for 500 years return period of the considered climatic
cvent.

In general, it is difficult to determine the absolute reliability of a line. The defined
reliability levels, therefore, should be assessed in relation to each other. The difference
between the reliability level 1 with 50 years return period and the reliability level 3
with 500 years return period results in reduction of the yearly failure probability by
one order of magnitude. Related to the life cycle of a line with 50 or 100 years, however,
the difference between the failure frequency associated to these two reliability levels is
less than one order of magnitude (sce Table 6.2).

6.1.5 Effect of maximum load intensity on a high number of compo-
nents

When the mazimum intensity of a load event Qr affects a high number of components
or elements, failure will be triggered by the weakest link or component. This effect needs
to be considered when establishing the strength distribution or the required strength of
components or elements. In this case, the characteristic parameters of N components
loaded in series apply to the distribution of the strengths. The ezclusion limit ey of N
components or elements in series can be calculated from the exclusion limit e; of one
single component or single element of the series, as follows:

l—ey=[1—-eNorexy=1-[1—¢]¥ . (6.10)

When an exclusion limit ey is envisaged for the combined components or elements,
then the exclusion limit of each individual component or each individual element can
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be determined from
er=1-(1—en)/N . (6.11)

For N =10 and ey = 0,1, e; = 0,0105 is obtained from (6.11). The relation between the
mean value of the strengths R and the exclusion limit of the corresponding characteristic
strength R, is

R. = R(1 ~ u, - vg) (6.12)

where R is the mean strength, vg the coefficient of variation of the strengths and wu,
the number of standard deviations within the Gaussian distribution, associated to the
exclusion limit. The variable u, is obtained from

Fr(ue) =e . (6.13)

When determining the required strength, the number of components subjected to the
same load is considered by the strength coefficient ¢ according to

én = (1 —uervr)/(1 — tenvr) - (6.14)

As an example, ¢ should be calculated for N = 10 and vg = 0,20. If ey = 0,1, then
e; = 1—(1—0,1)/1° = 0,0105 is obtained from (6.11). From tables of standardized
normal distribution [6.6] it can be obtained u.y = 1,28 for Fg = 0,1 and ue =
2,31 for Fr = 0,0105. With these data the strength coefficient ¢n can be determined
from (6.14) to be ¢ = (1 —~2,31-0,2)/(1 — 1,28 - 0,2) = 0,72. The significance of
this result is important. When the maximum load intensity of an event acts on ten
components, the strength of which is represented by a normal distribution function
characterized by a coefficient of variation of vg = 0,2, the reliability will be considerably
lower than in case of load action only on one component. In order to obtain the same
reliability in both cases, a nominal strength has to be chosen for the ten components
such that, if multiplied by the strength factor ¢ = 0,72, it will be able to withstand the
corresponding design action. For vg = 0,05, a corresponding factor of 0,94 would result.
These considerations apply also to insulator strings. If the load acts simultaneously
on 80 insulators, the strength distribution of which shows a coefficient of variation of
0,05, then e; = 0,00131 is obtained from (6.11) and ue; = 3,00 from the Gaussian
distribution. Then, a factor of ¢ equal 0,91 results from (6.14), while to ten units a
value of 0,94 would apply. However, if vg = 0,15, then ¢x would be 0,68 for 80 units
and ¢ = 0,81 for ten components, respectively. This example underlines the significant
effect of the number N of involved units, when the strength dispersion is high.

Also the type of the distribution function is of significance. Therefore, the consideration
will be repeated assuming a log-normal distribution. The strength factor ¢y is defined
by

ON = Re1/Ren (6.15)

where R, is the relative strength of each individual component of N components in
series and Ry the target strength of all components in series, which are loaded by
the limit load. According to the example above, R,; is associated with the exclusion
limit of 0,0105 and Ren with that of the target exclusion limit of 0,1. To determine the
values of the logarithmic normal distribution, the standardized Gaussian distribution
can be used:

Fr(u)=e , (6.16)
where u is obtained from

u = [In(R —p1) — p3}/p2 - (6.17)
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Table 6.4: Strength factor ¢ for N components in series or in parallel subjected to maximum
load effect based on normal or log-normal distribution (values in parenthesis)

Coeflicient of variation of strength

N 0,05 0,075 0,10 0,15 0,20 0,25 0,30
1 1,00 1,00 1,00 1,00 1,00 1,00 1,00
2 0,98 0,98 (0,97) 0,97(0,97) 0,94(0,95) 0,91(0,93) 0.87(0,92) 0,84 (0,90)
5 0,96 0,94(0,94) 0,92(0,93) 0,85(0,89) 0,80 (0,86) 0,72(0,83) 0,64 (0,80)
10 0,94(0,95) 0,92(0,93) 0,89(0,90) 0,81(0,86) 0,72(0,82) 0,62(0,77) 0,51(0,73)
20 0,93(0,94) 0,90(0,91) 0,85(0,88) 0,77(0,83) 0,66 (0,77) 0,53 (0,73) 0,38 (0,68)
40 0,92(0,93) 0,87(0,89) 0,83(0,86) 0,72(0,80) 0,59(0,74) 0,44 (0,69) 0,26 (0,64)
60 0,91(0,92) 0,86(0,88) 0,81(0,85) 0,70(0,78) 0,56 (0,72) 0,40 (0,67) 0,20 (0,62)
60 0,91(0,92) 0,86(0,88) 0,80(0,84) 0,68(0,77) 0,53(0,71) 0,36 (0,65) 0,16 (0,60)
160 0,90(0,91) 0,85(0,87) 0,79 (0, 83) 0,67(0,76)  0,52(0,69) 0,34(0,62) 0,13 (0,57)

In (6.17), the term p; can be taken as zero and the parameters p; and p3 result from
(6.103) and (6.104), with p; = 0 and o/m = vg, to be

p2 =In(v3 +1) (6.18)
and
p3=InR—-1/2-In(wg +1) . (6.19)

There, R is the mean strength of the individual components or elements and vg their
coefficient of variation.

For the example above with vg = 0,2, R = 1 and N = 10, it applies p2 = In(0,22 +1) =
0,0392; py = 0,198 and p3 = —1/2 In(0,2%2 + 1) = —0,0196. From the standardized
Gaussian distribution u.y = —1,28 results for e; = 0,1 and ue; = —2,31 for e = 0,0105.
From (6.17) the relations

In Ren = tuenp2 + p3 (6.20)
and
In Rey = te1p2 + p3 (6.21)

can be obtained with p; = 0. Therefore, it follows: In R,y = —0,28 - 0,198 — 0,0196 =
—0,273 and R,y = 0,761 as well as In Ry = —2,31-0,198 - 0,0196 = —0,477 and R.; =
exp(—0,477) = 0,621. Therefore, from (6.15) ¢y = 0,621/0,761 = 0,82 is obtained
instead of 0,72 from the Gaussian distribution.

Table 6.4 depicts strength factors ¢, depending on the number of N components or
elements simultaneously exposed in series or in parallel to a critical load for both as-
sumptions of a normal or log-normal distribution. In a similar way, strength factors
can be determined for other distributions. Especially in case of high numbers of com-
ponents or elements, the type of distribution plays an important role. Since these con-
siderations refer to the lower tail of the distribution, the log-normal distribution seems
more adequate than the normal distribution, because there is a defined threshold for
the minimum strength of components or clements.

6.1.6 Use factor and its effect on the design

Assuming ) is the load resulting from a climatic action applied to the maximum span
length amax, then the load on a support with the span length a; can be expressed
as @ - a;/amax, a linear system provided. In casc of wind loads and large differences
between a; and am,y, a non-linearity can occur due to differing gust response effects.
However, this effect will be neglected here and the relation between load and span
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Table 6.5: Statistical parameters U and oy for wind span length (1)
Terrain and constraints Al B1, A2 B2, C1 C2
U ou U oy U  oau U ou

Number of suspension
support types

1 09 005 085 00 0,75 0,15 0,55 0,20

2 ~1,0 000 09 005 08 010 065 0,15

3 ~1,0 000 =1,0 0,00 095 005 0,75 0,10

length assumed to be linear. The ratio a; to amax represents a randomly distributed
variable and is called use factor U. The use factor U has an upper limit of 1,0 and a
lower limit of approximately 0,4. From analysis of lines designed according to the limit
load approach, it has been found that the use factor U can be simulated by a Beta
distribution function. In [6.3] a description of the Beta function can be found. Three
parameters affect the use factor to an essential extent:

— The number of types and height alternatives of suspension supports which are

used for a specific line,
— The type of terrain and
— The constraints for selection of tower sites, e. g. due to availability or non-
availability of land.

If each support was designed exactly for the conditions applicable for each tower site,
then the use factor would be 1,0 in general. If on the other hand, one suspension type
only was used, then an average use factor between 0,6 and 0,75 would result in a hilly
terrain. The statistical characteristics of the use factor, namely the mean value U and
standard deviation oy, can be derived with relatively good accuracy from the number
of suspension tower types, the terrain and the constraints concerning the number of
available tower sites. The mean use factors can be determined from the mean span
length of a tensioning section and the design wind and weight span, since the mean
span length @ is equal to the mean wind span length and also to the mean weight span
length. Therefore, it applies

Uy =t/ay (6.22)

and

U, —a/ay | (6.23)
where ay, is the design wind span and a, the design weight span. In Tables 6.5 and
6.6, typical use factor mean values U and the associated standard deviations oy for the
wind and weight span lengths, respectively, are presented. The constraints refer thereby
to deviations from a tower site selection as economic as possible because the need of
taking care of real estate properties, roads, land for buildings or other overhead power
lines. The values given in Tables 6.5 and 6.6 could be used for design, if no specific data
were available. If the use factors characterized by the mean value and the standard
deviation were known already when designing the supports, this could be considered
by the use factor coefficient yy. According to

Qry =Qr YU (6.24)

the load having a return period T, will be multiplied by the factor vy, where vy is
called the use factor coefficient. For the calculation of this coefficient, several methods
are known, which are explained in [6.2] and [6.3]. In this calculation, among other effects,
the number of supports plays a role which will be simultaneously affected by a climatic
load event. Based on these considerations, the recommendations for the coefficient vy
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Table 6.6: Statistical parameters U and oy for weight span length

Terrain and constraints Al BI, A2 B2, C1 C2
Tj au ﬁ gy U gu ﬁ ou
Number of suspension
support types
1 0,85 005 0,75 0,10 065 015 0,50 0,20
2 095 0,03 08 0,05 075 010 0,60 0,15
3 ~1,0 000 =10 0,00 085 005 070 0,10
(1) In Tables 6.5 and 6.6 a letter expresses the terrain type:
A {lat terrain
B rolling, hilly terrain
C  mountaneous terrain
and a figure characterizes constraints concerning the selection of tower sites:
1 no special constraint,
2 constraints for selection of tower sites.
Table 6.7: Use factor coefficient yy depending
on use factor U and coefficient of variation vg of
strength
Coefficient of variation
of strength vg
U oy N 005 010 0,15 020 (1)
0,95 0,05 1 0,97 0,96 0,96 0,96
10 0,97 097 096 097 0,95
100 0,98 0,97 097 0,97
0,85 0,10 1 0,92 0,90 0,88 0,87
10 094 092 089 088 0,90
100 096 094 090 0,92 intact damage failure
’ ’ ’ ’ state state state
0,80 0,15 1 0,92 089 0,8 0,84
10 094 091 08 087 0,88 damage Talure
100 0,96 094 0,90 0,88 limit fimit
0,75 020 1 083 081 079 0,78 ] ; o
? 10 087 083 080 078 083 Figure 6.4: Functional states within
100 0,88 0,84 081 0,78 the overhead line system and their

(1) recommended use factor coefficient for the design limits

given in Table 6.7 have been derived. If supports were to be used in several lines with
variable use factors, the coefficient iy should be taken as 0,95 or 1,00 for support design.
The design will then be on the conservative side.

6.2 Strengths of line components and elements

6.2.1 Strength limits

The components and elements of overhead lines perform differently concerning their
limits of strength. In case of brittle components and buckling events, the failure or
loss of strength is sudden and usually corresponds to instability, rupture or complete
separation. In other components, the loss of strength is a progressive mechanism. For
example, a grillage foundation subjected to uplift does not fail suddenly: The uplift
increases steadily until the foundation will be completely lifted finally.

Two limits have been defined to describe the strength behaviour of components and
clements: the damage and the failure limit. The damage limit of a component corre-
sponds to its elastic limit while the failure limit corresponds to the complete collapse or
to rupture of a component or element. If the damage limit of a component is exceeded,
the transmission system will be in a damaged state while, if the failure limit of a com-
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Table 6.8: Data for the statistical parameter ue de-
pending on the exclusion limit
Exclusion limit e ~10% 2%to5% <2%
Ue 1,28 16 2.1

Frequency of rejects frequent  sometimes rare

ponent is exceeded, the system will be in a failure state. A graphical interpretation of
this is shown in Figure 6.4 according to [6.3]. In case of components without a definite
elastic or yield limit, such as foundations, a suitably selected characteristic value can
be chosen on the stress-strain or load-displacement curve.

Damage and failure limits are related to the function of the transmission line: 1. e. to
its capacity to transfer power. In a damaged state, the line function could be impaired
but would be possible, at least partially, while in a failure state the power transmission
capability would be completely lost.

For some components, the deformation of an element reduces the strength of another
element to which the former is connected. In such a case, the damage limit has to be
defined in relation to the strength of the second element. For example, movement of
support foundation reduces the strength of the supported tower. Therefore, damage
and failure limits of foundations are to be established in relation to the behaviour of
the tower.

The definitions of the damage and failure state presented above are in accordance with
IEC 60 826. Contrary to this, EN 50 341-1 [6.4] defines the damage limit as serviceability
limit state beyond which the specified service criteria for the structure or a structural
element are no longer met. The failure limit is defined as ultimate limit state beyond
which the breakdown of the component occurs due to exceedingly high deformation,
by loss of stability, by overturning, by breakage or buckling. Since these definitions do
not correspond to the function of an overhead line system, they will not be used here.

6.2.2 Rating of individual components and elements

The rating of individual components or elements is based on the characteristic strength
R., which is defined by a given exclusion limit. The characteristic strength can be
obtained from a mean value R and the coefficient of variation vg by

R.=R(1—ue-vr) - (6.25)

The factor u. depends on the selected exclusion limit. According to [6.1], the strength
corresponding to an exclusion limit of 10 % is correlated to the load presenting the
selected return period. The strength corresponding to the ezclusion limit of 10 % can
be determined from

(10 %) R = ¢Rc (6.26)
where R, is the strength with a known exclusion limit e and ¢, results from
¢c = (1—1,28vR)/(1 — UeVR) . (6.27)

For the Gaussian distribution, the values u, can be taken from Table 6.8. A conservative
design of a component is achieved with ¢, = 1.

According to DIN EN 50341-1 [6.4], the design value of a component is obtained from
the characteristic material property R, by

R=R:/mw™ , (6.28)

where yvm represents the partial factor for the material property depending on the type
of loading and the material. Table 6.9 shows partial factors according to [6.4]. The
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Table 6.9: Partial factors for materials vy according to EN 50341-1

Component Type of stress Type of loading M
Conductors tension limit load 1,25
Insulators tension, bending limit load 2,00
Fittings all types of loading minimum 1,90

failing load
Lattice towers

members tension, compression limit load 1,10
buckling, bearing limit load 1,10
— bolted connections shearing, bearing limit load 1,25
- welded connections shearing limit load 1,25
Poles
made of steel tension, compression, limit load 1,10
bending, buckling
concrete compression limit load 1,50
reinforcement tension limit load 1,15
Guyed towers, anchors tension limit load 1,60
Foundations uplift loading limit load national
requirements

characteristic strength of the individual components such as conductors, insulators,
interfaces, lattice steel towers etc. have to be taken from manufacturer’s information or
to be calculated from the physical material properties or determined by standardized
or non-standardized methods in an individual case. The relevant chapters of this book
contain the corresponding information.

6.2.3 Damage and failure limits

From testing of components of transmission lines, statistical parameters have been
obtained. It is expensive, time consuming and not practical in most cases to establish
the characteristic data of components for each individual project. Therefore, coefficients
of variation for important components are given in [6.3]. For other components, the
characteristic material properties are contained in the corresponding standards which
can be directly used for design calculations. The ultimate strength of supports and
foundations has to be determined through calculation or tests. General data are given
in [6.3]. Table 6.10 shows damage and failure limits for components to be nsed in the
design process.

6.3 Wind loads

6.3.1 Wind measurements

Wind measurements are carried out and evaluated world-wide by meteorological ob-
servation stations. Thereby, the guidelines of the World Meteorological Organisation
(WMO) [6.7] are used, especially in order to compare collected data with long-time
series of standardized measurements. The observation stations should be arranged in
an open terrain where the wind will not be affected by obstacles or buildings. Such a
terrain is designated as terrain B according to [6.1] and [6.2] and as terrain II accord-
ing to [6.4]. The height above ground is standardized with 10 m. When using other
measuring heights, the results have to be adjusted accordingly. For the evaluation, the
mean values over a ten minute or one hour period are used. Also the gusts with three
to five seconds duration and the wind direction are recorded. In case of continuous
measurements, it is usual to carry out an evaluation over a ten minute period every
hour. For application of wind data for designing overhead lines, it is assumed that the
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Table 6.10: Damage and failure limits of components according to [6.3]

Component Loading Damage limit Failure limit
Members of tension, yield strength breaking strength
lattice steel towers compression — buckling
Poles made of
— steel bending 1 % non-elastic deformation  collapse by local
moments at the tower top buckling or bending
— concrete bending crack openings or 0,5 % collapse of
moments non-elastic deformation the pole
at the tower top
Separate uplift 1° rotation of excessive uplift
foundations the support of 50 to 100 mm
compression  reduction of 5 % excessive settlement
in support strength of 50 to 100 mm
Compact overturning  1° rotation of excessive rotation
foundations moments the support of 5°and more
Conductors tension appr. 75 % of characteristic ultimate tensile
strength or rated tensile strength
strength (RTS)
Insulators tension appr. 70 % of rated strength  rupture
Interface fittings tension permanent deformation rupture

yearly maximum values of wind velocities have been available for at least twenty years
and evaluated statistically.

In meteorology and in general public, scaling of wind force according to Beaufort Scale is
often adopted where the wind effects are associated with corresponding wind velocities.
In Table 6.11 the Beaufort scale is represented.

6.3.2 Determination of meteorological reference wind velocities
6.3.2.1 Evaluation of wind measurements

The magnitude and frequency of wind velocities can be described by statistical distri-
butions. The Gumbel distribution (6.106) can be used for the yearly maximum values
of the wind velocities. The Gumbel distribution represents the probability F(z) that a
variable will be below the value z, a mean value T and the standard deviation o pro-
vided. According to [6.1], the Gumbel distribution is applied to the yearly maximum
values of the wind velocities. Other civil engineering standards assume that the wind
pressure and not the wind velocity follows the Gumbel distribution. This applies to the
Eurocodes [6.8] and is based on theoretical studies, e. g. [6.9].

Using (6.112), the Gumbel distribution will be

_ Gy . G }
F(z) =exp {—exp [~ > (x Z+ G 0’) } (6.29)

and if the number of observations n is large, then
F(z) =exp{—exp[-1,28 (z —Z+0,450) /o]} . (6.30)

The probability that during one year a value will be higher than the value z is equal
1 — F(z). As a simplification, the return period T; of the value z is given by

T.=1/(1-F(z)) . (6.31)
Therefore, it results from (6.29) and (6.31):
Cio o
—z- 22 7 n[— (1 — . 32
=TT o {In[—In(1 — 1/T})]} (6.32)
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Table 6.11: Beaufort wind velocity scale

Beaufort Term Indications Wind
Force velocity
Number on land on sea in m/s
0 calm smoke rise vertically sea like mirror 0 to 0,2
1 light air smoke drifts slowly down- ripples with appearance of 0,3 to 1,5
wind scales: no foam crests
2 light leaves rustle small wavelets; crests of 1,6 to 3,3
breeze glassy  appearance, not
breaking
3 gentle leaves are in motion large wavelets; crests begin 3,4 to 5,4
breeze to break; scattered white-
caps
4 moderate small branches on trees small waves, becoming 5,5 to 7,9
breeze move longer; numerous whitecaps
5 fresh small trees sway moderate  waves, taking 8,0 to 10,7
breeze longer form; many white-
caps; some spray
6 strong large branches sway larger waves forming; white- 10,8 to 13,8
breeze caps everywhere; more spray
7 near gale whole trees in motion sea heaps up; white foam 13,9 to 17,1
from breaking waves begins
to be blown in streaks
8 gale twigs and small branches moderately high waves of 17,2 to 20,7
break off trees greater length; edges of
crests begin to break into
spindrift; foam is blown in
well-marked streaks
9 strong gale large branches break off high waves; sea begins to 20,8 to 24,4
trees; slight structural roll; dense streaks of foam;
damage spray may reduce visibility
10 storm trees broken; minor struc- very high waves with over- 24,5 to 28,4
tural damage hanging crests; sea takes
white appearance as foam is
blown in very dense streaks;
rolling is heavy and visibility
is reduced
11 violent widespread damage exceptionally high waves; 285 to 32,6
storm sea covered with white foam
patches; visibility further re-
duced
12 hurricane violent movement of trees air filled with foam; sea com- 32,7 to 36,9
and much destruction pletely white with driving
spray; visibility greatly re-
duced
13 hurricane - — 36,9 to 41,1
14 hurricane — — 41,2 to 45,8
15 hurricane — — 45,9 to 50,8
16 hurricane — - 50,9 to 55,6
17 hurricane — — above 55,6
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Table 6.12: Ratio z1 /7 for the Gumbel distribution function, T return period, n number
of years with observation, vy coeflicient of variation
Return period T (years)

50 150 500
Ux n 10 20 50 00 10 20 50 0 10 20 50 o0
0,05 1,18 1,16 1,14 1,13 1,24 1,21 1,19 1,17 1,30 1,27 1,24 1,22
0,10 136 1,32 1,29 1,26 148 142 138 1,36 1,60 154 149 144
0,12 143 1,38 1,35 1,31 1,57 1,51 1,46 141 1,72 1,64 1,59 1,53
0,16 1,57 1,51 146 1,41 1,76 168 1,61 155 196 18 1,78 1,70
0,20 1,72 1,64 1,58 1,52 195 184 177 169 220 2,07 198 1,88
0,30 208 1,95 1,87 1,78 243 2,27 215 2,04 2,81 261 246 2,32
0,40 243 227 2]16 2,04 290 269 254 236 341 3,14 295 2,76
0,50 2,79 2,59 244 230 3,38 311 292 2,73 4,01 368 344 320
0,60 3,15 291 2,73 25 385 353 330 3,07 461 4,21 393 3,64

Equation (6.32) gives the value z of a variable, e. g. the wind velocity, which has a
return period T;. In addition to the parameters C; and Cy, the value x depends on
the mean value T and standard deviation o of the observation series. For n — oo, it is
obtained

27 =% — 0,450 — /1,28 {In[~In(1 — 1/T})]} . (6.33)

Eventually, the ratio of the wanted value z to the mean value T can be calculated
from

21/T =1 — vy /C1 {Cs + In[—In(1 — 1/T3)]} (6.34)

where vy = ¢ /T is the coefficient of variation. Table 6.12 represents the values z7/Z
for return periods of 50, 150 and 500 years, depending on the number of observations
n and coeflicients of variation vx. When the variable z is replaced by the wind velocity
V, the relations for wind actions are obtained.

The wind load Qw is proportional to the square of the wind velocity V/

Qw =kV* . (6.35)

This relation applies to each value of the wind velocity, for example to its mean value
V. The factor k depends on various parameters like conductor diameter, drag coeffi-
cient, gust response factors etc. From the statistical distribution of the wind velocities,
equation (6.35) yields a distribution of the wind loads which can be used together with
the distribution of the support strengths for assessment of the reliability, in case of
wind loading. According to [6.3], the relation between the standard deviations of both
distributions is

0q/Qw ~20v/V (6.36)
or
v =2vv (6.37)

where Qy is the mean value of the wind loads, oq its standard deviation and vq its
coefficient of variation. To compute the reliability of lines in case of wind loads, the
mean value of the loads can be assumed as proportional to the square of the mean
value of the wind velocities. For the coefficient of variation of the loads, twice the value
of the coefficient of variation of the wind velocities should be used. If a wind velocity
with 50 years return period and a coefficient of variation vy = 0,20 is assumed, then
vq = 0,40 applies to coefficients of variation of the loads and, assuming vg = 0,05, the
yearly failure probability is obtained from Figure 6.3 to be P = 0,015. If, instead of
vq = 0,40, the incorrect assumption vg = vy = 0,20 had been used, the wrong result
P = 0,010 would have been obtained.
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Table 6.13: Terrain categories according to IEC 60826 and EN 50341-1 and associated pa-
rameters

Terrain category according to Characteristics of the terrain k; kt 20 e
IEC 60826 EN 50341-1 (m)
A I Rough open sea, lakes with at least 5 km 0,92 0,17 0,01 0,12

fetch upwind and smooth flat country
without obstacles

B 11 Farmland with boundary hedges, occa- 1,00 0,19 0,05 0,16
sional small farm structures, houses or
trees

C 111 Suburban or industrial areas, perma- 1,77 0,22 0,30 0,22
nent forest

D v Urban areas in which at least 15 % of 1,49 0,24 1,00 0,28

the surface is covered with buildings
with mean heights above 15 m

6.3.2.2 Effect of the terrain roughness

The terrain roughness has an effect on the wind velocities for design and on the gust
response factors. The greater the roughness, the more turbulent and slower the wind
flow will be.

According to [6.1] and [6.4], four terrain categories are considered, as indicated in Table
6.13. For the practical design of overhead lines, only the terrain categories A and B
are important. In suburban areas (terrain category C) or urban areas (terrain category
D), the reliability of overhead lines should be higher than in open terrain. Therefore, a
design according to terrain category B is recommended for lines to be erected in these
terrain categories as well.

Usually, meteorological stations, except those along the coast or in urban arcas, are
placed in areas of terrain category B. Then, the meteorological wind velocity will be
VB,10min- Alternatively, the meteorological wind velocity may be recorded in a height
of 10 m over an averaging period of T} differing from 10 min. Then, according to IEC
60826, the ten minute mean value can be obtained from

Vx,lOmin = Vz,t/(vx,t/vzr,lomin) ) (638)

where the ratio V¢ /Vz 10min is depicted in Figure 6.5. For measurements in the terrain
category z different from B, the reference wind velocity Vg jomin in terrain category B
is given by the relation

VB,10min = Vz,10 min - K (6.39)

according to IEC 60 826, where kj can be taken from Table 6.13. If the wind velocity
10 m above ground in the terrain category B is known, the corresponding meteorological
wind velocity for a terrain type z at the same height can be calculated from

Ver = VB/K; (6.40)

where the parameter k; takes care of the differing terrain categories.
If the measurement height z differs from 10 m, the variation of wind velocity with the
height z can be derived from the power law according to EN 50 341-1

VIIOm = zz/(z/lo)a (641)
or according to the logarithmic law

Vetom = Vip - In(10/20) / In(2/20) . (6.42)
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The parameters a and zp used in these equations can be taken from Table 6.13, de-
pending on the terrain category.

The wind velocity in a terrain category x can be calculated from the logarithmic relation
according to

ViR = [k‘T ln(IO/zO)] Vi . (6.43)

The expression kr1n(10/z) is typical for each type of terrain. Comparing equations
(6.40) and (6.43), it could be concluded 1/k; = [kt In(10/29)]. However, there are
differences which are due to differing definitions of the terrain categories.

6.3.2.3 Variation of reference wind velocity with height

In clause 6.3.2.2, the wind velocity depending on the type of terrain 10 m above ground
is determined. For other heights z, the power law

Vio = Var - (2/10)% (6.44)
or the logarithmic law

Vi = krVe1In(z/20) (6.45)
according to EN 50341-1 can be used, where the parameters «, kr and zy follow from
Table 6.13, depending on the terrain category.

6.3.3 Wind action on line components and elements

The value of the force Qw, due to wind blowing horizontally and perpendicularly to
any element of a line is given by

QW@‘:‘JZ'GQ'GX'CX'A s (646)

where g, is the dynamic wind pressure at the height z, G4 the gust response factor and
Gy the structural resonance factor for the structural element being considered, Cy the
drag factor depending on the shape of the element being considered and A the area
of the element projected on a plane perpendicular to the wind direction. However, the
parameters of equation (6.46) are defined differently in relevant standards.
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Figure 6.6: Combined wind factor G¢ for Figure 6.7: Combined wind factor for sup-
conductors according to [6.1] ports Gt according to [6.1]

The dynamic wind pressure ¢, at the height z above ground is determined by
g =1/20V} | (6.47)

where p is the air density and V, the reference wind velocity in m/s. The air density
depends on the temperature and the altitude of the line above sea-level and can be
obtained from

0= 00(288/T)exp(—0,00012 - H) (6.48)

where gy is the density at +15°C on sea level, taking 1,225 kg/m> as reference, T
the absolute temperature and H the altitude above sea-level in m. For the altitude
of 1000 m and +5°C (T = 278 K), a density of 1,126 kg/m? results thereof. A value
frequently used in standards is 1,25 kg/m?®.

According to [6.4], the gust response factor is obtained from

Gq =k = (1+2.28/In(z/%))* , (6.49)

where z is the height above ground.
According to [6.10], the expression ¢, - G4 - G in equation (6.46) is combined to a total
dynamic wind pressure g,, which increases linearly with the height:

4@ = qo +30-(2/10) (6.50)

where ¢q is the basic wind pressure depending on the wind zone, where the line is to
be built (see clause 6.6.2.3).

According to [6.1], the dynamic wind pressure is calculated based on the wind velocity
Vk,10m at a height of 10 m above ground using equation (6.47). The variation with
height, the gust response factor and the structural resonance factor are considered
by the combined wind factors G¢ (conductors) and G (supports). Combined wind
factors G¢ and Gt are different, while this does not apply to the gust response factor
Gy, according to (6.49), following from [6.4]. Figures 6.6 and 6.7 represent combined
wind factors G¢ for conductors and G for towers according to [6.1].

In case of wind loads on conductors, the resonance factor Gy depends on span length
and is called span factor Gr. In Figure 6.8, the span factors Gy, according to TEC
60826, EN 50341-1 and EN 50341-3-4 are represented. It can be seen that there are
considerable differences between IEC 60826 [6.1] and the other sources mentioned.
Wind loads on insulators are computed using equation (6.46) as well, whereby the same
gust response factors are used as in case of supports. The drag factor Cy can be assumed
to be 1,2 for this case. Drag factors for the individual line elements are dealt with in
clause 6.6.2.



6.4 Ice loads 165

1,05 T
1,00 1
IEC 60 826
\ 0,95 R\ h
AN~
@—’O o5 \—EN 50341-3-4 ]
' EN 50 341-1
0,80 —_——
075 —
0‘7% T ———
00 300 400 500 600 700 m 800
Span length —— Figure 6.8: Span factor Gy, for conductors

6.4 Ice loads

6.4.1 Atmospheric icing

Atmospheric icing is a general term for a number of processes where water in various
forms freezes in the atmosphere and sticks to objects exposed to the air. In case of
overhead lines, there are two types of icing, which are named according to the main
processes as precipitation icing and incloud icing.

A third process, where water vapour is transformed directly into ice and forms hoar-
frost, does not lead to significant loadings and is not considered further. Ice accretion
due to precipitation icing may occur in different forms, namely glaze due to freezing
rain, wet snow accretion and dry snow accretion.

The regional and local topography affects the ice accretion. Coastal mountains along
the windward side of the continents act to force moist air upwards, leading to a cooling
of the air with condensation of water vapour and droplet growth with the consequence
of incloud icing. The most severe incloud icing occurs above the condensation level and
the freezing level on openly exposed heights, where mountain valleys force the moist
air through passes and thus both lift the air and strengthen the wind. On the leeward
side of the mountains, however, the descent of air mass results in internal heating of
the air and evaporation of droplets thus protecting overhead power lines routed there
against high ice accretion.

Precipitation icing may occur at any altitude. However, in general, the probability of
precipitation icing is greater in the bottom of valleys in general than in the middle of
valley sides, because of higher occurrence of cold air. Since the air flow has an important
effect, the ice accretion on overhead lines, which are routed transversely to a valley, is
often higher than on other lines running along the valley. In case of lines mentioned first,
an additional hazard is given because of the wind action having a higher probability of
occurrence, simultaneously with ice accretion on the conductors.

Glaze due to freezing rain

When rain droplets or drizzle fall into a layer with cold air at a temperature below
freezing point, the drops become supercooled. They are still in the liquid (water) phase
and do not freeze before they hit the ground or an object. The resulting accretion is
a clear and solid ice, called glaze, often with icicles. This accretion is hard and strong
and, therefore, difficult to remove. The density is 800 to 900 kg/m?, depending on the
content of air bubbles in the ice. Freezing rain occurs mostly on wide planes or basins,
where relatively thick layers of cold air accumulate during periods of cold weather.
When a low pressure system with a warm front and rain penetrates the air, the cold
and heavier air may remain near the ground and thus favour the formation of glaze
during temperature inversion. Such a situation may persist until the upper wind may
manage to mix the cold surface layer of the air with the warmer air aloft. A similar
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Figure 6.9: Ice accretion caused by freezing Figure 6.10: Ice accretion caused by incloud
rain icing

situation may occur in the overlapping zones of cold air and warm air systems. The
warmer air combined often with precipitation is lifted over the colder air, forming a
frontal zone where precipitation is enhanced. Such a weather system was observed in
Canada at the beginning of 1998 [6.11, 6.12] and resulted in massive and widespread
damage to overhead lines. Often, there are only moderate winds during freezing rain
events. Then, the amount of accumulated ice depends on the rate and duration of
precipitation. Figure 6.9 depicts ice accretion due to freezing rain.

‘Wet snow

If snow flakes fall through warmer layers in the atmosphere, they start to melt when
passing the zero degree zone. The wet snow flakes will contain a mixture of ice and water
until they eventually melt totally into rain drops if the warm layer is thick enough. As
long as they are only partly melted, they are sticky and may adhere to objects in the
air flow, e. g. the conductors of overhead lines. The density may vary widely between
100 and 800 kg/n3, but mostly between 400 and 700 kg/m?. The density and intensity
of wet snow deposits depend on precipitation rate, wind velocity and temperature. If
the temperature drops below zero degree after the accretion, the ice will freeze into a
hard and dense layer with strong adhesion to the objects. Wet snow events resulted in
severe damage to overhead lines in the past [6.13].

Soft and hard rime due to incloud icing

Incloud icing is a process where supercooled droplets in a cloud or fog freeze immedi-
ately on objects in the air flow, for instance on overhead transmission lines in mountains
above the cloud base. The resulting ice accretion is called soft rime according to the
density which is typically 200 to 600 kg/m? [6.3]. Under similar conditions, hard rime
is formed with a density between 700 and 900 kg/m?. At temperatures below —10°C,
the water content of the air becomes smaller and less icing occurs. Under extreme con-
ditions, high ice loads have also been observed at high winds and temperatures below
—20°C. In Figure 6.10 a conductor is shown with ice formed in an incloud icing pro-
cess. In Table 6.14 the properties of ice accretion are summarized. In Figure 6.11 typical
ranges are explained for the formation of the individual types of ice, depending on air
temperature and wind velocity.
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Table 6.14: Physical properties of ice on conductors

Type of Density Adhesion Colour Shape Cohesion
ice kg/m®
Glaze 700 to 900 strong transparent  cylindrical icicles strong
Wet snow 400 to 700 medium white cylindrical medium to strong
Hard rime 700 to 900 strong opaque to  eccentric pennants very strong
transparent into wind
Soft rime 200 to 600  medium white eccentric pennants low to medium
into wind
30
m/s
25 - . -
00 hard \| glaze Table 6.15: Statistical parameters of ice
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Figure 6.11: Typical formation of ice accre-
tion

6.4.2 Ice observations and measurements

Since ice loads are not measured in general by meteorological stations, information on
ice accretion needs to be recorded directly on overhead line conductors or at correspond-
ingly designed observation devices. If data needed for line design are not available, it
is recommended to carry out a program for collecting field data. Field ice data can be
obtained through the following activities [6.14]:

— Direct measurements of icing thickness or weight of ice samples, taken from ob-
servation installations or line conductors. Ice samples fallen on the ground from
conductors can be used, if consideration is given to the shape of initial accretion
on conductors;

— Measurements by devices that simulate ice accretion on conductors. Some de-
vices currently used in a few countries consist of simple tube or cable assemblies
installed near ground level for ease of observations.

— Estimation of icing using conductor tension or vertical component of weight at
the insulator attachment point;

— Estimation of icing based on measurements of the conductor tension and sag.
Ice loading data are important not only to establish load criteria for design of supports
but can also be useful in the planning stages of transmission networks and route selec-
tion of a specific line. So far other ice load information is not available, measurements
lasting for at least ten years of field observation are necessary to establish a reliable data
base. The observation of extreme ice loads on existing overhead lines provides important
information. In [6.15], guidelines are given for evaluation of such ice observations.

Meteorological models can be used as well to obtain basic information on ice loadings to
be expected. The bases for such meteorological models are formed by the temperature,
humidity, precipitation rate and wind direction to be expected. In [6.14], icing models
are described and guidelines for the selection of observation stations, measuring devices
and the evaluation of measurements are given. In some Central European countries, ice
observation stations had been installed. However, because of the rare frequency of
substantial ice loads, useful results were not always obtained.



168 6 Requirements on loading and strength

6.4.3 Determination of reference ice loads
6.4.3.1 Basic relations

Ice load is a random variable, usually expressed either as a load g; per unit length of
conductor, in N/m, or as a uniform radial thickness ¢g;, in mm, around the conductors
and ground wires. The equation

g1 = 9,81-1073 - &1 - wtgri(d + tr1/1000) (6.51)

expresses the relation between the ice weight per unit length g1 and the radial ice
thickness try, where g1 is the ice weight per unit length in N/m, &; the ice density in
kg/m3, trr the radial ice thickness in mm and d the conductor diameter in m. With
the assumption & = 900 kg/m? and gy and d in mm, it is obtained

g1 = 0,0277 try (d + tRI) (N/m) (6.52)

Ice loads should ideally be deduced from measurements taken at conductors and loca-
tions representative of the line route.

6.4.3.2 Evaluation of ice load information

The evaluation of ice load information depends on the available type of data and number
of years with observations:

— 1If records of yearly maximum ice loads during a period of at least ten years are
available, the mean value gy is derived from the records of the yearly mazimum ice
load. The corresponding standard deviation oy is calculated or estimated according
to the procedure given in Table 6.15. There, §; means the mean value of the yearly
extreme ice loads gy; and oy is the calculated or estimated standard deviation.

— If only the maximum value g;max of ice loads observed during a certain number
of years is available and no statistical data can be evaluated, g; may be assumed
as 0,45 - grmax and the standard deviation o1 being 0,5gy.

— A meteorological analysis model is used to calculate values for yearly maximum
ice loads during a certain number of years. Reliable data will be obtained if a
period of 20 years or more is studied. So far as possible, reference to observations
at lines should be made.

— Conclusions on ice loads can be made from observations in the terrain and damage
to trees and vegetation in areas where high ice loads have to be expected.

As a result of the evaluation, the mean value g; of the yearly maximum ice observations
and the corresponding standard deviation o are obtained.

6.4.3.3 Reference ice load

The reference design ice load gir depends on the required reliability of the line and on
the following parameters:

g; mean value of the yearly maximum ice loads;

o1 standard deviation of the yearly maximum ice loads;
n  number of years with observations;

d conductor diameter;

z¢ average conductor height above ground.

The reference design ice load gig can be expressed by
gIR = K(,I . Kn . Kd . KZ -9y - (653)

The data K, and K, can be computed from the Gumbel distribution. The product
K,1 - K, corresponds to the ratio z/%, according to Table 6.12. The factor Ky takes
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care of the conductor diameter, the factor K, of the conductor height above ground.
According to [6.3], they can be approximated by the following formulae:
For incloud icing:

K4 ~0,15d/30+0,85 ; K,=10 |, (6.54)
For precipitation icing:
K4 ~0,35d/30 +0,65 ; K,~0,0752:c/10+ 0,925 . (6.55)

The temperature to be assumed in icing conditions should be —5°C for both main types
of icing. Lower temperatures can be assumed for line design where climatic conditions
can vary rapidly and where a severe drop in temperature during or immediately after
an ice storm can be expected.

6.4.3.4 Loading of supports and load cases

The loads to be withstood by the supports are equal to the loads transmitted to the
supports by the conductors. They are composed of the vertical loads and the conductor
tensile forces increased by the effect of ice accretion. In general, three conditions may
be distinguished which cover most of possible load cases:
— Uniform ice formation on all conductors, maximum weight condition;
— Non-uniform ice formation resulting in a longitudinal and transverse bending
condition with respect to the support;
— Non-uniform ice formation resulting in a torsional loading, because the individ-
ual conductors in the adjacent spans are loaded differently.
It can be assumed that non-uniform ice formations occur less frequently than uniform
ice formations. To take adequate care of the expected ice accretions, standards provide
loading assumptions which should result in supports strong enough to withstand the
loads created by ice accretion. In clause 6.6.3 these aspects will be dealt with.

6.5 Combined wind and ice loads

6.5.1 Probability of occurrence and combination of parameters

The action of wind on ice covered conductors involves at least three variables:
— The wind velocity that occurs in presence of icing;
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Table 6.16: Combination of wind and ice loads

Load case  Ice weight Wind velocity Effective drag coefficient Ice density

Condition 1 g Vin Cu it
Condition 2 gix ViL Cin on
Condition 3 giH Vin Cu. 012

Y The index L indicates a low frequency of occurrence, i. e. high values; the index H
stands for a high frequency of occurrence, i. e. low values

Table 6.17: Drag factor for conductors with ice accretion and ice densities

Wet snow  Soft rime Hard rime Glaze ice

Drag factor Cin 1,0 1,2 11 1,0
Density o (kg/m®) IEC 60826 600 600 900 900

EN 50 341-1 500 300 700 900
Drag factor Ci.. 1,4 1,7 1,5 1,4
Density 612 (kg/m?) 400 400 700 900

— The ice weight and
— The shape of ice formation with the corresponding drag factor.

These combined effects result directly in both, transversal and vertical loads and indi-
rectly in increase of longitudinal loads. Since detailed statistical data and observations
on ice weight, ice shape and coincident wind action are not commonly available, it is
proposed to combine these variables in such a way, that the resulting load combination
will have the same return periods T; as those adopted for each reliability level. As a
simplified approach, a low probability value, indicated by the index L, of one variable
is combined with high probability values, indicated by the index H, for the other two
variables, as presented in Table 6.16 [6.3] and Figure 6.12. Practically speaking, the
maximum value of one variable will be combined with average values of the yearly
maximum observations of the other variables to define a loading condition. A low ice
density is, therefore, combined with a low value of the drag factor, which has a high
probability of occurrence.

Ice loads with a low probability of occurrence should, thereby, correspond to the values
determined in clause 6.4.3. For wind loads, only those data need to be considered which
have to be expected during icing periods, but not data which correspond to the yearly
maximum wind velocities. As indicated in Table 6.16, a loading condition is defined for
each combination. Condition 3 mentioned there will only prevail if high values of the
effective drag factor occur. This condition needs to be considered only in special cases.

6.5.2 Determination of design parameters
6.5.2.1 Ice load

Where no statistics are available on the simultaneous occurrence of wind and ice loads,
the ice load having a low probability of occurrence should be taken as the reference ice
load. As a mean value of the yearly maximum ice loads, 0,45 times the ice load with a
50 years return period is assumed (see Table 6.15) and the corresponding temperature
will be —5°C.

6.5.2.2 Wind load

In [6.3], there are detailed explanations on the determination of wind loads occurring
simultaneously with ice load, depending on the different types of ice. If statistics are
available on the wind velocities, which were observed during the presence of ice load,
these statistics can be evaluated with the relations presented in clause 6.3.2.1. Where
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Figure 6.14: Wind ac-
tion on conductors

such data are not available, the reference wind velocity having a low probability of
occurrence can be related to the wind velocity occurring without ice accretion, accord-
ing to

ViL = (0,60 to 0,85) - Vp . (6.56)
The wind velocity having a high probability of occurrence is determined similarly by
Vin = (0,40 to 0,50) - V5o (6.57)

where Vg is the wind velocity having a 50 years return period. If no other data are
given, it is recommended to use the upper limits in the relations (6.56) and (6.57) to
provide a conservative design.

6.5.2.3 Effective drag factors and ice densities

In Table 6.17, the effective drag factors and the related ice densities are presented for
the types of ice accretion discussed in this clause, according to the information given in
[6.1] and [6.3]. The drag factors, thereby, apply to a cylindrical ice shape with a weight
equivalent to that assumed (see Figure 6.13).

6.5.3 Wind action on the ice covered conductor

The wind load on an ice covered conductor acting rectangularly to the span and on the
supports at both ends of the span having a span length ay, is obtained from equation

Qwi=1/40-V?-C1-Gq-GL-Di-ay - cos’ 9 (6.58)

(see Figure 6.14). There, g is the air density, V] the wind velocity during ice accretion
according to Table 6.16, Cr the relevant effective drag factor according to Table 6.16,
corresponding to the condition considered, G4 the gust response factor according to
(6.49), G, the span factor according to Figure 6.8, D; the diameter of the equivalent
cylindrical ice formation, a,, the span length and 9 the angle of wind attack related to
the plumb line to the conductor (see Figure 6.14). The equivalent conductor diameter
with ice accretion is calculated from

Dy = /@ +401/(981 - 7o) . (6.59)
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There, d is the conductor diameter without ice accretion, g; the ice weight per unit
length according to Table 6.16 and §; the ice density according to Table 6.17.

The wind action on conductors with ice accretion increases the conductor tensile force
and results in the maximum loading of the conductors. If a tensioning section consists
of several spans supported by suspension insulators, the equivalent span length can be
used for the calculation of the conductor tensile stresses (see clause 14.5). If the line
tensioning section is long, the maximum wind load will act not simultaneously on the
total tensioning section. Then, the wind load used to calculate the conductor tensile
forces (6.58) can be reduced by multiplication with the factor 0,6. However, such a
reduction of wind load for design of supports should be considered with care, since
strain supports may also be used for tensioning sections with a few spans only in actual
line projects.

6.6 Climatic loads according to relevant standards

6.6.1 Standards for overhead power lines

Standards for overhead power lines have existed in many industrialized countries for
many years. Examples are DIN VDE 0210 [6.16] for Germany, OVE-L11 [6.17] for
Austria, LeV [6.18] for Switzerland and NBR 5422 [6.19] for Brazil.

The International Electrotechnical Commission (IEC) deals with overhead lines stan-
dards for world-wide application. IEC 60826 [6.1] applies to the evaluation of climatic
loads and rating of line strength. This publication, still referred to as a Technical Report,
was under revision in 2002. Since there is an overlapping with the regional standard-
ization in Europe, this new IEC standard will not be mandatory for Europe. However,
it serves as the basis for the standardization in Europe and for countries, which do not
run standardization of overhead power lines on their own. International bids frequently
refer to it in project specifications.

In Europe, the standard EN 50 341-1 [6.4] was established as a regional overhead elec-
trical line standard and published in 2002. This standard consists of a main body with
general requirements and common specifications, as well as of National Normative As-
pects for the individual CENELEC member countries [6.20], e. g. EN 50 341-3-1 [6.21]
will be applicable in Austria, EN 50341-3-3 [6.22] in Switzerland and EN 50 341-3-4
[6.10] in Germany. From Table 6.20, the parts of EN 50341-3 valid for the individual
countries can be taken. Still existing national standards have to be withdrawn until
January 15, 2004.

The standards IEC 60826 and EN 50 341-1 describe procedures for the determination
of climatic loads based on measurements, e. g. wind velocities and ice loads, but no
fixed values for the line design. Such precise figures obtained from the evaluation of
measurements in the respective application area and from operational experience are
given in the National Normative Aspects for countries which are CENELEC members
[6.10] or in project specifications. Tables 6.20, 6.23 and 6.24 provide an overview on
wind loads, ice loads and combined wind and ice loads applied in European countries.
Standards of countries outside Europe are often based on IEC 60 826.

6.6.2 Wind loads

6.6.2.1 Wind load model according to ITEC 60 826

The IEC 60826 wind load model is based on measurements of wind velocities. The ten
minute mean wind velocity recorded 10 m above ground in an open terrain, which is
designated as category B in IEC 60 826 and corresponds to terrain category II according
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Tabelle 6.18: Reference wind pressure
in N/m? according to IEC 60826

face 1 face of cross arm Zone Terrain category
x A B C D
a3 1/k; 1,08 1,00 0,85 0,67
5 1 422 362 261 162
2 544 467 337 209
3 731 627 453 281

Figure 6.15: Wind action on supports

to EN 50 341-1, serve as reference. The evaluation of wind velocities recorded at sites
with characteristics different from terrain category B is presented in clause 6.3.2.2.
Data for wind velocities in Europe can be found in ENV 1991-2-4 [6.8]. The reference
wind pressure for the relevant terrain category results from

qo = 0,6125 (Vg /k;)? | (6.60)

where k; takes care of the terrain category, according to Table 6.14 and Vg is the
reference wind velocity for terrain category B.

According to the IEC 60826 wind load model, the wind loads on conductors are deter-
mined from (see Figure 6.14):

Qwc=¢qo-Gc-GL-Co-d-ay cos29 . (6.61)

The drag factor Cc can be assumed to be 1,0. The combined wind factor G¢ considers
the variation of wind load with height and the gust wind velocity; the span factor Gy,
takes care of the variation of effective wind pressure with the wind span. In Figures
6.6 and 6.8, the parameters G¢ and G1,, respectively, are shown. For a 400 m span
length, a factor Gy, equal 0,94 results from IEC 60 826, being considerably higher than
according to EN 50 341-1, where this factor is approximately 0,84. The angle 9 refers
to the angle between the wind direction and the perpendicular to the conductor.

The wind load on supports is computed from equation

Qwt =qo- GT(l + 0,2 sin? 2¢)(CT1AT1 . COS2 (f) + Cpg - Ao - sin® ¢) . (6.62)

The combined wind factor G is shown in Figure 6.7, ¢ is the angle of wind incidence
relative to the crossarm axis, as explained in Figure 6.15.

Aty and Arg refer to the area of transverse and longitudinal tower faces filled with
profiles, and C'rq and Cty designate the associated drag factors. Such drag factors are
given in Figure 6.16 for towers made of angle sections or of tubes, depending on the
solidity ratio.

The wind on insulators is obtained from

Qwins = 0 * Cins - Gins - Ains (663)

where the drag factor Cj,s is 1,2 and the combined wind factor Gips is equal to Gr.

Example: In EN 50341-3-4 [6.10], three zones are defined for wind actions on transmission
lines. The associated wind velocities 10 m above ground with a return period of 50 years, for
terrain category B, averaged over ten minutes are:

Zone 1:  VB1omin = 24,3 m/s;

Zone 2:  VB1omin = 27,6 m/s;

Zone 3:  Vg1omin = 32,0 m/s.
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Solidity ratio y —= made of angle sections or tubes

With these wind velocities the reference wind pressures go result from equation (6.60) as pre-
sented in Table 6.18 for lines in terrain categories A, B, C or D.

The design wind pressures g, are obtained from g, = gy - G¢ 1 for conductors and towers, where
Gc and Gt are taken from Figures (6.6) and (6.7), respectively. For = = 30 m and terrain
category B the parameters G and Gr are 2,25 and 2,30 resulting in g,c = 2,25-362 = 815 N/m?
and ¢, = 2,30 - 362 = 833 N/m?.

The resulting design wind pressures for conductors and towers are depicted in Figure 6.17 for
wind zone 1 depending on the height above ground. For wind loads in zone 2, the wind pressures
are higher by the ratio (27,6 / 24,3)2, that means approximately 1,3 times higher than the valucs
shown in Figure 6.17. For wind zone 3 the ratio is (32/24,3)2 = 1,73. The stability of the towers
has to be verified for a wind action perpendicularly to the line axis and under an angle of 45°.
The ratio of wind loads on 1 m? effective tower area to 1 m? effective conductor area can be used
for a comparison of wind models, in view of their cffects on towers and conductors. For a drag
factor Cp = 2,8, a span length of 400 m and a corresponding span factor G, = 0,94, this ratio
results to be Qwr/Qwc = 2,8-833/(0,94-815) = 3,05 in case of terrain category B, 30 m above
ground. For terrain category C, it results Qwr/Qwc = 2,8-3,0-261/(0,94-2,6 - 261) = 3,44
and Qwr/Qwc = 2,8-3,90-162/(0,94 - 2,90 - 162) = 4,01 for terrain category D.

6.6.2.2 Wind model according to the European standard EN 50 341-1

For determination of wind actions, EN 50 341-1 [6.4] specifics a General Approach and
an Empirical Approach. In case of the General Approach, the wind actions are deduced
from recorded wind data. This approach is detailed hereafter. In case of the Empirical
Approach, the determination of wind and ice loads and their combinations is specified
in the National Normative Aspects and assumed as well validated by experience and
long-term operation of overhead lines.

Clause 4.2 of EN 50 341-1 [6.4] describes a wind load model which enables establishing
wind loads for overhead line components and elements based on wind velocities. As
in case of IEC 60826, the ten minute mean wind velocity in open terrain 10 m above
ground forms the basis for this model. The variation with height is given by:

V, =kt Vg -In(z/z) (6.64)

where kv is a parameter depending on the type of terrain (see Table 6.13), z the height
above ground, zp the roughness length according to Table 6.13 and Vg the reference
wind velocity for terrain category II, 10 m above ground, expressed as the ten minute
mean value.

The wind pressure in a height z above ground follows from

@ =1/20V} (6.65)

with o = 1,225 kg/m?.
The wind load on conductors can be computed from (see Figure 6.14)

Qwe =¢,-Gq-Gr,-Cc-d-ay-cos’d (6.66)
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where
G is the gust response factor determined by
Gq=[1+2,28/(Inz/2)]* , (6.67)
@1, is the span factor, equal to:
G = 1,30 — 0,082 Ina,, (6.68)

applicable to the terrain category II (Table 6.13).

Cc is the drag factor which can be set 1,0 for conductors, ¢ is the angle of incidence as
defined in Figure 6.14.

The wind load on lattice towers is obtained from

Qwr =¢q, - Gq- Gx(1+0,2 sin22 ¢)(Cr1 A1 cos? ¢+ Cro A sin? ), (6.69)

where G is the gust response factor according to equation (6.67), Gx a structural
resonance factor which is assumed to be 1,05 for overhead line structures. To Cry, Cyr,
Ari1, Ars and ¢, the same definitions apply as explained in the context of equation
(6.62). Figure 6.16 applies to drag factors Ct. The wind model according to EN 50 341-
1 uses the same gust response factors for wind on conductors as for wind on supports,
meaning that also for wind load on conductors a peak gust with only 2 s duration is
used. This assumption contradicts all known observations and experience.

Example: Standard EN 50341-1 does not contain data for wind velocities but refers to
National Normative Aspects in EN 50341-3. As an example, the same data are evaluated as
in clause 6.6.2.1, however, limited to wind zones 1 and 2 and terrain categories II, III and
IV, which correspond to categories B, C and D of IEC 60826. The reference wind velocity
results from (6.64) with kt = 0,19, 0,22 and 0,24 for the categories II, III and IV, respectively,
and 29 = 0,05, 0,30 and 1,0 m. For category II Vigm = 0,19 -24,31n(10/0,05) ~ 24,3 and
Vsom = 0,19 -24,31In(50/0,05) = 31,9 m are obtained. The gust response factor results from
(6.67) to be Gq = [1 + 2,28/(In10/0,05)]* = 2,05 for 10 m above ground and Gq = [1 +
2,28/(In50/0,05)}2 = 1,77 for 50 m above ground. The corresponding wind pressures on supports
are giom = 1,225/2-1,05-2,05-(24,3)% = 779 N/m? 10 m above ground and gsom = 1,225/2-1,05-
1,77-(31,9)2 = 1158 N/m? 50 m above ground. The wind pressures on conductors are obtained
similarly, without the factor 1,05. Therefore, gioc = 742 N/m? and gsoc = 1103 N/m?.
Figure 6.17 depicts the design wind pressures for supports and conductors having a return
period of 50 years. In addition to the reliability level according to a 50 years return period,
EN 50341-1 mentions two other reliability levels for wind load design. For level 2, referring to
a return period of 150 years, the wind loads resulting from level 1 have to be multiplied by the
factor 1,2, and for level 3, related to a return period of loads of 500 years, by the factor 1,4.
In Table 6.19, the wind loads for the terrain categories II to IV and the relation of the cor-
responding aerodynamic wind pressures for assumptions according to terrain category II, are
presented. For terrain category III, the relation varies from 0,79 to 0,87 depending on the height
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Table 6.19: Wind loads for the terrain categories II to IV according to EN 50341-1

Terrain  Height  Reference wind  Gust Wind pressure Wind pressure  Relation to
velocity factor on supports on conductors terrain
Zone 1  Zone 2 Zonel Zone?2 Zonel Zone?2 category II
z Va Va2 Gy qr1 qra ger qc2 q=/qu
m m/s m/s — N/m? N/m® N/m? N/m? -
I 10 24,3 27,6 2,05 779 1005 742 957 1,00
50 31,8 36,2 1,77 1158 1489 1103 1423 1,00
111 10 18,7 21,3 2,72 612 794 583 756 0,79
50 27,4 31,1 2,09 1009 1300 961 1238 0,87
v 10 13,4 15,2 3,96 457 588 436 560 0,59
50 22,8 25,9 2,51 839 1083 799 1031 0,72

above ground, for terrain category IV between 0,59 and 0,72. With respect to the increased re-
liability requirements in the terrain categories III and IV, a design of the supports for wind
loads lower than those adopted in an open terrain, does not seem to be justified.

To compare the wind action on supports and conductors, the wind load on 1 m? area of supports
and conductors exposed to wind is calculated: Qwrt = Ct - 1,05 - gz and Qwc = Co - G, - gz.
Assuming Ct = 2,8, C¢ = 1,0 and G, = 1,30 — 0,0821n400 = 0,81 for 400 m wind span, it is
obtained Qwr/Qwe = 2,8-1,05 qz/(1,0-0,81 - ¢z) = 3,63.

6.6.2.3 Wind models according to EN 50 341-3

The National Normative Aspects of European standard on overhead lines EN 50 341-3
[6.20] specify wind models and data valid for CENELEC member countries. Table 6.20
gives an overview on these specifications. For details, the mentioned parts of EN 50 341-
3 should be studied. The given data assume a drag factor of Ct = 2,8 for structures
and Cc = 1,0 for conductors to provide a basis for comparison. In many countries,
several different geographically defined wind zones exist. There is no country where the
General Approach of EN 50341-1 is applied without modifications. The majority of
specifications uses the Empirical Approach.

The German National Normative Aspects EN 50341-3-4 [6.10] are an example for
the Empirical Approach. The wind model is based on the wind data for Germany as
specified in the Eurocode 1 [6.8] for wind loads and detailed in other German standards
dealing with wind load assumptions, e. g. DIN 4131: Antenna structures made of steel
[6.23]. The geographical classification of wind zones according to the associated wind
velocities were taken from standard DIN 4131. The provisions made in EN 50 341-3-4
are detailed in the following as an example for the Empirical Approach.

The basic wind pressure increases linearly with the height z according to

If

Zone 1: g, = 800 + 30 (2/10) N/m;
— Zone 2: g, = 1050 + 30 (2/10) N/m; (6.70)
— Zone 3: g; = 1300 + 30 (2/10) N/m.

Hereafter, the wind load for zone 1 is dealt with because of its significance for overhead
power lines. Figure 6.17 depicts the variation with height of wind loads for supports
and conductors in wind zone 1. To enable comparison with the design values according
to IEC 60826 and EN 50 341-1, the wind data have been multiplied by a partial factor
of 1, 35 as stipulated in [6.10].

The standard specifies the relevant components of wind loads on conductors in dircction
of the crossarm axis and perpendicularly to that axis. The general equations arc (see
Figure 6.14):

. Co-GL-d ; 0 0
Qwey = Q_(_2_L {awl - cos? <¢> + é) cos 71
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+ Qyg - cOS? (qS — Qg) cos 6—2} (6.71)
2 2
and
-Co-Gp-d 0\ . 6
Qweu = $ C TLC C2 L [awl - cos? (4& + 31) sin El
6\ . 6
— Gy - OS2 (¢ - ;) sin 52] . (6.72)

The definitions of the angles ¢ and 6 can be taken from Figure 6.14. To a suspension
tower in a straight line, it applies #; = 6 = 0 and (awi + ¢w2)/2 = aw.

The span factor is defined by G, = 0,45 + 60/aw and considers a component of 0,75,
which takes care of the lower effective gust wind velocity on conductors compared with
wind action on towers (see clause 6.6.2.4).

Therefore, it is obtained for the case of a suspension tower in straight line:

Qwew = ¢ - Cc - d - agcos? ¢+ (0,45 + 60/ay) . (6.73)

The wind loads on towers are presented using the same format; the quantities have the
same significance as in equation (6.62) and have been explained in Figure 6.15.
Parallel to crossarm axis:

Qwre = ¢;(1+0,2 sin® 2 ) (At - Oty - cos® ¢ + Arg - Crasin? @) - cos;  (6.74)
Perpendicular to crossarm axis:
Qwru = (1 +0,2 sin?2 ¢)(At; - Cr1 - cos? ¢+ Atg - Cra sin? $) -sing. (6.75)

From the general equations (6.74) and (6.75), it results for wind action in direction of
the crossarm axis, i. e. ¢ = 0°:

Qwto = ¢z Ar1-C11; Qwre =0 (6.76)

and for wind action under 45°, i. e. ¢ = 45°,

QwTy = ¢z - 0,424 (A11071 + AT2CT2) . 6.77)
Qwty = ¢, - 0,424 (A11Cr1 + AT20712) ’

Also for wind on crossarms, EN 50 341-3-4 contains specific stipulations which are:
Qwrqu = 04 ¢, Arq - Crq - cos® ¢
.~y . (6.78)
Qwrtqu = ¢ - Arq - Crq -sin” ¢
Thereof, for wind action in direction of the crossarm axis, it is obtained:
Qwrqu =0,4-¢,- Arq - Crq; Qwru =0 (6.79)

and for wind action under ¢ = 45°,

Yy =04-q,- . -0,
Qwrq g, - Arq - O1q 050} (6.80)

QwTuy =¢:" Arq - C1q - 0,50

The ratio of wind on supports to wind on conductors related to an area of 1 m? can be
computed as a characteristic value: Qiyr,/Qwry = 9 - 28 A/(¢: - Cc - d - aw (0,45 +
60/av)). With A =d-a,, =1 m?, Cc =1 and a = 400 m a value of 4,67 results.
Wind velocities and wind pressures according to European standard EN 50 341-3 are
listed in Table 6.20.
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Table 6.20: Wind pressures in N/m? or wind velocity in m/s according to EN 50341-3
(National Normative Aspects)

Country Height Structures Conductors Source
(m) N/m? N/m*
Austria — 700 520 EN 50341-3-1
Belgium Span length > 100 m EN 50 341-3-2
up to 25 750 375
25 to 50 800 400
50 to 75 850 425
75 to 100 900 450
Switzerland 0 to 30 640" 500 EN 50 341-3-3
30 to 80 740" 650
above 80 1030" 850
D for drag factor Or = 2,8
Germany EN 50341-3-4
Three wind zones, defined geographically, ¢ = go + 30 (2/10)%
Zone 1 10 830 620
go = 800 N/m? 40 920 690
Zone 2 10 1080 810
go = 1050 N/m? 40 1170 880
Zone 3 10 1330 1000
go = 1300 N/m? 40 1410 1060

2 2 = height above ground

Denmark Two wind zones defined by reference wind velocities EN 50 341-3-5
(50 years return period)
Zone 1: 24,0 m/s
Zone 2: 27,1 m/s
Spain ~ 700" ~ 500% EN 50 341-3-6

Y for drag factor C1 = 2,8
2

) conductor diameter more than 16 mm

Finland Two wind zones defined by reference wind speeds EN 50 341-3-7
(50 years return period)
Zone 1 (inland): 21,0 m/s
Zone 2 (shore): 25,0 m/s
France inland 7159 480 EN 50341-3-8
sea side, 950" 640
northern part
Y for drag factor Cr = 2,8

Great Britain Reference wind velocities according to map: EN 50 341-3-9
20 m/s to 31 m/s, application of General Approach
according to EN 50 341-1

Greece 765 460 EN 50341-3-10

Ireland Reference wind load: Terrain A: 732 N/m?; B: 627 N/m?; EN 50341-3-11
C: 453 N/m?; D: 282 N/m?; Gust factors according
to IEC 60 826

Italy Wind velocity 130 km/h EN 50 341-3-13
835" 706
Y for drag factor Ct = 2,8

Netherlands Dynamic wind pressures including gust factors are EN 50 341-3-15
Zone 1 10 1060
40 1540
Zone 2 10 880
40 1350
Zone 3 10 730
40 1150

Norway Reference wind speed to be chosen according to EN 50 341-3-16

Norwegian wind standard
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Table 6.20: continued

Portugal Two regional wind zones EN 50 341-3-17
Zone A 10 550 330
40 960 576
Zone B 10 660 396
40 1150 690

Sweden below 10 800 400 EN 50 341-3-18

above 10 800+ 6(z — 10) 400 + 3(z — 10)

Table 6.21: Comparison of wind load models by means of the bending moments at base of
a 400 kV double-circuit suspension tower

IEC 60826 EN 50341-1 EN 50341-3-4

Level 1 Level 1 Zone 1
Reference wind pressure N/m? 690 780 830
kNm %  kNm %  kNm %

Wind perpendicular to the line (a) 7557Y 100 8867 100 8597 100
— Conductor 5510 73 5804 66 5467 64
— Other elements 2047 27 3062 34 3129 36
Wind under 45° (b) 6928 100 9439V 100 8133 100
— Conductor 2756 40 2977 32 2771 34
— Other elements 4172 60 6462 68 5362 66
Ratio (a) to (b) 1,09 0,94 1,06
Ratio of prevalent loading to that for EN 50 341-3-4 88 % 110 % 100 %

) prevalent loading condition

6.6.2.4 Comparison of wind load models with measurements

The consequences of the wind load models studied will be demonstrated with an example
of a 400 kV double-circuit suspension tower. Its conductors are

— earth wire 1 x 264-AL1/34-ST1A d = 22,4 mm,
— phase conductors 6 x 4 x 264-AL1/34-ST1A d = 22,4 mm.

The wind span is 400 m. Figure 6.17 depicts the wind pressures on conductors and
towers. The wind load models are compared by means of the moments acting at the
tower base and presented in Table 6.21, resulting from the load cases “wind action
perpendicular to the line” and “wind action under 45°”.

In case of wind action perpendicularly to the line, two thirds of the total moment result
from wind action on conductors in the given example, with the exception of the model
according to IEC 60 826, where approximately 75 % of the total wind action result from
wind loads on conductors and only 25 % from wind on tower structures. According to
the available experience, the wind load acting on conductors resulting from this model
is too high as compared with wind load on towers.

In case of wind action under 45°, the proportion of the wind load on conductors varies
to a greater extent. The highest proportion results from assumptions according to IEC
60 826 and reaches 40 %, while according to EN 50 341-1 this proportion would be 32 %
only. Wind load on towers and the other elements varies between 60 and 68 % in case
of wind action under 45°. When the load case “wind action under 45°” prevails, the
wind load on towers is of great significance.

The effect of the wind acting perpendicularly to the line in relation to the wind action
under 45° can be assessed by the ratios of the sum of moments acting perpendicularly
to the line and in line direction. While in case of the EN 50341-1 wind load model,
the wind action under 45° predominates as expressed by a factor of 0,94, the wind
model according to IEC 60826 leads to considerably higher loading for wind action
perpendicularly to the line. The corresponding ratio is calculated to be 1,09. The data
refer to the tower studied; for taller towers, the influence of wind load on tower will



180 6 Requirements on loading and strength

3 40 / Table 6.22: Wind load on lat-
g Qi / tice steel towers and conductors
2 L Qw
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Figure 6.18: Theoretical and recorded values for
wind forces acting on a subconductor dependent on
the instantaneous wind velocity (2-sec-gust) accord-
ing to [6.24] and its ratio

increase and, therefore, also the significance of the load case “wind under 45°”. From
experience, it can be concluded that in the wind model proposed by EN 50 341-3-4, the
relation between wind perpendicularly to the line and wind acting under 45° simulates
satisfactorily the reality.

For comparing globally the three wind models, the loading resulting due to EN 50 341-
3-4 is assumed as 100 %. Then, EN 50341-1 gives a loading of 110 % and IEC 60 826
of 88 %, as it can be seen in Table 6.21.

Figure 6.17 depicts the studied wind models with respect to wind pressures on towers
and conductors. In case of wind load on towers, the stipulations at a height of 10 m are
relatively close to cach other, being between 690 and 780 N/m?. However, for a height
of 60 m, the band width is from 900 N/m? according to DIN VDE 0210/12.85 up to
1210 N/m? according to EN 50 341-1, showing a difference of approximately 35 %. The
assumptions according to EN 50 341-3-4, being 980 N/m?, can be found close to IEC
60826 and DIN VDE 0210/12.85. Lines designed according to DIN VDE 0210 have
shown a long-lasting positive operational performance. The increase of the wind loads
with height according to EN 50341-3-4 is confirmed by the assumptions according to
IEC 60826. The increase of the wind load with height according to EN 50341-1 is
substantially different from the other models and yields 25 % higher wind loads as
compared with EN 50 341-3-4 at a height of 60 m.

The ratio between wind pressures on towers and conductors differs to a large extent
between the individual wind models. In case of EN 50 341-1 and IEC 60 826, there is
only a difference of approximately 5 % concerning this ratio, whereas the difference in
cases of DIN VDE 0210/12.85 and EN 50 341-3-4 is 25 %. The ratio between loads on
conductors and structures can be assessed by the quotient Qwr/Qwc related to 1 m?
of structural components and 1 m? conductor surface as given in Table 6.22. There, the
results from Hornisgrinde measurements [6.24] are also given. Compared to these data,
IEC 60 826 and EN 50 341-1 result in considerably lower ratios, indicating that the wind
action on conductors is overestimated when compared to wind action on towers.
Figure 6.18 depicts the results of wind load measurements on subconductors of bundles
carried out at the wind test station at the Hornisgrinde in Germany between 1955 and
1960 [6.24]. There, the calculated wind load according to

Qww =1,25/2-V2, -d-a (6.81)

and the mecasured wind load Qwn, are presented.
The ratio Qw m/Qw th 1s approximately 0,4 at 20 m/s and 0,35 at 30 m/s wind velocity
(sce Figure 6.18). This ratio decreases with incrcasing wind velocities. If the dynamic



6.6 Climatic loads according to relevant standards 181

wind pressure on towers gp = 1,25/2 - V;2,, is assumed as a reference, then the wind
pressure for wind action on conductors can be expressed by gc =k - g.

According to the results obtained from the test station Hornisgrinde, values between
0,35 and 0,44 apply to the factor k. If on the safe side £ = 0,5 and the span factor G,
is assumed to be (1,30 — 0,082 - In ay,) according to EN 50341-1, then the wind load on
conductors is obtained from (6.61):

Qwc =0,5¢,-d-Cc-ay (1,30 — 0,082 - Inay) cos?¢ . (6.82)

Due t0 0,5 ¢, = (1/0,5-V,)?, the wind pressure 0,5 ¢, corresponds to 0,71 times the wind
velocity V, of a 2 sec wind gust. In case of open terrain, this corresponds to the ten
minute mean value of the wind velocity. Therefore, the observations at the test station
Hornisgrinde [6.24] demonstrated that the wind loads on conductors are governed from
the ten minute mean values of the wind velocities. Studies carried out in Canada and by
the Cigré Working Group 06 came to the same result [6.25]. Therefore, Working Group
06 of Cigré Study Committee 22 proposed, that wind loads on conductors should be
calculated for ten minute mean values or, conservatively, for 5 minutes mean values.
These studies give reasons for the statement that the wind model according to EN
50341-3-4 can be considered as conservative so far the wind loads on conductors are
concerned. The assumptions according to IEC 60 826 and EN 50 341-1 are outside the
range of experience. In case of EN 50341-1, this can be traced back to the fact that
the same gust response factors are considered for the determination of the wind load
on conductors as for the wind load on the towers.

6.6.3 Ice loads
6.6.3.1 Ice load model according to IEC 60 826

TEC 60 826 describes the yearly maximum ice loads by means of the Gumbel distribution
(see clause 6.9.4). The evaluation of available information on ice loads can be carried
out according to clause 6.4.3.2 and results in the reference ice load gir obtained from
equation (6.53), forming the basis for line design.

Concerning the loading of supports in case of ice accretion, four conditions are stipu-
lated:

— Uniform ice formation on all conductors: All conductors and earth wires
are loaded by the reference ice load gir, thus resulting in a total vertical loading
per unit length of mc - g + gir, where mc is the conductor mass per unit length
and g the gravitational acceleration.

— Non-uniform ice formation on one phase conductor or one earth wire:
Non-uniform ice accretion on a conductor in adjacent spans results in a longitudi-
nal load at the support. Such loading may be created either by a non-uniform ice
accretion as a consequence of the line exposure or due to ice shedding. According
to IEC 60826, it is assumed in this case that all the conductors are loaded by
an ice load according to 0,7 - gir and one phase conductor or earth wire with
a reduced ice load of 0,28 - gir. The conductor with reduced ice load has to be
selected such that the individually most unfavourable loading results. This type
of loading is considered as a torsional loading condition.

— Non-uniform ice formation on all conductors in adjacent spans: In this
case, it is assumed that all conductors in one span or in one tensioning section
adjacent to the tower studied are loaded by an ice load according to 0,28 - gig,
while the conductors in the span at the other side of the support are loaded by
0,7 - gir- This condition is considered as longitudinal bending.

— Non-uniform ice formation on one circuit of a double- or multi-circuit
line: In this case, it is assumed that all conductors of one circuit are loaded by ice
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Table 6.23: Ice load assumptions for some European countries according to EN 50 341-3

Country Ice load Example Source
N/m
d = 30 mm
Austria Nominal ice load 4 +0,2d") N/m 10 EXN 50341-3-1
Exceptional ice load < 110 kV 25 N/m 35

> 110 and < 220 kV 40 N/m 40
> 220 and < 380 kV 50 N/m 50

Belgium Only for altitudes above 400 m, 19 EN 50341-3-2
ice thickness 20 mm, density 600 kg/m?
Switzerland At least 20 N/m 20 EN 50 341-3-3
Germany Ice load depends on line location: EN 50 341-3-4
Zone 1. 5+0,1d/ N/m 8
Zone 2: 10+ 0,2d N/m or 16
Zone 3: 20+ 0,4d N/m 32
Denmark 12+ 0,9d N/m 39 EN 50341-3-5
Spain Altitude 0 to 500 m no ice load EN 50 341-3-6
Altitude 500 to 1000 m 1,8v/d N/m 9,9
Altitude 1000 to 1500 m 3,6+/d N/m 19,7
Altitude above 1500 m 5,4vd N/m 29,6
Finland Altitude 0 to 50 m 10 N/m 10 EN 50 341-3-7
Altitude 50 to 100 m 25 N/m 25
Altitude 100 to 200 m 50 N/m 50
Altitude above 200 m 75 N/m 75
France Altitude 0 to 600 m, thickness 20 mm, 19 EN 50341-3-8

densitiy 600 kg/m®
above 600 m: See project specifications

Great Britain  Thickness ¢ = (2/3 + 4/d)[ro + (H - 200)/25] EN 50341-3-9
ro basic thickness according to 40*
location, H altitude in m, 60
density 500 kg/m?, 50 < ro < 80 mm 64
* at 200 m height
Greece Thickness 6,35 or 12,7 mm, as specified by 6,5 EN 50341-3-10
project specification density 900 kg/m?® 15,3
Treland Ice thickness 40 mm, density 900 kg/m? 79 EN 50 341-11
Ttaly Ice thickness 12 mm, density 920 kg/m® 19 EN 50341-3-13
Netherlands Region A: 5,0v/d N/m 27,4 EN 50341-3-15
Region B: 1,8Vd N/m 9,9
Norway 20 to 50 N/m depending on altitude and region 20 to 50 EN 50341-3-16
Portugal Altitude 0 to 700 m: No ice load, 11 EN 50 341-3-17
above 700 m: 11/40 (10+d) N/m
Sweden? \/(9,2 +0,51d + mcg)? + w; — meg N/m 33 EN 50341-3-18
1) d is the conductor or subconductor diameter
2)

wer is the wind load on ice-covered conductor in N/m

loads according to 0,28 - gir, while the conductors of all other circuits are loaded
by 0,7 - gir. This combination is considered as transverse bending.
Loading conditions with non-uniform ice accretion may only prevail for the line design
in case of high ice loads.

6.6.3.2 Ice load model according to EN 50 341-1

Following EN 50341-1, the characteristic ice load gir of lines with ice accretion is as-
sumed according to the local conditions. For determination of these values, the standard
refers to National Normative Aspects (EN 50 341-3). Four load cases are defined, which
practically correspond to those defined in IEC 60 826 with slightly different reduction
factors. Therefore, this loading model is not considered in detail here.
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6.6.3.3 Ice load model according to EN 50 341-3

Standard EN 50 341-3 specifies the ice loads for countries which constitute CENELEC.
In Table 6.23, the specifications are summarized. As it can be seen, the specifications
vary with the region and the altitude above sea-level. In some countries, fixed data
independent of the conductor diameter are stipulated, while in other countries the ice
data depend on this parameter. In Northern Europe, higher ice loads are specified than
in Central Europe and Southern Europe. When comparing the data, different partial
factors need to be considered. Table 6.23 lists data obtained for a conductor diameter
of 30 mm.

As an example, some details concerning EN 50 341-3-4 [6.10] are given. There, three
zones are distinguished:

Ice load zone 1 gig = 5+ 0,1d N/m,

Ice load zone 2 gig = 10 +-0,2d N/m,

Ice load zone 3 gig = 20 4 0,4d N/m,

where d is the conductor or subconductor diameter in mm.

In ice load zome 1, there are arcas, where due to the climatic conditions, confirmed
by long-term experience only low ice loads occur, which did not result in damage of
existing overhead lines.

In zone 2, there are areas, where due to the climatic conditions, confirmed by long-term
experience, high ice loads have to be expected which, among other things, resulted in
damage of existing overhead lines.

In zone 3, there are areas, where, as induced from long-term experience very high ice
loads have to be expected, due to the climatic conditions and the geographical situation.
In such cases considerable damage of existing overhead lines has so far occurred.

The classification of the terrain of an overhead line or parts thereof into one of the
three zones defined above, needs to be decided by the operator or erecting company of
the line. An evaluation of ice loads experienced on lines in Germany is given in [6.13],
concluding that, in extended parts of Southern Germany, ice loads of 40 N/m and in
Northern Germany ice loads of 25 N/m can be expected as maximum values. Together
with the partial factors for loads and materials, the assumptions for ice loads in zones
1 and 2 cover these maximum ice load observations.

Ice accretion has to be assumed for insulators, radar markers and air traffic warning
spheres as well, however, not for structures.

EN 50 341-3-4 defines two load cases for ice effect without wind:

— Reduction of the conductor tensile force of one conductor. According to the func-
tion of the support and the length of the insulator set, the conductor tensile force
is reduced by 25 to 65 %. This reduction creates a torsional loading of the tower
body as the most significant result.

— All conductor tensile forces on one side of the structure are reduced between 15
and 20 %. This results in a longitudinal bending of the support considered.
These cases are considered as exzceptional loading, whereby the partial factor for loads
is assumed to be 1,0. These loadings are considerably higher than those resulting from
the ice load models according to IEC 60826 and EN 50341-1. They frequently govern

the rating of the bracings of lattice steel towers.

6.6.4 Combined wind and ice action
6.6.4.1 Model according to IEC 60 826

In IEC 60 826, combined wind and ice action is considered only regarding to conductors.
The procedure to determine design loads corresponds to the steps described in clause
6.5.1.
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The combination of wind drag factors and ice densities having a long return period
with ice and wind of high probability of occurrence does not result in critical loads.
Therefore, only two load cases are considered:
— Ice loads with a return period 7; combined with an average value of yearly max-
imum wind loads on conductors and
— Ice loads according to the average of yearly maximum values combined with the
wind load during icing periods with a return period T;.
The reference ice load gig, as dealt with in clause 6.6.3.1, is assumed as the one having
a return period T;. Only those wind velocities need to be considered which may occur
during the icing period.
According to these assumptions, the ice load with low probability of occurrence is
assumed to be gig and that with a high probability of occurrence is 0,4 - gigr. The
corresponding temperature is —5°C .
The wind loads with low probability of occurrence may be assumed to be 0,6 to 0,85
times the reference wind velocity Vg, according to clause 6.6.2.1. The wind velocity
with a high probability of occurrence can be taken as 0,4 to 0,5 times the reference
wind velocity Vg. The drag factors and ice densities follow from Table 6.17. The wind
action on ice covered conductors may then be computed as presented in clause 6.5.3.

6.6.4.2 Model according to EN 50 341-1

The basic assumptions for the determination of loads for combined wind and ice action
are the same as in case of IEC 60 826, whereby the provisions concerning the numerical
data are practically the same (see [6.4]). Regarding load cases, EN 50341-1 refers to
National Normative Aspects. The data for the ice densities differ from the assumptions
according to TEC 60826 and are given in Table 6.17. The dynamic wind pressures
can be obtained using the equations given in clause 6.6.2.2, whereby the equivalent
diameter Dy of a conductor with ice accretion follows from equation (6.59). The actions
on supports result from equation (6.58).

In EN 50341-1 [6.4], a simplified method is used to determine the loads for combined
wind and ice action, taking into account two main combinations:

— An extreme ice load equal to the design value of the ice load, v - Gik, combined
with a modcrate wind load ¥w - Qwk. The moderate wind speed associated
with ice loads can be taken as 0,55 to 0,65 times the extreme 50 year wind
speed depending on the type of ice. Accordingly, a representative value of the
combination factor for wind action ¥y equal to 0,4 is suggested.

— A high wind speed combined with a moderate ice load ¥ - Gk. The high wind
speed associated with ice load can be based on a wind speed corresponding to
0,70 to 0,85 times the extreme wind speed used for design, depending on the type
of ice. A combination factor for ice action Wi equal to 0,35 generally applies.

Table 6.17 gives indicative values for the density of various ice types for a range of
values of the drag factors.

6.6.4.3 Combined wind and ice action according to EN 50 341-3

In EN 50 341-3 [6.20], detailed loading assumptions for combined wind and ice actions
are given, which are summarized in Table 6.24. The majority follows the first option
of EN 50 341-1, combining design ice load with a moderate wind load, the combination
factor ¥ being 0,30 to 0,64. The specific ice weight is assumed between 6000 and
9200 N/m3. The equivalent diameter of a cylindrical ice formation Dy is

Di= /@ +4g/(x-or) (6.83)

where d is the conductor diameter in m, gr the ice load and gr the ice density in N/m3.
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Table 6.24: Specifications for combined wind and ice load according to EN 50341-3

Country Ice load Wind load Source

Austria No wind load on ice covered conductors EN 50 341-3-1
Belgium See Table 6.23 25 % of nominal wind pressure EN 50341-3-2
Switzerland No wind load on ice covered conductors EN 50 341-3-3
Germany See Table 6.23 50 % of wind pressure without ice EN 50 341-3-4
Denmark See Table 6.23 40 % of wind pressure without ice EN 50 341-3-5
Spain No wind load on ice covered conductors EN 50 341-3-6
Finland See Table 6.23 40 % of wind pressure without ice EN 50 341-3-7
France See Table 6.23 Wind pressure 180 N/m? EN 50 341-3-8
Great Britain Ice thickness 64 % of wind pressure without ice EN 50341-3-9

see Table 6.23

Greece Ice thickness 6,35 Wind pressure 190 N/m? EN 50341-3-10
or 12,7 mm
Ireland Ice thickness 25 mm  Wind pressure 490 N/m? EN 50341-3-11
Italy Ice thickness 12 mm  Wind velocity 65 km/h EN 50341-3-13
Netherlands See Table 6.23 30 to 45 % of wind pressure EN 50341-3-15
without ice, depending on type of
support and limit state
Norway a) Ice load according 40 % of wind pressure without ice EN 50 341-3-16
to Table 6.23
b) 35 % of ice load ~70 % of wind pressure without ice
acc. to Table 6.23
Portugal See Table 6.23 40 % of wind pressure without ice EN 50341-3-17
Sweden 9,2+ 0,561d N/m Height 0 to 25 m: 500 N/m? EN 50 341-3-18

above 25 m: 500 + 6(h — 25) N/m?

As an example according to EN 50 341-3-4, the ice load is combined with 50 % of the
wind load, as defined for the individual wind load zones. The reduced wind load applies
to conductors, towers and the equipment. The specific ice weight g is assumed to be
7500 N/m?, the aerodynamic drag factor being 1,0. The equivalent diameter of the
conductor with ice accretion Dy, in m, then results from

Dy = y/d2 + 0,00017 g1

Concerning the load cases, the wind actions have to be considered in direction of the
crossarm axis, in the perpendicular direction to the crossarm axis and under 45° to these
axes. Since these assumptions are considered as normal load cases, higher loadings result
in each case than in the case of a uniform ice accretion on all conductors without wind
action.

(6.84)

6.7 Loads at construction, operation and maintenance

6.7.1 Introduction

A failure of a tower element during construction or maintenance could lead to injuries
of people. Such work, therefore, has to be planned and carried out such that a loading
is avoided which would necessitate an expensive strengthening of the supports. When
preparing construction and maintenance procedures, the specifications for labour safety
need to be duly obeyed. Therefore, already when designing supports, likely loads due
to such procedures should be considered.
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6.7.2 Requirements according to IEC 60 826

According to IEC 60826, the supports should be designed such that their elements
withstand at least twice the loads which can occur during lifting of components using
fixing points at the supports. In case of a well controlled procedure, a design for 1,5
times the expected loads suffices.

With respect to the forces occurring during the stringing procedures, it is recommended
that the tensile forces for those conductors instantaneously not moving be assumed with
1,5 times their actual values and with twice the value for moving conductors. During
the conductor stringing procedure, the vertical components at the support originating
from a temporary anchoring of the conductors to the ground create additional loadings.
The same applies to loads which result from variations of conductor tensile forces.
Longitudinal loads can occur at the supports which are temporarily used as end points
of the conductor stringing operation. These temporary dead-end supports should with-
stand the longitudinal loads, as defined above.

If supports are temporarily secured by slack or pretensioned anchors, these increase the
vertical load at their fixing points. Therefore, it is necessary to check the supports with
respect to the additional loads exerted by the anchors.

During stringing operations, additional longitudinal loads may occur at the suspension
support. According to IEC 60 826, these longitudinal loads can be considerced by assum-
ing a value which is produced by the product of the difference in height of the vertices
in the adjacent spans and the conductor weight per unit length. However, this load is
relatively low in most cases and can be neglected if provisions for the line security have
been made (see clause 6.8).

Members, where linesmen may stand on during construction and maintenance should be
able to carry a vertical load of 1,5 kN acting in their middle. The members should be able
to carry this load in addition to the strain occurring during erection or maintenance.

6.7.3 Requirements according to EN 50341-1 and EN 50 341-3

Only detailed requirements for loads caused by the construction or maintenance people
can be found in EN 50341-1. For this purpose, a load of 1,0 kN has to be assumed
together with a partial factor of 1,5.

If walkways or working platforms are installed, these have to be designed for the max-
imum load to be expected. In addition, all members having an inclination lower than
60° against the horizontal and, therefore, being considered as mountable, have to be de-
signed for a characteristic load of 1,0 kN acting vertically in the middle of the member.
Other loads do not nced to be taken into account in this case. Stirrups and stepbolts
need to be designed as well for a characteristic load of 1,0 kN acting at the most
unfavourable position.

Detailed provisions for loads due to construction procedures are specified in EN 50 341-
3-4. They supplement the specifications given in EN 50 341-1.

Special walkways for climbing and access to working positions are necessary at towers.
Such walkways should be arranged on at least two diagonally opposite leg members
and may consist of a ladder, a stepbolt or a stirrup arrangement.

Crossarms should be equipped with a walkway and a handrail, unless they are designed
such that the structural members can be used for climbing and structural members can
be held on continuously.

Steel poles and reinforced concrete poles do not require any walkways for climbing and
access to working positions if climbing devices scparated from the poles are used, such
as ladders or elevating platforms.



6.8 Failure containment and other special loads 187

6.8 Failure containment and other special loads

6.8.1 Introduction

The objective of security measures is to minimize the probability of cascading failures
which might otherwise extend well beyond the failed line section, whatever the reason
and extent of the initial failure might be. There are several possibilities and options for
corresponding provisions.

6.8.2 Provisions according to IEC 60 826

According to IEC 60826, at each attachment point of an earth wire or a phase conduc-
tor, a residual static load should be assumed resulting from the release of the tension
of one phase conductor or earthwire in the adjacent span. The residual static load cor-
responds to the conductor tension at the sagging temperature without any wind and
ice loads. In case of suspension towers, allowance may be made for the relaxation of
the load resulting from swing of the insulator sets in line direction. The value of this
residual static load may be reduced by special devices, such as slipping clamps, in which
case the minimum security requirements could be adjusted accordingly.

Furthermore, TEC 60826 recommends to consider longitudinal loads at each conduc-
tor attachment point. To determine these residual loads, an additional load according
to the conductor dead weight can be assumed in the adjacent spans. As an alterna-
tive, a difference of the conductor tensile force according to 50 % of the forces under
sagging conditions, is proposed. With respect to line security, additional measures are
recommended, such as:

— Increase of the residual static load by a factor of 1,5 at any point for lines which
require a higher security.

— Assumption of torsional loads simultaneously at several conductor attachment
points of a support, in case of double- or multi-circuit lines.

— Calculation of the residual static load for conditions, which cause a higher load
than that occurring under everyday condition, e. g. assuming some wind or ice
loads. This assumption is advisable for angle structures and lines subjected to
severe climatic conditions.

— Insertion of section supports within the line, for example at every tenth tower, in
case of important lines in areas with high ice accretion. Towers adopted for this
purpose should be designed for the reduction or even loss of all conductor tensile
forces from one side.

6.8.3 Provisions according to EN 50 341-1

In EN 50 341-1, the security loads are assumed according to the following conditions:

— With respect to torsional loading of the supports a relevant residual static load
should be applied at any earth wire or phase conductor attachment point resulting
from the release of the tensile force of a phase conductor or subconductor or of an
earth wire in an adjacent span. It can be adequate to assume this residual static
load simultaneously at several conductor attachment points. Loads and conductor
tensile stresses may be calculated at the normal ambient reference temperature
without any wind or ice load.

— With respect to longitudinal loading, reduced conductor tensile forces are assumed
simultaneously at all conductor attachment points. The loads can be determined
as a one-sided reduction of the conductor tensile forces, as described above, or
as unbalanced load exerted by the tensile force of a conductor, when a fictitious
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overload equal to the dead weight of conductors is assumed in all spans in the
opposite line direction.

— Security loads resulting from the cases stated above for suspension supports may
be determined, taking into account the relaxation of the loading resulting from
any swing of the insulator sets and the elastic deflection or rotation of the sup-
port. The calculation may normally be carried out for the equivalent span length
of the tensioning section. Alternatively, the security load can be obtained by mul-
tiplying the conductor tensile force with a reduction factor. However, there are
no numerical values for these reduction factors given in EN 50 341-1.

EN 50341-1 explains in general terms the loadings due to short circuits,avalanches,
creeping snow and earthquakes. Concerning specific values or procedures to determine
these loadings, reference is made to EN 50341-3. Such loadings are cssential only in
few cases. Therefore, no details are given here.

6.9 Statistical distributions

6.9.1 Introduction

This clause presents statistical functions that are of interest for determination of load-
ings and reliabilities of overhead lines. In principle, these functions describe loads of
meteorological origin, as well as strengths of components [6.26]. Within these functions,
the following parameters are generally used:

Mean value m of obscrvations z;:

1 n
= =S, 6.85
m n;h (6.85)

where n is the number of the observed values z;.
Standard deviation o of observations z;:

1 n 1 n
o= Z (z; — m)2 = ZLZZ —m? . (6.86)
n\| 4

™\ S
Coefficient of variation v:

v=o/m . (6.87)

6.9.2 Normal distribution (Gaussian distribution)

General format:
Probability density function:

flz) = ! exp [—1 (1: — 771)2} ,o0>0 (6.88)

CaV2w 2 o

Cumaulative distribution function:

Fy(z) = ﬁ 7 exp [% <§ ;mﬂ de . (6.89)

Standardized format:
Variable change for standardized format

r—1m

u =

(6.90)

a



6.9 Statistical distributions 189

Table 6.25: Number of standard deviations u 107

correspoding to return periods T, and exclu- 09+
sion limits e
T: Frequency  Standard deviation ur 0871
Years Fx(ur) from (6.92) from (6.94) 074+ log-normal
50 0,98 2,054 2,040 ' distribution
150 0,0833 2,476 2,463 06+
500 0,998 2,878 2,873
e Fn(ue) Ue Ue 057
% 0,44
2 0,02 —2,054 —2,040
5 0,05 —1,645 —1,633 Gumbel distribution
10 0,10 —1,282 —1,276

normal distribution

U ——
Figure 6.19: Probability density function of
Gumbel, normal und log-normal distribution

Probability density function:

w2
exp [— ?J , (6.91)

1
f(u):m

Cumulative distribution function:

% 2
Fa(u) = \/-—;_; / exp [a%} e . (6.92)

There is no closed analytical presentation for the cumulative distribution. Tables avail-
able in the literature, e. g. in [6.6], or approximations can be used to determine the
values. According to [6.27], the following approximation applies

Fx(u) ~ 0,6931 exp [f (9w — 8)/14)2] (6.93)

for —4 < uw < 0. The reciprocal equation is

wn~ % [8 — 14/In(0,6931/ Fiy (u))} (6.94)

for Fy(u) lower than 0,5. For 0,5 < Fx(u) < 1,0 the relation Fnx(u) =1 — Fx(u) can be
used to determine u. Using equations (6.93) or (6.94) involves an error lower than 1 %.
The relations with the return period 7} in years and the exclusion limit e in % are

Fx(ur) =1—-1/T; and Fy(u.) = /100 . (6.95)

Table 6.25 shows relations between T} and e, respectively, and u.

The relation of the variables z(T}) or z(e) having a return period T} or an exclusion
limit e to the mean value m and the standard deviation o or the coefficient of variation v
are

z(Ty) = m +uro = m(1 + urv) (6.96)
and
z(e) = m + ueo = m(l +uv) . (6.97)

Figure 6.19 depicts the standardized Gaussian normal distribution.
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6.9.3 Log-normal distribution

General format:

The logarithmic normal distribution is defined as a distribution where the expression
In(z — p;) follows a normal distribution.

Probability density function:

_ 1 - _l In(z —p1) —p3 ?
1@ = pz(a:—;m)\/ﬁe p[ 2 ( P2 ) ] ’ (6.98)

where x > p1; p2 > 0; p3 > 0. The log-normal distribution is defined by three parame-
ters. The parameter p; represents the lower threshold of the distribution.
Cumulative distribution function:

ot pov L e —p) = ps
z)vPmef—Piep{ 2( P2 )]d£ ' (6.99)

Standardized format:
Variable change for standardized format

u=[In(z —p1) — ps]/p2 . (6.100)

With this variable change, the relations (6.91) and (6.92) can be used for the probability
density function and the cumulative distribution function, respectively, of the logarith-
mic normal distribution. With respect to the return period T} and the exclusion limit
e, the same numerical values for u(T}) and u(e) as in case of the normal distribution
are valid. The relations with the variables z(T}) and z(e) having a given return period
T; or a given exclusion limit e to the mean value m and the standard deviation ¢ are

z(Ty) = p1 + exp(ps + u(Ty)p2) (6.101)
and

z(e) = p1 + exp(ps + ule)p2) . (6.102)
The parameters ps and p3 are obtained from

Py = \/ln[l +0?/(m —p1)? (6.103)
and

p3 =1In [(m —p1)?/\/(m —p))? + 02} . (6.104)

The parameter py is the mean value of the variable In(x — ps), the parameter pj its
standard deviation. Figure 6.19 depicts the standardized probability density function
of the logarithmic normal distribution with p; = 0.

6.9.4 Gumbel distribution

Gumbel distribution is named also extreme value distribution  type I and is dealt with
in detail in [6.28].

General format:

Probability density function:

f(z) = (1/p2) exp[—(z — p1)/p2 —exp (—(z — p))/p2)] , p2>0 (6.105)

Cumulative distribution function:

F(z) = exp|—oxp (~( - p1)/p2)] - (6.106)
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Table 6.26: Parameter C; and Cs

of the Gumbel distribution
n C Cs Ca/Cy
10 0,94963 0,49521 0,52148
15 1,02057 0,51284 0,50250
20 1,06282 0,52355 0,49260
25 1,09145 0,53086 0,48639
30 1,11237 0,53622  0,48250
35 1,12847 0,54034 0,47882
40 1,14131 0,54362 0,47631
45 1,15184 0,54630 0,47428
50 1,16066 0,54854 0,47261
oo 1,28255  0,57722  0,45005

Standardized format:
Variable change for standardized format

u=(z—p1)/p2 , (6.107)
Probability density function:

f(u) = exp[-u —exp(—u)] , (6.108)
Cumulative distribution function:

F(u) = exp[—exp(—u)] . (6.109)
The relations with the return period 7} and the exclusion limit e are

«(Ty) = p1 — p2In[~In(1 — 1/T;)] (6.110)
and

2(€) = p1 — p2 [~ In(e/100)] . (6.111)

The parameters p; and ps follow from
p2=0/01 andplzm—02~p2=m—(Cg/Cl)o . (6.112)

The parameters C; and Cs depend on the number of values considered in a measurement
series, e. g. the number of years with annual maximum values. For n observations, n
values z; can be calculated from

zi=hn[-In(G/(n+1))] ,1<i<n . (6.113)

Thereof, it is obtained

n
>z (6.114)
=1

1 n
Ci=o0,=, EE 22—z . (6.115)
i=1

For an infinite number of observations (n — c0), it can be obtained

CQZE:

S|

and

Cy = 7/V6 = 1,28255 and Cy = 0,57721 (Euler constant)

Table 6.26 gives parameters Cy, Cy and their relation Cy/C}, depending on the number
n of observations. Figure 6.19 shows the standardized Gumbel distribution.
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7.0 Symbols

Symbol Signification

A Cross-sectional area

Aal Aluminium cross-sectional area

Are Steel cross-sectional area

Agot Total conductor cross-sectional area

c Specific heat

CAl Specific heat of aluminium

CFe Specific heat of steel

Ci Capacitance per unit length

D Conductor diameter

Dy Conductor diameter with ice

Dy Mean conductor distance

Dy, Dv2 Mean conductor distance of double circuit lines
e Creep elongation

€1n Creep elongation after one hour

E Modulus of elasticity

En Modulus of elasticity of aluminium

Ere Modulus of elasticity of steel

Epc Specific erection investments of a double circuit line
Ep Specific investments for energy generation
Ey, Ey,Es Factors used to determine installation investment
f Frequency

Fc Conductor tensile force

g1 Ice load per unit length

hai Altitude above sea-level

hm Mean conductor height above ground

hs Solar angle

1 Effective current

ks Absorption coefficient

ke Coefficient of emission of a black body

ks Stefan-Boltzmann constant

Ky, Specific costs of energy losses

K, Specific annual transmission costs

Ksc Fixed specific annual costs of one circuit
Kp Specific costs of power losses

K, Specific transmission costs

me Conductor mass per unit length

my Cross-sectional ratio of conductor envelope to core (aluminium to steel)
n Exponent of the creep elongation

na Number of subconductors in a bundle

Ne Energy loss by convection

Nj Joule heat

Ny Magnetic losses

Ns Energy input by solar radiation

Ngr Energy loss by radiation

Nsh Standard solar radiation

Nu NuBlelt number

” Factor for fixed annual costs

D2 Power demand factor

D3 Specific energy costs

P, Power losses
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Symbol  Signification

Prax Maximum transmitted power

r Conductor radius

Rao DC resistance at 20°C

R Resistance per unit length

Rtac  AC resistance per unit length

RYpe DC resistance per unit length

Rt DC resistance at temperature 7'

Re Reynolds number

RTS Conductor rated tensile stress

s Subconductor spacing

t Time

tm Annual utilization period

tL Annual utilization period of power losses

T Temperature, absolute temperature

Tam Ambient temperature (absolute)

Th Temperature of the external atmosphere (absolute)
U Transmission voltage

Un Nominal transmission voltage

|4 Wind velocity

w Wind load per unit length

wy Wind load per unit length with ice

T Parameter for skin and spiral effects

@ Temperature coeflicient of resistance

Al Temperature coeflicient of resistance of aluminium
QFe Temperature coeflicient of resistance of steel
vy Specific mass, density

Yal Specific mass of aluminium

VFe Specific mass of steel

4 Angle for consideration of the geographic orientation
£t Coefficient of thermal expansion

&t Al Coefficient of thermal expansion of aluminium
£t Fe Coefficient of thermal expansion of steel

n Dynamic viscosity of air

K Specific conductivity

K20 Specific conductivity at 20°C

A Thermal conductivity of air

o Permeability in vacuum

e Relative permeability of material

0 Resistivity

OAl Resistivity of aluminium

OFe Resistivity of steel

o Tensile stress

TAL Tensile stress of aluminium

oR Ultimate tensile strength

OFe Tensile stress of steel

O1%Fe Tensile stress of steel wires corresponding to 1 % elongation
@ Latitude, power load angle

Y Angle of line direction to the north-south axis

7.1 Conductor types and design

7.1.1 Introduction

Overhead power lines are aimed at reasonable and reliable transmission of electric
energy between two points. The conductors carry the electric energy and are, therefore,
the most important components of an overhead power line. The expenditures necessary
to purchase and install them correspond to something between 30 and 50 % of the
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Table 7.1: Standards for overhead line conductors and individual wires

IEC European  German ASTM

standards standards  standards standards
Standards for conductors
Aluminium IEC 61089 EN 50182 DIN 48201 Part 5 ASTM-B231
Aluminium alloy IEC 61089 EN 50182 DIN 48201 Part 6 ASTM-B399
Copper - - DIN 48201 Part 1 ASTM-B8
Copper alloy ~ - DIN 48201 Part 2 -
Steel - EN 50189 DIN 48201 Part 3 ASTM-A363
Aluminium-clad steel IEC 61089 EN 50182 DIN 48201 Part 8 ASTM-B416
ACSR IEC 61089 EN 50182 DIN 48204 ASTM-B232
AACSR IEC 61089 EN 50182 DIN 48206 ASTM-B711
ACSR/AC - EN 50182 - ASTM-B341
AACSR/AC EN 50182 - -

Formed wire conductors IEC 62219 - - -
Standards for wires

Aluminium IEC 60889 EN 60889 DIN 48200 Part 5 ASTM-B230
Aluminium alloy IEC 60104 EN 50183 DIN 48200 Part 6 ASTM-B398
Copper - - DIN 48200 Part 1 ASTM-B1

Copper alloy - - DIN 48200 Part 2 ASTM-B105
Aluminium-clad steel IEC 61232 EN 61232 DIN 48200 Part 8 ASTM-B415
Steel IEC 60888 EN 50189 DIN 48200 Part 3 ASTM-A475

Table 7.2: Recommended minimum conductor cross sections in mm?

Nominal voltage

Conductor made of above 1 kV up to 1 kV
ACSR according to EN 50182 34-AL1/6-ST1A  24-AL1/4-ST1A
Aluminium according to EN 50182 48-AL1 24-AL1

AACSR according to EN 50182 34-AL3/6-ST1A  24-AL3/4-ST1A
Aluminium alloy according to EN 50182 34-AL3 24-AL3

Copper according to DIN 48201 Part 1 25-E-Cu 10-E-Cu
Copper alloy according to DIN 48201 Part 2  25-Bz 10-Bzl
Aluminium-clad steel according to EN 50182  24-A20SA 24-A20SA

total investment for an overhead line. Many different types of conductors have been
used since overhead lines were first installed. In many industrialized countries there are
standards for conductors, and also international ones from IEC [7.1] and CENELEC
[7.2]. US American standards like [7.3, 7.4] and [7.5] are of widespread use as well. The
EN standards replaced the national standards valid up to now in European countries;
e. g. in Germany the conductor standards of the DIN 48 200 series (Table 7.1). From
the standards, the best-suited conductor can be selected for a specific application.
Besides that, special overhead conductors can also be manufactured, whenever deemed
necessary.

According to [7.6], conductors are bare or covered, insulated or earthed cables strung
between the supports of an overhead line, irrespective of whether they are alive or
not. Bundle conductors are arrangements of two or more subconductors used instead
of a single conductor and usually kept at an approximately constant spacing on their
entire length. According to [7.7], conductors are wires or combinations of wires not in-
sulated and suitable for carrying an electric current. Conductors can be wires, stranded
conductors or cables made of electrically conductive materials, but also, in accordance
with the definition given in [7.6], non-metallic optical fibre cables for telecommunication
purposes. Wires will not play any role for overhead lines in the future. Recommended
conductor minimum cross sections are given in Table 7.2, in accordance with [7.8].
Conductors are made either of one material — single material conductors — or of two
materials — composite conductors. Single-material conductors can be formed by mono-
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Table 7.3: Examples of conductor designations

Type of conductor EN 50182 IEC 61089 International
designation
Aluminium 93-AL1 93-A1-19 AAC
Aluminium alloy 93-AL3 93-A3-19 AAAC
Steel 93-ST1A 93-S1A-19 —
Aluminium-clad steel 93-A20SA - ACS
Aluminium/steel 243-AL1/39-ST1A 243-A1/S1A-26/7 ACSR
Aluminium alloy /steel 243-AL3/39-ST1A  243-A3/S1A-26/7 AACSR
Aluminium/aluminium clad-steel ~ 243-AL3/39-A20SA - ACSR/ACS
Aluminium/aluminium alloy 243-AL1/39-AL3 ACAR

metallic or metal-clad steel wires. Composite conductors include combinations of mono-
metallic and metal-clad steel wires. Aluminium and aluminium alloys, copper and cop-
per alloys are applied as base materials, as well as steel. The conductors are manufac-
tured with at least one or more successive layer with changing layer direction, arranged
helically around a core wire. The direction of layer is designed as right-hand or left-
hand. With right-hand layer, the wires conform to the direction of the central part of the
letter Z when the conductor is held vertically. With left-hand layer, the wires conform
to the central part of the letter S when the conductor is held vertically. The outermost
layer is preferably right-hand. The standards listed in Table 7.1 contain conductors
often used for overhead power lines. Beside the compositions and conductor structures
mentioned there, other designs can be found in national standards. Not-standardized
special conductor types, in particular types with integrated optical fibres, are adopted
as well.

7.1.2 Conductor designation

The designation of standardized wires and conductors can be found in the relevant
standards as shown in Table 7.1. According to EN 50182 [7.2], hard-drawn aluminium
is indicated as AL1 and aluminium alloys are indicated as ALx, where x varies from 2
to 7 (EN 50183 [7.9]) and refers to standardized alloys usually applied. Steel wires are
identified as STyz, the letter y representing the mechanical strength according to the
six different classes standardized by EN 50189 [7.10]. The letter z stands for the type
of zinc coating, classes A to E being standardized by EN 50 189.

Aluminium-clad steel wires are identified as yzSA, where y designates the steel strength
(y = A or B) and z the conductivity [7.11]. The figure stands for the percentage of
conductivity in relation to copper JACS (International Annealed Copper Standard
[7.21), see also clause 7.1.4.5). There are four types of conductivity being 20 SA, 27 SA,
30 SA and 40 SA.

The conductors are identified by a code number which corresponds to the cross-sectional
area in square millimetres and a code for the material. For composite conductors,
the data are separated for the envelope and the conductor core. Table 7.3 presents
examples for conductor identifications according to the European standard EN 50 182,
in comparison with the previous Central European identification and North American
practice. In North America, UK and France, the conductors have distinguished by
names of flowers, birds or animals like Crocus 228 for 185-AL1/43-ST66, Finch for
565-AL1/72-ST1A and Lynx for 183-AL1/43-ST1A.

7.1.3 Progress in technical development

The technical development of conductors for overhead power lines is described in [7.9,
7.13] and [7.14]. Copper conductors were used in the initial period of energy transmis-
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sion via overhcad lines around 1880. They were designed considering the mechanical
rather than the conductive and electric behaviour of materials, thus the high conduc-
tivity of copper was not utilized to full extent. Therefore, the employed cross sections
were larger than necessary in view of the required conductivity. Due to the high weight
of copper, spans were short, which in turn increased the total investment. At the end
of the 19th century, copper was replaced gradually by aluminium for transmission and
distribution lines. The first overhead power lines adopting aluminium were built in Cal-
ifornia in 1895 and in Germany in 1900. The first overhead power line using a seven
strand aluminium conductor was erected in Connecticut in 1899 and had been in op-
eration for more than 50 years. After these early applications, the use of aluminium
conductors increased continuously, being the practically exclusive material for overhead
conductors nowadays. Around the year 2000, aluminium has been used for overhead
lines for more than 100 years. Regarding conductivity, aluminium is second in the rank
of non-precious metals, behind copper. The ratio of conductivity to weight is twice as
that applicable to copper, and the ratio of mechanical strength to weight is approxi-
mately 30 % higher.

Since the introduction of aluminium in 1900, a higher ratio of mechanical strength to
weight of the conductors had been considered advantageous, as compared with pure
aluminium. Therefore, a composite conductor made of aluminium and steel was intro-
duced in 1907. This conductor combined the low weight and higher current capacity
of aluminium with the higher mechanical strength of a zinc coated steel core. The ad-
vantages achieved by the so-called aluminium conductor steel-reinforced (ACSR) were
soon acknowledged; they have been used in Germany since 1920 and captured the mar-
ket within 10 years, by 1930. The good conductivity of the conductors, together with
their favourable ratio of mechanical strength to weight, and their easy handling were
the reasons why they were almost exclusively applied in overhead power line projects
during the first half of the 20t"th century.

After some experiments carried out in Switzerland in 1921, a new aluminium magnesium
alloy, designated as Aldrey in Germany and Almelec in France, was introduced during
the 1930’s. Mono-metallic conductors were developed with this material, which achieved
the same mechanical and electric characteristics as aluminium-steel conductors, reduced
the weight and also improved the corrosion performance. These all aluminium alloy con-
ductors (AAAC) and the composite conductors (AACSR), which combine this material
with steel cores, represented alternatives to the aluminium-steel conductors. However,
the acceptance of this conductor type, as it sometimes happens to any new product,
was not the same in all industrialized countries. In France, this type of conductor has
already been used almost exclusively for many years. In other countries, its use was
restricted to special applications, because of unexpected problems caused by conductor
vibrations.

During the past years, however, there has been a worldwide trend towards the selection
of AAAC conductors, preferably to the aluminium-steel conductors, or even towards
the use of composite conductors made of aluminium alloy and steel.

In most recent years, some innovative conductor designs have appeared in the market
which comply with the changing requirements of the electricity industry [7.15]. New
alloys have been developed, which show a better thermal stability and electric conduc-
tivity. Innovative designs improved the vibration endurance capability, besides other
special characteristics.

The selection or development of conductors for transmission and distribution lines has
become a demanding task from both the technical and the economic point of view.
Selection of the best-suited conductor type and dimension for a certain line requires a
detailed knowledge of the characteristics of commercially available types of conductors.
The following items should be taken into account for an optimum selection:
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Table 7.4: Physical characteristics of main conductor materials

Ma- Standard  Density Specific  Specific Temperature Coefficient Resisti- Con-
terial conduc- heat coefficient of thermal  vity ducti-
tivity of resistance expansion vity
variation
¥ 20 c Q20 €t 020 TACS
kg/dm® m/Qmm? Ws/gK 1/K 107¢/K Qmm?/m %
ALl EN 60889 2,703 35,38 0,897  0,00403 23,0 0,02826 61
AL2 EN 50183 2,703 30,45 0,909  0,0036 23,0 0,03284 53
AL3 EN50183 2,703 30,74 0,909  0,0036 23,0 0,03253 53
AL4 ENS50183 2,703 30,40 0,909 0,0036 23,0 0,03289 52
AL5 EN 50183 2,703 31,06 0,909 0,0036 23,0 0,03220 54
AL6 EN 50183 2,703 31,75 0,909 0,0036 23,0 0,03150 55
AL7 EN 50183 2,703 32,79 0,909 0,0036 23,0 0,03050 57
TAL — 2,703 34,80 0,963 0,00403 23,0 0,02873 60
ST1A EN 50189 7,78 5,21 0,481 0,0045 11,5 0,1919 9
ST2B EN 50189 7,78 5,21 0,481 0,0045 11,5 0,1919 9
ST3D EN 50189 7,78 5,21 0,481 0,0045 11,5 0,1919 9
ST4A EN 50189 7,78 5,21 0,481 0,0045 11,5 0,1919 9
STSE EN 50189 7,78 5,21 0,481 0,0045 11,5 0,1919 9
ST6C EN 50189 7,78 5,21 0,481 0,0045 11,5 0,1919 9
20SA EN 61232 6,59 11,80 0,518 0,0036 13,0 0,08475 20
27SA EN 61232 591 15,66 0,544  0,0036 13,4 0,06385 27
30SA EN 61232 5,61 17,40 0,559 0,0038 13,8 0,05747 30
40SA  EN 61232 4,64 23,20 0,619  0,0040 15,5 0,04310 40
Cu? — 8,89 58,0 0,394 0,0039 17,0 0,01724 100
E-Cu DIN 48200 8,89 56,0 0,394  0,0039 17,0 0,01786 97
Part 1
Bzl DIN 48200 8,89 48,00 0,377 0,0038 17,0 0,02083 83
Part 2
BzII DIN 48200 8,89 36,00 0,377  0,0038 17,0 0,02773 62
Part 2
BzIII DIN 48200 8,89 18,00 0,377 0,0038 17,0 0,05556 31
Part 2

U Annealed copper

— Electric conductivity and thermal behaviour,

— Thermal load limits,

Economy of transmission,

— Mechanical strength of conductor,

— Mechanical load and stress-strain curves,

— Creep characteristics and the resulting sag increase as well as
— Behaviour under vibrations and fatigue strength.

7.1.4 Materials
7.1.4.1 Aluminium

Hard-drawn aluminium is the most frequently used material for overhead lines. It shall
consist of 99,5 % Al Its 35,38 S conductivity amounts to 61 % of copper conductivity,
and is described as 61 % IACS by the respective standard IEC 60889 [7.16].

Aluminium and its alloys belong to a group of non-precious metals that shows low cor-
rosion resistance even in less aggressive atmospheres. However, aluminium in contact
with air builds up a thick oxide layer that protects the metal against corrosion and
presents effective protection even under more aggressive environmental conditions, for
instance, near the sea. In Table 7.4, the physical characteristics of conductor materials
are presented. Its relatively low mechanical strength forms a disadvantageous character-
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Table 7.5: Mechanical strength characteristics of the most important conductor ma-
terials

Material Standard Modulus of Tensile stress at  Tensile stress Elongation
elasticity £ 1 % elongation before stranding
kN/mm? N/mm? N/mm? %

ALl EN 60 889 60 — 160 to 200 -
AL2 EN 50183 60 — 315 to 325 3,0
AL3 EN 50183 60 s 295 3,5
AL4 EN 50183 60 — 315 to 325 3,0
ALS5 EN 50183 60 — 295 3,5
AL6 EN 50183 60 o 304 to 314 3,5
AL7 EN 50183 60 — 255 to 300 3,0
TAL — 60 — 160 to 190 —
ST1A EN 50189 207 1100 to 1170 1300 to 1400 3,0 to 4,0
ST2B EN 50189 207 1000 to 1100 1200 to 1300 4,0
ST3D EN 50189 207 1100 to 1120 1400 to 1500 4,0
ST4A EN 50189 207 1225 to 1275 1620 to 1670 3,0 to 4,0
ST5E EN 50189 207 1370 to 1420 1620 to 1670 3,0 to 4,0
ST6C EN 50189 207 1340 to 1450 1600 to 1700 2,0 to 2,5
A20SA EN 61232 162 1000 to 1200 1070 to 1340 —
B20SA EN 61232 155 1100 1320 -
27SA EN 61232 140 800 1080 —
30SA EN 61232 132 650 880 —
40SA EN 61232 109 500 680 —
E-Cu DIN 48200 130 — 422 s

Part 1
Bzl DIN 48200 130 — 520 —

Part 2
BzIl DIN 48200 130 — 618 —

Part 2
BzIII DIN 48200 130 — 706 —

Part 2

Y not standardized

istic of conductive aluminium. It ranges from 160 to 200 N/mm?; therefore, aluminium
alloys or aluminium-steel composite conductors are preferably chosen for transmission
lines. After being stranded, the characteristics shown in [7.16] and Table 7.5 may be
reduced by 5 %. Wires produced in the casting/rolling process, also known as Properzi
blanks, are almost exclusively used in the production of aluminium wires [7.17].

7.1.4.2 Aluminium-magnesium-silicon alloys

Six types of aluminium-magnesium-silicon alloys are given in [7.9], which can be dis-
tinguished by their conductivity and mechanical strength. They are designated as AL2
to AL7. Their conductivity is between 30,4 and 32,8 m/Qmm?2, that is between 86 and
93 % of the conductivity of aluminium resulting in 52,5 and 57,5 % IACS. The me-
chanical strength is between 255 and 325 N/mm?, which amounts to about as much
as 1,6 times the corresponding aluminium value. These mechanical strengths should be
obtained also after stranding the conductors. The essential data are given in Tables 7.4
and 7.5. ALx alloys are standardized in EN 1715-2 {7.18]. For the production of alu-
minium alloy strands, blank material resulting from the casting/rolling process [7.19] is
used and then drawn to the final diameter. Blank material prepared by the estruding
process is expensive and seldom used for overhead conductor strands.

In the USA, the aluminium alloy named 6201-T81 is most commonly used for overhead
line conductors. Its rated strength is around 310 N/mm?, similar to that of AL6 listed
in Table 7.5.
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7.1.4.3 Steel wires

Zinc-coated steel wires are used for aluminium-steel composite conductors and also for
steel earth wires. In [7.10], six types of steel wires are mentioned: ST1A, ST2B, ST3D,
ST4A, ST5E and ST6C. The numbers indicate the mechanical strength and the last
capital letter the type of zinc coating. The requirements of zinc coating depend on the
wire diameter and are as follows: between 150 and 290 g/m? for classes A, C and E;
between 370 and 580 g/m? for class B and between 365 and 825 g/m? for class D.
Standard EN 10244-2 [7.20] describes the testing of zinc coating.

The tensile strength of steel wires is between 1200 and 1800 N/mm?, depending on the
steel class and the wire diameter, which is standardized between 1,25 and 4,75 mm.
Tables 7.4 and 7.5 contain the most important characteristics of steel wires. In case
of testing of wire samples taken from stranded conductors, their acceptable tensile
strength may be 5 % lower than specified in Table 7.5.

7.1.4.4 Aluminium-clad steel wires

Aluminium-clad steel wires are produced by sintering aluminium on a stecl wire and,
afterwards, drawing them to the final strand diameter. This process results in a com-
bination of high mechanical strength of steel and, increased conductivity and good
resistance against corrosion of aluminium [7.21]. In [7.11], five types of aluminium-clad
steel wires are standardized with the codes A20SA, B20SA, 27SA, 30SA and 40SA.
The letter A or B refers to the steel strength. The numbers indicate the conductivity in
percent TACS and correspond to an aluminium portion of 25, 37, 42 and 62 %, respec-
tively, of the total cross section of individual wires or to a mean thickness of aluminium
layers with 13,4, 20,5, 24,5 or 38,4 % of wire radii. The mechanical strengths depend
substantially on the thickness of the aluminium layer (see Table 7.5). The strength data
of A20SA wires correspond approximately to those of steel wires ST1A.

7.1.4.5 Copper and copper alloys

Conductive copper (E-Cu) and copper wrought alloys with magnesium (bronze) are sel-
dom used for overhead lines, however, they arc still found in old lines and in railway
electric power supply installations, where high mechanical strength and high conduc-
tivity are required. Nevertheless, the resistivity of anncaled copper is used as a com-
parative basis for the resistivity of other materials. The International Annealed Copper
standard is cxpressed in terms of mass resistivity as 0,5328 Q-g/m?, or the resistance
of a uniform round wire 1 m long weighing 1 g at 20°C. An equivalent expression is
0,017241 Q-mm?/m. The equivalent conductivity is 58 S:-m/mm? defined as 100% IACS.
Addition of magnesium significantly increases the mechanical strength of copper wires,
but greatly reduces the conductivity, as can be seen in Table 7.4. Since the application
of copper conductors is limited, no international standard has been prepared so far.

7.1.4.6 Thermal resistant aluminium alloys

Hard-drawn aluminium recrystallizes at temperatures above 100°C and looses its me-
chanical strength (Figure 7.1). This applies to aluminium-magnesium-silicon alloys as
well. Thus, their permissible permanent temperature is limited to 80°C [7.6]. Higher
temperatures are also linked with higher permanent unelastic clongation, which leads
to an irreversible increment of sag. To allow operation at higher temperatures and to
enable the transmission of higher currents, some zirconium is added to the aluminium.
This component increases the recrystallization temperature to a value around 200°C,
keeping the other characteristics approximately the same. In Figure 7.2, the residual
strength of aluminium and Thermal-resistant Aluminium (TAL) at 200°C is shown as a
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Figure 7.1: Strength of conductor materials Figure 7.2: Strength of aluminium and TAL
depending on the temperature at 200°C

op1 tensile strength before temperature rise

op2 tensile strength after temperature rise

function of the heating period. After the first 100 hours only an insignificant decrease of
the mechanical strength is observed for TAL. The electric conductivity of TAL is 60 %
TACS instead of 61 % for aluminium (see Table 7.4). The mechanical strength is as with
aluminium. Conductors made of AlZr alloys [7.22] can be operated at temperatures of
150°C, whereby correspondingly large sags can result, however.

7.1.5 Wire testing
7.1.5.1 Introduction

EN 60888, EN 60889, EN 50183, EN 50189 and EN 61 235 describe testing of various
types of metallic wires used for overhead line conductors. Sample tests should be carried
out at every 10 % of the wire lengths prepared for stranding. When a sample does not
comply with any of the requirements, the client has a right to reject the whole lot the
sample was taken from. The manufacturer is then allowed to test every single reel or
every single coil of blank material and to present those wires for acceptance which have
accomplished the requirements. However, in any case, the client will take samples with
strands from already stranded conductor. At these samples, the tensile strength may
be up to 5 % lower than that required for the wires before stranding.

7.1.5.2 Dimensions and surfaces

The wire diameters are given in millimetres and are accurate to two decimal places.
For AL1 to ALY, permissible deviations given by the standards are: +0,03 mm for
diameters up to 3,00 mm and +1 % for larger diameters.

The wire surface must be smooth, free from fissures, cavities, inclusions as well as from
impurities like, for instance, copper particles. The same applies to the surface of zinc
coated steel wires.

7.1.5.3 Testing the tensile strength

Every wire sample is submitted to a tensile strength test according to EN 10002-1 [7.23)
or [7.24]. The tensile strength measured may not fall below the required values. When
carrying out the tensile test, the breaking strain is recorded related to a measuring
length of 250 mm. In case of steel and aluminium-clad steel strands, the tensile load
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corresponding to a 1 % elongation related to a measuring length of 250 mm is recorded
as well.

7.1.5.4 Wrapping and twisting test

Every sample is submitted to a wrapping test in accordance with ISO 7802 [7.25]. Eight
wrappings of the aluminium wire are wound around a mandrel with the same diameter
as the wire and, then, six turns are wound off and wound up again around the mandrel.
The wire may not break. For ALx wires, standard EN 50 183 requires only winding up
of the wires tested.

For zinc coated steel, the mandrel diameter depends on the classification of material.
Here, winding up of only eight turns is enough. A twisting test is also required for
steel and aluminium-clad steel wires where a wire as long as 100 times its diameter is
twisted around itself and, depending on the steel class and on the wire diameter, should
withstand without rupture 10 to 18 rotations in case of steel wires, or 20 such rotations
in case of aluminium-clad steel wires.

7.1.5.5 Testing zinc mass, cladding thickness and uniformity

The zinc mass of galvanized steel wires can be tested using the volume or the mass
method according to EN 10 244-2 {7.20], whereby the zinc coating is detached by appli-
cation of hydrochloric acid. The uniformity is tested by applying the zinc dip test by
dipping in a copper sulphate solution. The required minimum number of dips depends
on the thickness of the zinc coating and is specified in [7.10].

The cladding thickness and cladding uniformity of aluminium-clad steel wires is de-
termined either applying the magnetic penetration or by direct measurement on the
photomicrograph of a sample embedded in cast resin.

7.1.5.6 Testing resistivity

The resistivity is measured at temperatures between 10 and 30°C in accordance with
TEC 60468 [7.26]. The measured resistance Ry is adjusted to the reference temperature
of 20°C as follows:

Rao = Rr/(1+ (T — 20)) (7.1)
where
T temperature during measurement,
Rt, Ry resistance at temperature T and 20°C, respectively, and
@ temperature coefficient of resistance (see Table 7.4).

The resistivity can be evaluated from the measured diameter of the wire and the mea-
suring length.

7.1.6 Conductors made of wires with the same material
7.1.6.1 All aluminium conductors

Standards include all aluminium conductors (AAC)as in [7.2], where information is
given about many types used in European countries. In Table 7.6, composition and
mechanical strength are given as an example for conductors specified in EN 50 182, to-
gether with the current carrying capacity (ampacity), which ranges from 110 to 1540 A.
The current carrying capacity applies to 35°C ambient temperature and 0,6 m/s wind
velocity.

Due to the relative small ratio of mechanical strength to weight as well as the high
susceptibility to vibrations; AL1 conductors are nowadays used mainly in distribution
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Table 7.6: Technical data for conductors made of aluminium (ALl or AAC)

Designation Cross- Number Diameter Rated DC Current

sectional of Strand Conductor breaking resistance carrying

area strands strength capacity

(ampacity)
mm? mm mm kN Q/km A

16-AL1 15,9 7 1,70 5,10 3,02 1,7986 110
24-AL1 24,2 7 2,10 6,30 4,36 1,1787 145
34-AL1 34,4 7 2,50 7,50 6,01 0,8317 180
49-AL1 49,5 7 3,00 9,00 8,41 0,5776 225
48-AL1 48,3 19 1,80 9,00 8,94 0,5944 225
66-AL1 65,8 19 2,10 10,5 11,85 0,4367 270
93-AL1 93,3 19 2,50 12,5 16,32 0,3081 340
117-AL1 117,0 19 2,80 14,0 19,89 0,2456 390
147-AL1 147,1 37 2,25 15,8 26,48 0,1960 466
182-AL1 181,6 37 2,50 17,5 31,78 0,1588 520
243-AL1 242.5 61 2,25 20,3 43,66 0,1193 625
299-AL1 299,4 61 2,50 22,5 52,40 0,0966 710
400-AL1 400,1 61 2,89 26,0 68,02 0,0723 855
500-AL1 499,8 61 3,23 29,1 82,47 0,0579 990
626-AL1 626,2 91 2,96 32,6 106,45 0,0464 1140
802-AL1 802,1 91 3,35 36,9 132,34 0,0362 1340
1000-AL1 999,7 91 3,73 41,1 159,95 0,0291 1540

Table 7.7: Technical data for conductors made of aluminium alloy (AL3 or AAAC)

Designation Cross- Number Diameter Rated DC Current

sectional of Strand Conductor breaking resistance carrying

area strands strength capacity

(ampacity)
mm? mm mm kN Q/km A

16-AL3 15,9 7 1,70 5,10 4,69 2,0701 105
24-AL3 24,2 7 2,10 6,30 7,15 1,3566 135
34-AL3 34,4 7 2,50 7,50 10,14 0,9572 170
49-AL3 49,5 7 3,00 9,00 14,60 0,6647 210
48-AL3 48,3 19 1,80 9,00 14,26 0,6841 210
66-AL3 65,8 19 2,10 10,5 19,41 0,5026 255
93-AL3 93,3 19 2,50 12,5 27,51 0,3546 320
117-AL3 117,0 19 2,80 14,0 34,51 0,2827 365
147-AL3 147,1 37 2,25 15,8 43,40 0,2256 425
182-AL3 181,6 37 2,50 17,5 53,58 0,1827 490
243-AL3 242,5 61 2,25 20,3 71,55 0,1373 585
299-AL3 299,4 61 2,50 22,5 88,33 0,1112 670
400-AL3 400,1 61 2,89 26,0 118,04 0,0832 810
500-AL3 499,8 61 3,23 29,1 147,45 0,0666 930
626-AL3 626,2 91 2,96 32,6 184,73 0,0534 1075
802-AL3 802,1 91 3,35 36,9 236,62 0,0417 1255
1000-AL3 999,7 91 3,73 41,1 294,91 0,0340 1450

networks and substations, where high conductivity is required and the span lengths are
relatively short. Their high resistance against corrosion qualifies these conductors also
for lines in coastal regions. In USA, all aluminium conductors (AAC) are standardized
in ASTM B231 [7.3].

7.1.6.2 All aluminium alloy conductors

All aluminium alloy conductors are standardized in [7.2] with the designation ALx. As
an example, AL3 conductors as per EN 50182, Table F.18, are provided in Table 7.7.
Depending on the diameter of the individual strands, the rated breaking strength for
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Table 7.8: Technical data for conductors made of aluminium-clad steel (A20SA)

Designation Cross- Number Diameter Rated DC Current

sectional of Strand  Conductor breaking resistance! carrying

area strands strength capacity

(ampacity)

mm? mm mm kN Q/km A
24-A20SA 24,2 7 2,10 6,30 32,49 3,5364 65
34-A20SA 34,4 7 2,50 7,50 46,04 2,4953 80
49-A20SA 49,5 7 3,00 9,00 66,30 1,7328 115
66-A20SA 65,8 19 2,10 10,5 88,18 1,3102 135
93-A20SA 93,3 19 2,50 12,5 124,98 0,9245 170
117-A20SA 117,0 19 2,80 14,0 156,77 0,7370 195
147-A20SA 147,1 37 2,25 15,8 197,13 0,5881 225
182-A20SA 181,6 37 2,50 17,5 243,38 0,4764 255
243-A20SA 242,5 61 2,25 20,3 325,00 0,3579 310
299-A20SA 299,4 61 2,50 22,5 401,24 0,2899 355

Y Aluminium and steel cross sections considered

the same conductor design is 55 to 84 % higher than that of AL1 conductors, while the
steady-state current carrying capacity amounts to 95 % of the AL1 data.

The ALx conductors share a large application in the international market due to their
high mechanical strength and their high conductivity when compared with composite
conductors of the same diamecter, for example in France, where this alloy is called
Almelec. In [7.2], this material is referred to as AL4. The higher coefficient of thermal
ezpansion is disadvantageous compared to AL1/STyz conductors, as is their low weight
with respect to aeolian vibrations. In the USA, aluminium alloy conductors (AAAC)
are mainly manufactured according to ASTM B399 [7.4].

7.1.6.3 Aluminium-clad steel conductors

As an example, Table 7.8 contains technical data for aluminium-clad steel conductors
(A20SA) which are standardized according to EN 50 182, Table F21. The rated breaking
strength is approximately 7,5 times higher than of ALl conductors having the same
dimension. Such conductors are specially adequate as earth wires [7.27], as well as for
span lengths of 2000 m and above, however using special designs which have larger
cross sections and a higher number of strands [7.28]. In the USA, aluminium-clad steel
conductors (ACS) are standardized according to ASTM B416 [7.29]

7.1.6.4 Copper, copper alloy and steel conductors

Copper, copper alloy and steel conductors arc applied today only in cases where high
resistance to corrosion is needed (copper and bronze), for earth wires or in cases where
unusually high loads are expected in overhead lines. Here, steel conductors may rep-
resent an alternative solution. There are no European standards for such conductors.
German standard DIN 48 201, Part 1 deals with copper, DIN 48 201, Part 2 with bronze
and DIN 48201, Part 3 with zinc coated steel conductors. Copper magnesium alloys
are used for bronze conductors.

7.1.7 Composite conductors

7.1.7.1 Configuration and design

Composite conductors are made up of wires produced from different types of met-
als. They are usually formed by a steel core and a one- or multiple-layer envelope
of aluminium (AL1) or aluminium alloy (ALx). These conductors arc also designated
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st 7x@268mm Figure 7.3: Cross section of a composite conductor 243-AL1/39-ST1A
Al 26x@345mm  according to EN 50182, previously ACSR 240/40

as ACSR (aluminium conductor steel reinforced) or AACSR. However, there are also
designs in which steel and aluminium wires are mixed in individual layers of the con-
ductors. Furthermore, there are also conductors with a core made of aluminium-clad
steel wires (yzSA) or of ALx (AAAC) wires which are known as AL1/yzSA, ALx/yzSA
or AL1/ALx, respectively. They are also named as ACSR/ACS or ACAR, respectively.
In Figure 7.3, the cross section is shown of a 243-AL1/39-ST1A composite conductor
previously designated as ACSR 240/40 in Germany, having a seven-wire steel core and
26-wire aluminium envelope.

Composite conductors provide some advantages which contribute to their widespread
use. The composition allows a high conductivity by adequate selection of the section
of conductive envelope, combined with high mechanical strength of a steel, aluminium-
clad steel or ALx core. The high strength enables to reduce the sags and achieve long
span lengths. Thus, ALx/STyz (AACSR) and ALx/yzSA (AACSR/ACS) conductors
have proved to be adequate for overhead lines across wide rivers or valleys. The strength
may be adapted to every application by means of variations in the components of the
core or in its mechanical strength. ALx (aluminium alloy) used as conductive material
increases the breaking strength in comparison with AL1, without causing a significant
decrease of the total conductor conductivity.

The multiple-layer aluminium envelope of composite conductors protects the zinc-
coated steel wires permanently against corrosion, when the steel cores are greased. In
Central Europe, the practice of greasing is followed. However, especially in regions of
hot climate, the grease could melt and drop from the conductor thus producing corona
discharges. Therefore, attention should be paid to a sufficiently high drop point of the
grease (above 80°C) and a high viscosity. Standard prEN 50 326 [7.30] applies to grease.
Composite conductors with a core made of aluminium-clad steel wires [7.21] combine
a high conductivity with an excellent resistance against corrosion and, therefore, no
greasing is needed.

Composite conductors have shown a superior long-term performance under aeolian
vibration due to wind excitation. Under permanent tensile load, aluminium is contin-
uously elongated, a phenomenon called creep. In composite conductors, steel creeps to
a much lower extent than aluminium [7.31]. With passing period of time, the tensile
stress of aluminium wires decreases while that of steel wires increases. This results in a
higher resistance against alternating bending stresses caused by aeolian vibrations. This
load displacement cannot take place in mono-metallic or AL1/ALx conductors. That is
the reason why these conductors are highly susceptible to fatigue problems [7.32].
Every composition, especially every cross-sectional ratio of conductive material to core
is conceivable for composite conductors; however, with passing time, certain ratios have
become popular. Internationally, there is a lot of standardized dimensions. In Europe,
the various national standards for conductors were replaced by EN 50182. Table 7.9
contains information on AL1/ST1A conductors according to EN 50 182, Table F.19. The
standardized cross-sectional ratios of aluminium and aluminium alloy, respectively, to
steel are 1,4, 1,7, 4,3, 6,0, 7,7, 11,3, 14,5 or 23,1. Today, phase conductors are used
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Table 7.9: Characteristic data of ACSR conductors — configuration AL1/ST1A as per EN
50182, Table F.19

Designation Former  Cross Number Con- Mass Rated DC  Current
code section of duc- per strength resist- carrying
strands tor unit ance capacity

ACSR total diam. length

mm? Al

wn
=

mm  kg/km kN Q/km A

15-AL1/3-ST1A 16/2,5 17,8 6 5,40 61,6 580 18769 105
24-AL1/4-ST1A 25/4 278 6 6,75 96,3 8,95 12012 140
34-AL1/6-ST1A 35/6 401 6 8,10 1387 12,37 08342 170
44-AL1/32-ST1A 44/32 75,6 14 11,2 369,3 44,24 06574 200
48-AL1/8-ST1A 50/8 56,3 6 9,60 1948 16,81 0,5939 210
51-AL1/30-ST1A 50/30 81,0 12 11,7 374,7 42,98 05644 230
70-AL1/11-ST1A 70/12 81,3 26 11,7 282,2 26,27 04132 290
94-AL1/15-ST1A 95/15 109,726 13,6 380,6 3593 0,3060 350
97-AL1/56-ST1A 95/55 152,812 16,0 706,8 77,85 02992 370

106-AL1/76-ST1A  105/75  181,2 14
122-AL1/20-ST1A  120/20 1414 26
122-AL1/71-ST1A  120/70 1934 12
128-AL1/30-ST1A  125/30 1578 30
149-AL1/24-ST1A  150/25  173,1 26
172-AL1/40-STIA  170/40  211,8 30
184-AL1/30-STIA  185/30  213,6 26
209-AL1/34-ST1A  210/35 2432 26
212-AL1/49-ST1IA  210/50 2615 30
231-AL1/30-ST1A  230/30  260,8 24
243-AL1/39-ST1A  240/40  282,5 26
264-AL1/34-ST1A  265/35  297,7 24
304-AL1/49-ST1A  300/50  353,7 26
305-AL1/39-ST1A  305/40 3441 54
339-AL1/30-ST1A  340/30  369,1 48
382-AL1/49-ST1A  380/50 4312 54
389-AL1/34-ST1A  385/35  420,1 48
434-AL1/56-ST1A  435/55 4906 54
449-AL1/39-ST1A  450/40 4882 48
490-AL1/64-ST1A  490/65 5538 54
494-AL1/34-ST1A  495/35 5284 45
511-AL1/45-STIA  510/45  585,8 48
550-AL1/71-ST1IA  550/70 6209 54
562-AL1/49-ST1A  560/50 6112 48
571-AL1/39-ST1A  570/40  610,6 45
653-AL1/45-STIA  650/45  698,8 45
679-AL1/86-ST1A  680/85 7645 54
1046-AL1/45-ST1A  1045/45 1090,9 72

—

IR I I A AR BES EES EENERR PN IR PR IEN IR I IR (RN (PR ERC IS SRS IS IR TR IR 7= S S G g Ry

17,5 8853 105,82 0,2742 400
15,5 4910 44,50 0,2376 410
18,0 8945 97,92 02364 415
16,3 587,0 56,41 02260 425
17,1 600,8 53,67 0,940 470
18,9 788,2 74,89  0,1683 520
19,0 7410 6527 0,1571 535
20,3 844,1 73,36  0,1381 590
21,0 973,1 92,46 0,1363 620
21,0 870,9 72,13  0,1250 630
21,8 980,1 85,12 0,1188 645
22,4 9944 81,04 0,1095 680
24,4 12273 105,09 0,0949 740
241 1151,2 96,80 0,0049 740
250  1171,2 91,71  0,0852 790
27,0 14425 121,30 0,0758 840
26,7 13336 102,56 0,0749 850
28,8 1641,3 133,59 0,0666 900
28,7 15491 119,05 0,0644 920
30,6 1852,9 150,61  0,0590 960
29,9 1632,6 117,96 0,0584 985
30,7 1765,3 133,31 0,0566 995
324 2077,2 166,32  0,0526 1020
32,2 19395 146,28 0,0515 1040
32,3 1887,1 136,40 0,0506 1050
344 21599 156,18 0,0442 1120
36,0 25497 206,56 00426 1150
43,0 32482 218,92 0,0277 1580

—

having cross-sectional ratios between 6,0 and 14,5 for the majority of lines; lower ratios
are used for earth wires, larger ratios in substations. The respective number of wires
varies between 6 and 72 for the envelope and between 1 and 19 for the core. For special
applications, conductors with more than 100 wires are applied. In these cases, the
stranding is performed in several consecutive runs. The number of reels available at the
stranding machines determines the maximum number of wires of the outermost layer
and the number of runs to manufacture the conductor (see clause 7.1.7.3). In the USA,
composite conductors are standardized according to ASTM B232 [7.33]

7.1.7.2 Characteristic data

In many practical calculations, composite conductors can be treated as mono-metallic
conductors, therefore, a virtual modulus of elasticity, a virtual tensile stress, a specific
heat, a resulting resistance, a temperature coefficient of resistance and a resulting ther-
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Table 7.10: Mechanical and electrical values of standard conductors

Conductor Cross- Number Coeflicient Temperature Specific  Specific Specific
material, sect- of of thermal coefficient conduc- resisti- heat
Standard ional strands  expansion  of resistance tivity vity
ratio £t « K 0 c
-107%/K 1/K m/Qmm? Qmm?/m Ws/(kg-K)
AL1 (AACQ)
EN 50182 7 to 91 23,0 0,00403 35,4 0,0283 897
AL3
(AAAQ) 7 to 91 23,0 0,00360 30,7 0,0326 909
EN 50182
Copper
DIN 48 201 7 to 61 17,0 0,00394 56,0 0,0179 394
Part 1
Bronze Bzl 48,0 0,0208
DIN 48 201 7 to 61 17,0 0,00377 BzII 36,0 0,0278 377
Part 2 BzIII 180  0,0556
Steel
DIN 48 201 7 to 19 11,5 0,00450 5,2 0,1916 481
Part 3
A20SA
EN 30182 7 to 61 13,0 0,00360 11,8 0,0848 518
14 14/7 15,0 605
14/19 15,0 618
AL1/ST1A i; ;gﬂ 1‘7’2 0,00403 35,4 0,0283%) ‘7’??
(ACSR) 6,0 6/1 19.2 (AL1) (AL1) (AL1) 750
and 26/7 18,9
AL3/ST1A 2477 19%6 0,00360 30,7 0,0326V
S:CAOSES) w07 54/7 19,3 (AL3) (AL3) (AL3) 772
N 50 100 54/19 19,4
11,3 48/7 20,5 803
14,5 45/7 20,9 820
23,1 72/7 21,7 845

R envelope only

mal expansion coefficient can be used in the calculations. The modulus of elasticity is
approximately given by

Ep-m1+ E

B farm Fe , (7.2)
my + 1

where m is the cross-sectional ratio of conductor envelope to core (aluminium to steel),
E ) the modulus of elasticity of aluminium and Fre the modulus of elasticity of steel.
The values given in Table 7.11, which are based on [7.2] and [7.6], differ slightly from
the result obtained from (7.2), because the stranding effects were taken into account.
The coefficient of thermal expansion & is

eral - Bal - mi + gpe - Ere

£y = s 7.3
’ my - Eal + Ere (7.3)

where €] is the coefficient of thermal expansion of aluminium and e, the coefficient
of thermal expansion of steel. Table 7.11 contains the standard values.
The specific mass v or density can be calculated by

YAL © M1+ YFe (7.4)

7= m1+1

where 74, is the specific mass of aluminium and ~yr. the specific mass of steel.
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Table 7.11: Modulus of elasticity, everyday and long-term stress according to
EN 50341-3-4 for standardized conductors

Conductor Cross- Number Modulus of Everyday Long-term
material, sectional of elasticity stress stress
Standard ratio strands E
kN/mm? N/mm? N/mm?
1,0 7 60
AL1 ’
19, 37 57 30 120
x )
EN 50182 61 91 55
AL3 1,0 7 60
(ACSR) 19, 37 57 44 240
EN 50182 61, 91 55
Copper 1,0 7 113
DIN 48 201 19, 37 105 85 300
Part 1 61 100
Bronze 1,0 7 113 Bzl 100 400
DIN 48201 19, 37 105 BzII 100 500
Part 2 61 100 BzIII 100 620
1,0 7 180 STI 320
Steel ’
ST II 120 560
EirNt ?;8 201 19 175 ST III 130 900
ST IV 150 1100
A20SA
EN 50 182 1,0 7,37 159 137

ALl/ AL3/ ALl/ AL3/
STIA STIA STIA STIA

1,4 14/7 110 90 104 401 464
14/19 110
; 1,7 12/7 107 84 102 368 435
(&_\Léé?gh\ 43 30/7 82 57 69 240 328
i 6,0 6/1 81 56 67 208 300
and 26/7 77
AL3/ST1A
(AACSR) 24/7 74
U 7,7 54/7 70 52 63 189 284
according to
EN 50182 54/19 68
B 11.3 48/7 62 44 53 165 265
14,5 45/7 61 40 50 152 255
23,1 72/7 60 35 130 —

The specific heat is obtained from

= CAIYAL * T + CFe'YFe

(7.5)
YAl T+ Ve
where ¢y is the specific heat of aluminium and cp. the specific heat of steel.
The resistivity is given by
my + 1
_ oalgre(my +1) (7.6)

QA1 + OFe - M1

where gy is the resistivity of aluminium and gpe the resistivity of steel.
The tensile stress o, defined as the quotient of the conductor tensile force Fr by the total
cross-sectional area Ay, is not a real physical quantity of composite conductors, since
the actual stresses occurring in aluminium and steel wires differ from that quotient. The
stresses in the aluminium envelope, assuming the same elongation for all the aluminium
wires, can be calculated as follows:

mq+ 1

O\l =0 —————— | 7.7
Al mi +EF(.,/EA1 ( )
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where o = F /Ao is the tensile stress related to the area of the total conductor.
For the steel core, the tensile stress is given by

1+m1

1+ mi(Eai/Ere) 9

OFe =0 -
The results given by (7.7) and (7.8) are theoretical values which assume a homogeneous
distribution of the proportional tensile load on all wires of the same material. Due to
the differing stranding of each layer, significant differences may occur between tensile
stresses in individual wires [7.34].
Nevertheless, (7.7) and (7.8) give an estimate of the stresses in each individual wire.
Depending on the proportion of both materials — aluminium and steel — in composite
conductors of different design, their stresses can differ, despite the same total tensile
stress. Corresponding data can be obtained for other materials, if aluminium is replaced
by the envelope material and steel by the material of the core, respectively.
For a 304-AL1/49-ST1A conductor with a cross-sectional ratio of 6,0 and the overall
tensile stress of 60 N/mm?, a tensile stress of 45,8 N/mm? results for the aluminium
wires and 144,8 N/mm? for the steel wires. For a 562-AL1/49-ST1A conductor with a
cross-sectional ratio of 11,3 and an overall tensile stress of 60 N/mm?, a tensile stress
of 51,0 N/mm? results for the aluminium wires and 161,1 N/mm? for the steel wires. It
can be seen that, the larger the aluminium proportion, the higher the aluminium and
steel stresses will be for the same overall tensile stress.
The calculated distribution of the total force does not take into account the differ-
ent temperature behaviour. To a decreasing temperature, the aluminium reacts with
a higher participation in the total force, due to the different coefficients of thermal
expansion; if the temperature increases, the effect is the opposite.
The rated tensile strength (RTS) of composite conductors is determined in accordance
with EN 50 182, section 5.9. For ALx/STyz and ALx/yzSA conductors, it is equal to the
minimum tensile strength of aluminium wires before the stranding process, multiplied
by their rated cross section plus the tensile stress of steel or aluminium-clad steel wires
corresponding to 1 % elongation in a 250 mm gauge length before stranding, multiplied
by their rated cross section

RTS = OBAI * AAI + 01 g Fe - Ape . (79)

The requirements on RTS of conductors are considered to be accomplished by a test
when failing of individual wires occurs only after 95 % of that rated strength have been
reached.

7.1.7.3 Production

The machines used for stranding of conductors must accomplish different requirements
depending on the materials of the wires to be stranded and the conductors to be
produced. Twisting of steel, aluminium-clad steel or aluminium alloy wires should be
avoided. Therefore, stranding machines provided with untwisting equipment are used.
The reel supports turn in the opposite direction to that of the stranding process; they
keep the relative position of their axles in the space, thus reducing the twisting of the
individual wires. Contrary to that, aluminium wires can be stranded using machines
with reels fixedly arranged in the cage which cause the individual wires to twist around
themselves during the stranding process.

During a run, one to three layers of wires can be stranded with 6, 12 and 18 wires per
lay or by 12, 18 and 24 wires, respectively, depending on the design and the capacity
of the stranding machines. The lay ratio of a conductor is the ratio of the lay length to
the external diameter of the corresponding lay of wires in the stranded conductor. The
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lay ratios are in between 14 and 20 in case of steel wires and in between 10 and 16 in
case of aluminium and aluminium alloy wires. The lay ratio should decrease from the
core to the outermost layer or at least remain constant.
The consecutive layers are stranded in opposite lay directions, the external layer being
stranded preferably right-hand. For composite conductors, the core and the envelope are
stranded separately. All steel wires should lie naturally in their position in the stranded
core, and when the core is cut the wire ends should remain in position or be readily
replaced by hand and then remain approximately in position. To comply with this
requirements, the individual steel wires are preformed prior to the stranding process.
To improve the resistance against corrosion, zinc coated steel wires are usually greased.
There are soap-containing or soap-free greases which are mainly distinguished by their
drop point; when the temperature exceeds the drop point, the grease gets liquid and lost.
The drop point of the grease has to be adjusted to the maximum operating temperature
of the conductor. For soap-free greases, the drop point is below 100°C. The standard
EN 50326 [7.30] specifies details for conductor greasing. In EN 50182 [7.2], Annex B,
four cases of grease application are specified:

— Case 1: ounly steel core is greased.

— Case 2: all the conductor is greased, except the outer layer.

— Case 3: all the conductor is greased, including the outer layer.

— Case 4: all the conductor is greased, except the outer surface of the wires in the

outer layer.

Case 1 should be used for conductors with galvanized steel wires in the core as a
minimum requirement [7.2]. Expericnce and tests show that the zinc coating will not
be corroded even during long-term exposure to corrosive atmosphere, espccially in case
of several ALx layers. On the other hand, severe corrosion is reported in case of non-
greased galvanized steel cores, even when the exposure has been for a short period of
time only. Greasing of the outer layer is not recommended, since corona could occur
and the performance of clamps would be affected.

7.1.7.4 Joints

Joints in aluminium and aluminium alloy blanks may be made prior to final drawing
without restrictions [7.9, 7.16]. One joint may also be made in the finished wire provided
— The mass of the coil is at least 500 kg;
— There is not more than one joint in such coil;
Not more than 10 % of coils in a lot contain a joint and
When requested by the purchaser, the manufacturer can provide evidence that
the joints do not have a tensile strength below 130 N/mm?.
Joints in steel wires are allowed in the base hot rolled rod and semi-finished wire by
electric butt or flash welding process, before or after heat treatment and prior to final
drawing (see [7.10]). The following should be considered:

— After drawing to the final diameter, joints should have a minimum tensile strength
not less than 80 % of a wire without joint.
The finished wire with a joint is not required to pass the ductility wrapping test.
No joints should be made in the coated steel wires at final diameter.

— No joint should be made after heat treatment in wires destined to be used in

conductors containing only one steel wire.

Joints in aluminium-clad steel wires may only be made in the blanks prior to drawing.
The finished wire with a joint sould have a strength of 80 % of the wire without a joint.
Several tests may not be passed by welded wires.

In [7.2], several additional requirements are provided on the use of jointed wires for
conductors:
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— For conductors with one steel wire only, there may be no joint made after heat
treatment.

— No joints at all may be made in finished zinc-coated or aluminium-clad steel wires.

— Not more than one jointed aluminium wire may be used per length of conductor.

— During stranding, aluminium wires may not be welded for the purpose of achieving
the required conductor length.

However, joints are permitted in aluminium wires unavoidably broken during stranding.

— The number of joints may not exceed a certain number as per [7.2].

— Their minimum distance is 15 m between joints in the same or in any other wire.

— The welding method should be approved by the purchaser.

— The joints should be dressed smoothly.

— The joints should withstand a stress not less than 75 N/mm?.

— Some purchasers do not allow wires of the outer layer to be welded.

— The identification of joints should be agreed upon when placing the contract.

— Wires of conductors containing optical fibres should not be welded.

7.1.7.5 Shipment

For shipping the conductors, they are wound on reels in accordance with [7.2], where
either fitted lengths adjusted to the lengths of the tensioning sections or fixed lengths
corresponding to the capacity of the reels are supplied. Both, type of shipment and
size of reels should be agreed upon together with the order. The diameter of the reel
barrel should be 30 times the conductor diameter or 60 times the steel core diameter,
whichever is the larger.

Occasionally, conductors on wooden reels shipped in containers [7.35] showed dark
discoloration, which was attributed to condensation water within the containers or
could also be traced back to damp wooden reels. In the mentioned publication, some
recommendations to prevent such discoloration are provided. The discoloration does
not represent any damage of the conductors. Duly not impregnated wood may be used
for wooden reels, because salts used for impregnation cause a chemical reaction with
aluminium, damaging their surface.

The use of steel reels is generally much more acceptable for EHV lines, because they
can be reused and cause no damage to the conductors.

7.1.8 Conductor testing
7.1.8.1 Classification of tests

Type and sample tests are specified for overhead conductors. Type tests are intended
to verify the main characteristics of the conductor which depend mainly on its design.
These tests are normally performed only once for a given conductor design.

Sample tests are intended to guarantee the quality of conductors and compliance with
the requirements of relevant standards or client’s specifications. In Table 7.12, an
overview is given on the tests according to [7.2]. Before stranding the conductor, the
blank material and in particular the wires should be submitted to tests described in
clause 7.1.5. Such tests are carried out at the wires of stranded conductors to comply
with the requirements of the relevant specifications. Single wire tests are not discussed
further within this clause.

7.1.8.2 Extent of sample tests

In accordance with EN 50 182, sample tests are foreseen for 10 % of the total number
of reels belonging to a lot being shipped, whereby the extent of the tests may be agreed
upon between the purchaser and the manufacturer.
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Table 7.12: Type and sample tests for conductors according to [7.2]

Type Sample Type Sample
test test test test
Aluminium wires Conductor
- diameter X X - surface condition X X
- tensile strength X X - diameter X X
- elongation X X - inertness X X
- resistivity 3 X - lay ratio and direction of lay X X
- wrapping test X X - number and type of wires X X
- welding X - mass per unit length X X
Zinc-coated steel wires - stress-strain curve (1) -
- diameter X X - tensile breaking strength (1) -
- tensile strength X X - stringing test (1) -
- stress at 1 % elongation X x - creep test (2) (1) -
- elongation or torsion test X x Grease
- wrapping test X X - mass per unit length X X
- mass of zinc X X - drop point X X
- zinc dip test X X
- adhesion of zinc coating x x
Aluminium-clad steel wires
- diameter X X
- tensile strength X X
- stress at 1 % elongation X X
- elongation X X
- torsion test x X
- cladding thickness X X
and uniformity
- resistivity X X

(1) according to agreement between manufacturer and purchaser
(2) according to IEC 61 395

7.1.8.3 Surface condition, dimensions, inertness and mass

As required for wires, the conductor surfaces should be free from imperfections observed
with the unaided eye as, for example, nicks, indentations or scores. The dimensions
should accomplish the standard indications or the requircments of the order for dia-
meters, lay lengths and number of wires. The inertness of the form is related to the
steel core, where, after cutting, the wires should remain in a cross section (sce clause
7.1.7.3). The conductor mass without grease should not deviate more than 2 % from
the rated value.

7.1.8.4 Stress-strain diagram

Stress-strain diagrams for conductors inform on the behaviour of a conductor under
load. Annex C of [7.2] gives explanations on the stress-strain test method. The test
sample length between the end terminations should be at least 400 times the conductor
diameter but not less than 10 m. A shorter length may be agreed between purchaser
and manufacturer. The gauge length should be a minimum of 100 times the conductor
diameter. Great care should be taken in the preparation of the test samples. Relative
displacements as small as 1 mm between steel core and aluminium layers of the con-
ductor cause significant changes in the recorded stress-strain diagram. Therefore, no
relative displacement should occur between the steel core and the envelope during the
test procedure. At both ends of the sample length, end fittings such as compression
clamps, epoxy-type or solder-type terminations approved by the purchaser should be
used for the test. The application of the end fitting should not induce any slack in the
wires which might affect the stress-strain diagram of the conductor.
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Figure 7.4: Evaluation of a stress-strain curve Figure 7.5: Creep curve, conductor 483-
AL1/63-ST1A (Cardinal)

The test loads should be applied on the conductor by the following steps:

— Initial load of 5 % of the rated tensile strength (RTS) to straighten the conductor
and set the strain gauges to zero.

— For non-continuous stress-strain data recordings, the strain readings should be
taken at intervals of 2,5 % RTS, rounded to the nearest kN during both loading
and unloading procedure.

— Load with 30 % RTS and holding the load for 0,5 h. Readings should be taken
after 5, 10, 15 and 30 min during the holding period. Then the load is released
to the initial load.

— Reload to 50 % RTS and holding for 1 h. Readings should be taken after 5, 10,
15, 30, 45 and 60 min during the holding period. Then the load is released to the
initial load.

— Reload to 70 % RTS and holding for 1 h. Readings should be taken after 5, 10,
15, 30, 45 and 60 min during the holding period. Then the load is released to the
initial load.

— Reload to 85 % RTS and holding for 1 h. Readings should be taken after 5, 10,
15, 30, 45 and 60 min during the holding period. Then the load is released to the
initial load.

— After the fourth application of load, the conductor is loaded again by increasing
the tensile force steadily until the actual breaking strength is reached. Simulta-
neous readings of tensile force and elongation should be taken up to 85 % of RTS
at least at the same time intervals as for the previous loading cycles.

The rate of load application should be uniform during testing. The time required to
reach 30 % RTS should not be less than 1 min or more than 2 min. The same rate of
loading should thereafter be maintained throughout the tests.

The initial stress-strain diagram is obtained by drawing a smoothed line through the
strain point after 0,5 h at 30 % RTS and the strain points after 1 h at 50, 70 and
85 % RTS. The curve should be adjusted to pass through the zero point. The initial
stress-strain diagram is represented by the broken line in Figure 7.4. The characteristic
final stress-strain diagram may be determined from the unloading part (from 50, 70 or
85 % RTS) of the graph, as agreed upon between the manufacturer and the client. In
Figure 7.4, an example is shown for a stress-strain diagram.

7.1.8.5 Tensile breaking strength

The tensile breaking strength is determined at a sample with a minimum length of 400
times the conductor diameter, but at least 10 m in accordance with [7.2]. The breaking
load is reached when one or more wires are fractured. If the fracture occurs within a
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Figure 7.6: Arrangement for testing the tension stringing ability of conductors

distance of 50 mm from the dead-end termination, and before 95 % of the rated tensile
strength is achieved, it can be attributed to the influence of the end terminations and
the test may be repeated. The test is considered to be successful when the fracture
occurs for a load equal to or above 95 % of the rated tensile strength (RTS).

7.1.8.6 Test of creep behaviour

Conductor creep is described according to [7.36] by the equation
e=ep-t" , (7.10)

where
t is the time in hours and

€1h,n are parameters which depend on conductor type and load condition.

These values are measured by means of the tests described in [7.36], which is performed
on a sample which is at least as long as 100 times the conductor diameter, clamped in
a test device, which keeps the load constant during the test, with an accuracy of £1 %
or £120 N. To measure the creep elongation, some marks are made on the conductor
and their displacement is recorded during the test in relation to an unloaded structure
or bars arranged in parallel to the conductor. The measuring intervals are selected in a
logarithmic scale. The results of the tests are then represented in a double logarithmic
scale corresponding to the equation

loge =logey, +n-logt . (7.11)

With this scale, the creep elongation in the ideal case forms a straight line. So, ey, is
the intersection with the ordinate for t = 1 h and n the slope of the straight line.

In Figure 7.5, a creep diagram is shown, forming a mean straight line through the
measuring points in a double logarithmic scale. The creep elongation can then be ex-
trapolated until 100000 h (approximately 10 a). Indicative data for e;, and n can be
found in [7.31] and clause 16.8.5.3.

7.1.8.7 Testing the tension stringing ability of conductors

This test is intended to simulate the tensile load existing during tension stringing and to
verify, in particular, the absence of bird caging. The test arrangement according to [7.2]
is shown in Figure 7.6. The reel should be installed on an unwinding reel stand equipped
with an adjustable disk brake which is not under automatic control from the tensioner.
The tensioner is arranged in a distance of approximately 15 m from the reel stand.
The diameter of the tensioner should be as low as just permissible for stringing of the
conductor to be tested, i. e. it should be approximately 30 times the conductor diameter
(see clause 16.8.3.6). The conductor pulling winch should be installed approximately
400 m apart from the tensioner, and the conductor should be pulled by means of a
pulling rope. A running block should be installed at mid-distance between the pulling
winch and the tensioner at an adequate height so that the conductor does not touch
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Figure 7.7: Configuration of twin, triple, quadruple, five, six and eight bundle conductors,
subconductor spacing 400 to 600 mm

the ground during unwinding. During the test, the conductor is unwound by means of
the pulling winch and braked by the tensioner.

During unwinding, the sag between the reel stand and the tensioner should be adjusted
to approximately 1,5 m. The tensile force at the output of the tensioner should be
maintained at 20 % of the RTS of the conductor tested and the unwinding speed be
approximately 1 m/s.

During the unwinding of the conductor length, observation should be made if any
individual outer layer wire is raised above its normal position by more than one wire
diameter; if this occurred, the conductor should be deemed unacceptable.

7.1.9 Bundle conductors

In accordance with [7.7], bundle conductors are a set of individual conductors connected
in parallel and disposed in a uniform geometrical configuration, that constitute one
phase conductor of an AC line or one pole of a DC line.

With the inauguration of the 220 kV transmission voltage in 1929, corona phenom-
ena occurred, which were then solved by larger conductor diameters obtained by non-
conventional designs, as, for example, hollow copper conductors (Figure 7.9). As an
alternative to that, the use of two or more subconductors instead of a single one was
introduced. In 1930, Markt and Mengele got a patent for that alternative {7.37]. They
first described in detail the advantages, such as lower surface voltage gradient and in-
crease of the transmission capacity [7.38]. Power transmission at 420 kV and above is
not feasible without the use of bundle conductors.

Bundle conductors are very sporadically applied for 110 kV voltage transmission where
high current carrying capacity is required. For 220 kV, bundle conductors are usually
an alternative to single conductors with larger diameters. For 400 kV, twin, triple or
quadruple bundle conductors are applied. For 500 kV lines, both triple and quadruple
bundle conductors have been extensively used worldwide. For 800 kV, quadruple and
six bundle conductors have been applied [7.39]; for transmissions with higher voltage
levels, even more subconductors are required. The new 1000 kV lines in Japan are
provided with bundles of eight subconductors [7.40, 7.41].

Subconductors are installed in Europe with a usual spacing of 400 mm and in North
America with 18 inches (457 mm) as well as wider spacing. They are protected against
clashing due to short-circuit or wind by means of bundle spacers arranged at predeter-
mined distances (see clause 10.2.5). Bundle spacers with integrated damping elements
are used to reduce amplitudes due to aeolian vibrations and subspan oscillation. Larger
subconductor diameters require the use of higher subconductor spacing, to more than
18 times of the subconductor diameter to counteract the subspan oscillations [7.42].
Twin bundle conductors are arranged either horizontally or vertically (Figure 7.7). A
horizontal arrangement facilitates the guiding of the conductors at angle strain towers
and enables an effective protection against aeolian vibrations by means of dampers at
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the span ends. The vertical arrangement is less sensitive against sagging errors and
differing creep of the subconductors; the lower subconductor is then a little bit less
submitted to tension than the upper one.

A twin bundle 243-AL1/39-ST1A has approximately the same cross-sectional arca as
a single conductor 490-AL1/64-ST1A. Both can be operated at 220 kV. The current
carrying capacity amounts to 1290 A for the bundle in accordance with Table 7.9; for
the single conductor the value is 960 A, that is 75 % of the former one. The surge
impedance of the bundle reaches 300 €2; in case of the single conductor, it amounts
to 360 €, i. e. its surge impedance load amounts to only 83 %. The surface gradient
of the single conductor reaches 16,0 kV/cm for a triangular circuit configuration; for
the bundle, that value amounts to 15,6 kV/cm; the audible noise level for the single
conductor is about 50 dB(A) and for the bundle it is about 40 dB(A) close to ground
surface in the right-of-way centre. This comparison shows the advantages of bundle
conductors, being even more significant at higher voltage levels.

The dimensions of the bundle subconductors influence the electric characteristics, spe-
cially the surge impedance, the surge impedance load, the conductor surface gradient,
and thus, the corona performance. The incrcase of the surge impedance load implies
an increasc of the transmission capacity of long lines. In [7.43], a 500 kV line is cited,
whose subconductor spacing in the bundle is variable and can amount up to a maxi-
mum of 1,7 m. Thereby, the surge impedance load increases up to 130 % of the value
with 450 mm subconductor spacing.

7.1.10 Special conductor designs

7.1.10.1 Non-standardized conductors made of round wires

Beside the usual standard conductor designs, many other special conductors arc applied.
Long spans require conductors with higher rated tensile strength [7.45]. For this applica-
tion, conductors with high steel content and a correspondingly large cross section offer
an interesting alternative. In the 220 kV line over the river Elbe, 310-AL3/110-ST1A
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Figure 7.11: Cross section of 2787-
AL4/607-ST1A conductor used as sin-
gle conductor for a 500 kV line across
. the Mission Ridge in British Columbia,
AL4 180xD4.44 Canada (BC Hydro, Vancouver)

conductors were used with a cross-sectional ratio equal to 3:1 and a diameter of 29 mm.
In order to reach the required power transmission by means of one single conductor and
to keep the conductor surface gradient as low as possible, the 400 kV overhead line over
the Bosphorus has been equipped with a 1805-AL4/228-A20SA composite conductor
having an aluminium-clad steel core [7.28] (Figure 7.8) and a cross-sectional ratio of
7,9:1. A rated strength of 850 kN was achieved by using an AL4 alloy with 320 N/mm?
tensile strength.

A 6,80 km long section of BC Hydro’s 500 kV Peace River line was equipped with a
single conductor having a 76,2 mm diameter instead of a quadruple bundle consisting
of 24,1 mm diameter subconductors. This section crosses the Mission Ridge mountains
at elevations between 1200 m and 1900 m and is prone to severe icing. The longest span
is 1100 m. In Figure 7.11, the conductor cross section is shown. It is made up of 61 steel
strands having each 3,56 mm diameter and 180 aluminium alloy strands having 4,4 mm
diameter. The alloy cross section is 2787 mm?, that of steel 607 mm?. Therefore, the
conductor could be named 2787-AL4/607-ST1A. Its rated tensile strength is 1463 kN.
The conductors were not tension-stringed but the conductor reels were pulled along the
ground to place the conductors on wood lagging.

7.1.10.2 Conductors for increased operation temperature

Annealing of hard-drawn aluminium wires limits the permissible temperature of conven-
tional conductors. Thus, conductors for higher operational temperatures were developed
with annealed low-tensile aluminium wires, which present a slightly higher conductivity
of 63 % IACS in comparison with that of 61 % IACS shown by hard-drawn aluminium
in conventional conductors. In this case, the aluminium wires do not carry any mechan-
ical stress; the mechanic function is guaranteed by the steel core alone. Such conductors
can operate at temperatures up to 150°C and are suited to reinforce existing lines if
larger sags and high Joule losses can be accepted.

A similar function is performed by conductors with aluminium alloy wires of high ther-
mal capacity (TAL), which can be operated with temperatures up to 150°C. Compared
with a conductor that shows the same design as 243-AL1/39-ST1A, the current carrying
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corrugated tube Figure 7.12: Hollow AL1/A20SA conductor used as
32AL1 + 10A20SA@3,09 single conductor for a 4000 kV line in Austria (Lumpi
42AL1093,60 GmbH, Linz)

capacity increases from 650 to 1015 A, that is by about 60 %. The sags also increase in
correspondence with the higher temperatures; therefore, together with the replacement
of the existing conductors, adjustment of tower heights might also be necessary to take
full advantage of the higher transmission capacity. Prices for such conductors exceed
those for AL1/ST1A conductors by about 50 %.

To keep sags within certain limits, conductors with INVAR steel wires were developed,
whose coefficient of thermal expansion is low. The sag can thus be kept almost constant,
even under elevated temperatures. These conductors, however, imply very large costs,
in addition to high losses at high temperatures. When using such conductors, attention
should be paid to the design of clamps and joints, as they will be submitted to the
same high temperatures as the conductors and should withstand them. Construction
of a new line, with optimum conductor cross sections, on the same right-of-way, should
be the most cconomic solution long-sighted.

7.1.10.3 Conductors with enlarged diameters

Conductors with enlarged diameters were developed for transmission at 220 kV or higher
voltage level, to reduce the conductor surface gradient, without having to accept the
large conductor weights and unnecessary large cross sections of conventional conductor
designs. Therefore, the first 220 kV lines were cquipped with one-layer hollow cop-
per conductors, which consisted of formed wires provided with featherkey and keyway
(Figure 7.9).

The diameter of aluminium-steel composite conductors can be increased by using wires
with large diameters in one or more internal layers, which result in a small fill ratio.
Due to their difficult and expensive production as well as to problems with fittings to
terminate and suspend these conductors, they are seldom applied today.

Uprating of an existing 220 kV double circuit line in Austria to 400 kV operation re-
quired new conductors that limit the audible noise emission to acceptable levels because
the line runs close to residential areas. The geometric clearances and the structural
strength did not permit to use twin bundle 635-AL1/117-A20SA conductors as usual
for 400 kV transmission. Therefore, a hollow single conductor 667-AL1/75-A20SA was
developed having 54 mm in diameter. In Figure 7.12, the cross section of that conductor
is shown. Two layers arc stranded around a flexible corrugated aluminium tube. The
inner layer consists of 32 AL1 and 10 A20SA strands having 3,09 mm diameter cach.
The outer layer is nade up of 42 AL1 strands with 3,60 mm diameter. The rated tensile
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Figure 7.13: Conductor Figure 7.14: Self-damping conductors: a) German
made of trapezoidal alu- design, b) US-American design. 1 steel cores with
minium wires and INVAR long lay lengths; 2 aluminium layer with long lay
steel core lengths; 3 void space; 4 layer with self-supporting

formed wires

strength is 203 kN, the weight 2,89 kg/m. The current carrying capacity amounts to
1400 A.

7.1.10.4 Conductors with smooth surfaces

The use of formed wires instead of round wires results in compact conductors with
smooth surfaces and less void spaces, which means a high fill ratio and a smaller di-
ameter for the same cross-sectional area. This type of conductor is characterized by
a lower wind force and supposedly lower trend to galloping. This was the reason why
such conductors were used for the 380 kV line crossing over the river Schelde in Bel-
gium [7.46]. It can be seen from [7.15], that formed wires can be produced with various
shapes, such as z-shaped cross sections (Figure 7.10) or trapezoidal cross sections (Fig-
ure 7.13) and from all materials used for conventional conductors as well. With such
wires, aluminium-steel conductors with any cross-sectional ratio can be designed. Fig-
ure 7.13 shows an example. The aerodynamic drag factor is between 0,46 and 0,8 for
conductor diameters between 20 and 40 mm.

Conductors made of formed wires are applied where low wind forces together with
a cross-sectional area as high as possible is required [7.15]. For such conductors, a
standard is under approval procedure at IEC and CENELEC [7.44].

7.1.10.5 Compacted conductors

Compacted conductors are manufactured by stranding at first the conductor with layers
of round wires as a conventional ALx/STyz or pure ALx conductor and finally compact-
ing them through rollers or dies to a cross section with smooth, circular surface. This
procedure forms the wires of the outer layers to trapezoidal cross sections and reduces
the conductor diameter by 8 to 11 %. The surface becomes smooth and reduces the
wind forces and the local peaks of voltage gradients. Additional layers of round wires
or formed wires may be stranded over a compacted core. The production of compacted
conductors is restricted to relatively small cross sections.

7.1.10.6 Self-damping conductors

Aeolian vibrations of conductors may cause damage at high-voltage overhead lines.
Therefore, in Switzerland and Germany, self-damping conductors were developed in the
1930’s, which consisted of an aluminium hollow conductor made of circular or profile
wires with an internally movable steel core (Figure 7.14). In the 1930’s, conductors
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Section A-A Section B-B

Figure 7.15: Vibration resistant oval conductors

with similar designs, but applying profile wires in the outer layers appeared in the
USA. There, these conductors have been frequently applied [7.47]. Conditioned by the
construction of the conductor, the self-damping should be large enough as not to lead
to dangerous conductor vibration even in case of high tensile loads of the conductor
in regions which favour vibrations. However, the conductor damping characteristics
cannot prevent the occurrence of galloping. Further development of such conductor
types was suspended in Europe due to their noise emission.

7.1.10.7 Vibration resistant conductors

By occasion of the above mentioned studies made in Germany, which aimed at devel-
oping conductors as vibration-inert as possible, designs were investigated having non-
circular cross sections. The peculiar profile creates air turbulence so that the laminar
flow of the wind around the conductor is altered and, as a consequence, a significant re-
duction of the vibration amplitude is achieved. Problems concerning fittings, however,
prohibited practical application of such wvibration-resistant conductors [7.48]. Efforts
made to solve problems of conductor vibration and conductor galloping led in the USA
to the development of vibration resistant conductors. This type of conductor is formed
by left-hand stranding of two single conductors (72 conductors). The resulting cross
section has the form of a rotating “eight”. In Germany, this type of T2 conductor was
successfully used as a remedy against aerodynamically caused audible noise emissions
on conventional conductors. Due to the conductor shape, no uniform wind flow hap-
pens, similarly to Maass’ experience [7.48]. The utilization of the conventional fittings
for the T2 conductors privileged their application. In the beginning of the 1980’s, that
type of conductor was used in many thousands kilometres of lines [7.49], specially in
the USA. Owal conductors are formed by wires of different diameters stranded with
each other (see Figure 7.15) [7.50].

7.1.10.8 Low noise conductors

In densely populated Japancse areas, noise pollution caused by the wind acting on
conductors but not by corona, plays an important role under certain topographic con-
ditions. The noise level could be reduced by means of special conductor configurations.
These low noise conductors include several formed wires in their outer layer (Figure
7.16). Here, the benefit of disturbing the laminar flow described by Maass [7.48] as a
conclusion of his experience has been utilized again. In comparison with a conventional
conductor having the same cross-sectional area, the noise level can be reduced by up
to 15 dB(A) [7.40, 7.51].
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Table 7.13: Permissible conductor temperatures under 38.4 mm
short-circuit condition — =
Type of Material EN EN Inter- !
conductor 60865-1, 50341-3-4 national
Table 6 practice
Momno- E-Cu 200°C 170°C 300°C E
metallic ALl 200°C  130°C  200°C £
conductor ~ ALx 200°C 160°C 200°C g
A20SA — 200°C 400°C
STyz 300°C 200°C 400°C

Composite AL1/STyz  200°C 160°C 200°C
conductor ALx/STyz  200°C 160°C 200°C

Figure 7.16: Low-noise ALx/
STyz conductor for a 1000 kV line
in Japan

7.1.10.9 Conductors with treated surfaces

Conductors with treated surfaces show favourable characteristics in view of current
carrying capacity when compared with conventional ones. Blacking of the conductors
increases their ampacity. By coating the outer layers with a black polyurethane paint, a
worth mentioning increase of the emission coefficient to the value of 0,8 is achieved, as
well as an increased thermal radiation in accordance with Stefan-Boltzmann’s radiation
law (see equation (7.23)) [7.52]. Replacement of the existing conductors by the blacked
ones results in an increase of the thermal transmission capacity with no need to reinforce
the towers.

Clean metallic conductors may give rise to objections coming from landscape protector,
who may complain about the visual impact caused by new conductors. Therefore, some
utilities have decided to apply a coloured coating on the conductors. In Austria, for ex-
ample, they have used a green camouflage for conductors of a 380 kV transmission line.
Thus, the conductors became nearly invisible against the background landscape [7.52].
From the ornithological point of view, however, this camouflage is disadvantageous be-
cause of the increased danger which the less visible conductors create for approaching
birds.

In Australia, reduction of the brightness of new conductors was accomplished by a dull
finish. The outer layer of the conductor was treated by blazing with a special fine sand,
so that a surface roughness between 0,8 and 1,6 ym was obtained.

7.2 Design with regard to current loading

7.2.1 Introduction and requirements

According to EN 50 341-1 [7.53], every overhead line should be able to withstand with
an acceptable reliability the electric load due to both operating current and short-
circuit current. Due to conductor electrical resistance, the operating current and the
short-circuit current lead to conductor heating, which would cause a reduction of the
mechanical strength if the temperature exceeded a limit value. Figure 7.1 according to
[7.19], shows the tensile strength for conductors made of aluminium, aluminium alloy,
copper as well as AL1/ST1A and AL3/ST1A as a function of the temperature. In
conformity with [7.8], conductor materials and cross sections should be chosen so as
not to reach any inadmissible temperatures.

Neither [7.2] nor [7.53] give any information about the permissible steady-state and
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short-term temperatures. They merely refer to national standards and project specifi-
cations. According to [7.6], the permissible temperatures for AL1/ST1A, AL3/STIA,
ALl and AL3 conductors and for copper conductors, under steady-state load, are 80
and 70°C, respectively. In Table 7.13, the permissible temperatures under short-circuit
condition are shown according to [7.6]. Other standards indicate higher permissible
temperatures (see clause 8.3.1).

The standards mentioned before do not give any indication about the ambient condi-
tions, which could be used for the assessment of standard current carrying capacity
values. Ambient temperatures of 35 to 40°C and wind velocities of 0,6 to 1,0 m/s are
often used as basis for the evaluation of the current carrying capacity.

As given by equation (2.9), the electrical resistance results in energy losses, which in-
fluence significantly the transmission costs. The conductor design is to keep the maxi-
mum permissible conductor temperatures below certain limits, and restrict the expected
transmission losses. Consequently, conductor design is carried out with the target to
minimize the transmission costs. This is an optimization task, since the losses are re-
duced and the investment rises as the cross-sectional area increases [7.54].

The magnetic field depends on the current as well, but differently from the electrical
field it has no influence on the selection of the conductors and will, thus, not be dealt
with here. In clause 2.3.2, information is given on magnetic fields.

7.2.2 Principles for determination of conductor temperature

The determination of the conductor temperature is based on the heat balance at the
conductor, which is influenced in accordance with [7.55], by:

|

Joule heat Nj, due to the current,
— Solar radiation Ng,
— Magnetic losses Ny,
— Energy loss by convection N, and
— Energy loss by radiation Ng.
From these values, the heat balance can be established by

7n(;-C-(1T/dt:Nl +N5+NM—-NR—NC N (712)

where mc is the conductor mass per unit length, ¢ the specific heat, T the conductor
temperature and d¢ the derivative in terms of time.
Two cases are of substantial practical interest:

— The adiabatic process. Because of the magnitude of the term Nj compared with
the other components in equation (7.12), under short-circuit conditions the latter
can be disregarded. This case is essentially important for rating of earth wires.
Therefore, it is dealt with in Chapter 8. In this case, equation (7.12) can be
cxpressed as

me-c-dT/dt = Ny . (7.13)
— The steady-state condition. The conductor temperature T' is constant; so, in (7.12)
dT'/dt¢ will be zero resulting in
Njy+ Ng+ Ny = Ng + Ne . (7.14)
The energy delivered to the conductor by Joule heat, magnetic losses due to AC current
and solar radiation is equal to the energy lost by radiation and convection. This condi-
tion determines the steady-state operating current and, thus, represents an important
value for line operation. The evaluation of conductor temperature in the most general
unsteady state is dealt with in [7.56].
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7.2.3 Design with regard to current carrying capacity

The literature includes some approaches for the evaluation of the current carrying
capacity, also called ampacity, given by equation (7.14), for a predetermined conductor
temperature and given ambient conditions. Some approaches will be mentioned here.
In [7.55], a summary of used approaches is given, which also served as basis for the
equations contained in [7.57]. Detailed studies of the subject are described in [7.58],
which formed the basis for the current carrying capacities indicated in EN 50 182.
An account of the measurements on overhead line conductors is presented in [7.59],
whereby the tolerances between calculated and measured values are quoted by £+ 3 K.
The components Nj and Ny, which are a function of the current, can be expressed as
follows

Nj+ Ny =Rhpc- 17, (7.15)

where [ is the effective current in the conductor, in Amperes and R 5 the AC resis-
tance at the temperature T' in Q/m.

The AC resistance increases, in comparison with the DC resistance, as a result of skin
and spiral effects. Skin effect occurs due to the higher inductance of the internal layers
of wires, because the internal flux density is larger. As the voltage drop in all wires
is the same, a larger portion of the current flows through the outer conductor layers
causing an increase of the effective resistance. The AC resistance R ¢ is calculated
from

Rinc ™~ Rrpe-(1+z1/3) for z<1 (7.16)
and

Riac ~ Rppe- (025 +z+3/64) for z>1 (7.17)
with z being a parameter taking care of skin and spiral effects:

z=05-1-Vr-f-K-po-pr (7.18)

where r is the conductor radius in mm, f the frequency in Hz, « the conductivity
in m/Q mm?, yo the vacuum permeability (1,256 - 107® H/m) and p, the relative
permeability of the material (equal to 1 for non-magnetic materials). The spiral effect
significantly influences composite conductors with odd numbers of layers, in particular
when there is only one aluminium layer. Reference is made to [7.60]. Data for typical
values of AC resistance are found in [7.57].

The AC resistance Ry 5 depends on the conductor temperature T according to

Rrpc = Ry [1 +a(T - 20)] (7.19)

where RY, is the DC resistance at 20°C in ©/m and « the temperature coefficient of
resistance in K~1. Values for o are given in Table 7.4.
In accordance with [7.58], solar radiation is given by

Ns=D -k, Ng-siné in W/m |, (7.20)

where k, is the absorption coefficient (see Table 7.14), § = arccos [ cos hs-cos(180° —1))].
The solar angle hs is defined by

hs = 113,5° —¢p for ¢ > 23,5°, (7.21)

where ¢ is the latitude and 1 the angle of line direction with the north-south axis.
In (7.20), D is the conductor diameter, k, the absorption coeflicient and Ngy, the stan-
dard solar radiation, which assumes values between 850 and 1350 W/m? depending on
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Table 7.14: Total coefficient of emission ke Table 7.15: Material constants of air
and absorption k, for overhead conductors at  Tempera- Specific Thermal con- Dynamic

low temperatures ture mass ductivity  viscosity
Surface Material T ¥ A 7

condition Copper Aluminium, °C kg/m? W/Km Ns/m?
aluminium 0 1,29 0,0243 0,175
alloy 10 1,25 0,0250 0,180
Half polished 0,15 0,08 20 1,20 0,0257 0,184
Dull bright 0,24 0,23 30 1,17 0,0265 0,189
Oxidized 0,5 0,35 40 1,13 0,0272 0,194
Oxidized and 50 1,09 0,0280 0,199
Slightly dirty 0,6 0,5 60 1,06 0,0287 0,203
Heavily oxidized 0,75 0,7 70 1,03 0,0294 0,208
Heavily oxidized 80 1,00 0,0301 0,213
and dirty 0,88 to 0,93 0,88 to 0,93 90 0,97 0,0309 0,217
100 0,95 0,0316 0,222

the sun position and the air pollution. A typical value for Central Europe is 900 W /m?.
The value of 0,5 can be taken for the absorption coefficient k, for most practical con-
ductor types.

In accordance with [7.57], the following relation is valid for the total solar radiation

Ns =D -k, Ngp, . (7.22)
The energy loss by radiation is given by the following equation, in accordance with [7.58]
Ni= ks ke D (0,75 (T' - Th) +025- (T* = 4})] i W/m,  (723)

where T is the absolute temperature of the conductor, T, the absolute ambient tem-
perature, T}, the absolute temperature of the external atmosphere (equal to 217° K),
ks the Stefan-Boltzmann constant equal to 5,67 - 1078 W/(m?K*) and k. the emission
coefficient (see Table 7.14). A value of 0,6 may usually be used for k..

In [7.57] it is not distinguished between ambient air conditions and the external atmo-
sphere. The following equation is taken for the radiation loss

Np=hy ke Dom (TH=T4,) . (7.24)
Energy loss by convection can be calculated from
Ne=m-A-Nu- (T —Tam) in W/m, (7.25)

where X is the thermal conductivity of air in W/(K-m) and Nu the Nufielt number.
The Nufelt number Nu depends on Reynolds number Re and according to [7.58], two
regions are distinguished:

Nu = 0324043 Re®? for 0,1 < Re<10° and
Nu = 024-Re%S for 10° < Re <5-10" . (7.26)

According to {7.57], the following equation applies
Nu = 0,65 Re%? + 0,23 Re®%1 . (7.27)

The differences between the Nuflelt numbers resulting from both approaches amount to
5 % for Re = 100, 6 % for Re = 1000 and 3 % for Re = 10000. Thus, both alternatives
result in acceptable results for the current carrying capacity. The equations are valid
for the case of forced convection due to wind flow. For the exceptional case of free
convection without wind, see [7.58].
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Figure 7.17: Current carrying capacity of Figure 7.18: Transmission costs and
a 564-AL1/72-ST1A conductor as function of their components

wind velocity and ambient temperature; conduc-

tor temperature 80°C

The Reynolds number Re is given by
Re=V-D-v/n , (7.28)

where V is the wind velocity in m/s, v the specific mass of air in kg/m?, and 7 the
dynamic viscosity in N-s/m2. These values are dependent on temperature and air pres-
sure. At sea-level the data given in Table 7.15 apply. For practical calculations the
characteristics of air should be evaluated for the mean temperature (T — Tam)/2. The
influence of the altitude on the current carrying capacity can be determined by [7.55].
The dependency of the specific air mass v on ambient temperature Thy, and altitude
hg) is given by

Y =0 " (288/Tam) exp (—0,0001 ha1) (7.29)

where g is 1,225 kg/m? at 15°C and sea level and Thy, is the absolute ambient tem-

perature.
According to [7.57], the Reynolds number Re can be obtained from

Re=1644-10°-V - D - [Tam + 0,5(T — Tam)] """ . (7.30)

The current carrying capacity is calculated by equation (7.15), solving this equation
with respect to the required current:

I=\/(Ng+Ne—Ns)[Rp s - (7.31)

Figure 7.17 represents an example of application of (7.31), showing the current carrying
capacity as a function of the ambient temperature and the wind velocity for a 564-
AL1/72-ST1A conductor. The current carrying capacity is often quoted for an ambient
temperature of 35°C, a conductor temperature of 80°C, a solar radiation of 900 W/ m?
and a wind velocity equal to 0,6 m/s. The corresponding current carrying capacities
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are shown in Tables 7.6 and 7.9. These data can be considered as conservative. A wind
velocity of 1,0 m/s could be used as well with a low probability of being fallen below.

In [7.57], values are given for ambient temperatures of 20°C and a wind velocity of
1,0 m/s. A value of 1040 A results with the above mentioned conditions for the conduc-
tor 564-AL1/72-ST1A, whereas a value of about 1460 A is mentioned in [7.57], Table
A.6. This example explains clearly the effect of ambient temperature and wind on the
current carrying capacity. (See also [7.61]).

The described deterministic approach usually leads to conservative values for the cur-
rent carrying capacity, since conditions having a low probability of occurrence are as-
sumed as acting simultaneously. Measurements of conductor temperatures have sys-
tematically shown lower temperatures than the ones determined by the deterministic
approach. Therefore, statistical approaches have been introduced for determining con-
ductor temperatures in the steady-state condition. Thesc approaches lead to higher
current ratings for given design temperatures with low and, therefore acceptable prob-
ability of being exceeded [7.62].

7.2.4 Design with regard to short-circuit current

The design of conductors with regard to short-circuit currents is mainly important for
earth wires due to the significantly smaller cross sections. Therefore, it is dealt with
in Chapter 8. The equations described there can also be applied to phase conductors,
where required [7.63].

7.2.5 Design based on economic considerations

Conductor design based on economic considerations with regard to minimum transmis-
sion costs is an essential aspect for conductor selection. The transmission costs, usually
expressed as the amount of money needed to transport 1 kWh over a distance of 100 km
[7.27, 7.64] consist of costs independent of the transmitted power or energy and costs
dependent on the transmitted energy. Amortization, depreciation and maintenance are
within the first category (Figure 7.18). The second category of costs is due to power
and energy losses. Power loss costs result from the need to provide the network with
sufficient power to compensate these losses; they do not depend on the line’s annual
utilization period. Energy loss costs are determined by the electric transmission oper-
ation and, therefore, depend both on the power as well as on the annual utilization
period of the line (Figure 7.18).

Power-dependent transmission cost components result from the expenditures due to
depreciation, interest rates, taxes and maintenance for the line and are applied in
proportion to the investment for installation. Fixed specific annual costs calculated per
circuit of a double circuit line amount to

Ksc = 0,5-p1 - Epc in EUR/(km - year), (7.32)

where Epc means the investment of a double circuit line in EUR/km and an actual
value of 0,15 1/year can be taken for the investment demand factor p;. The power
losses of a three-phase circuit result from (2.9)

PL=3-1 Rppyo-1073 in kW /km, 7.33
TAC

where I is the current in A and R 5 the AC resistance per unit length of a line, in
Q/km, at the temperature T.

The resistance depends basically on conductor material and temperature T and, therc-
fore, indirectly, on the transmitted current (see (3.2) and (7.16)). With adequate accu-
racy, a resistance value can be applied which corresponds to conductor temperatures
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between 10 and 20°C, as conductor average annual temperatures. The power loss in-
creases with the square of the current.

Costs for power losses depend on the investments for the production of electric power.
Annual fixed expenditures due to depreciation, interests, taxes and insurance are
taken into account by the demand factor py for power plant investments. Investments
per kW depend on the type of power generation; today, they are between 1000 and
3000 EUR/kW. The annual specific costs of power losses are given by

Kp~py-Fp- P in EUR/(km - year), (7.34)

where Ep represents the specific investments for energy generation in EUR/kW and po
can also be set to 0,15 having the unit 1/year.

The costs of annual energy losses are determined by the integral of the power loss
during the operation period within one year. Transmission power flow depends on the
type of transmission. Power plant outcoming lines carry a practically constant power
flow over the year, while the power transmitted by lines supplying consumers may
fluctuate heavily, depending on the type of consumers, and on the duration of high
power peaks. The annual utilization period tp is defined by the quotient of the total
energy transported during one year and the mazimum transmitted power Ppay. Due to
the quadratic dependence on the current, the operational losses are not proportional
to the product between the maximum power and the annual utilization period ¢,. A
number of loss hours #1, has rather to be assigned to the annual utilization period (see
Figure 7.19 according to [7.64]) and is expressed in h/year.

The costs of energy losses Ki, can be obtained by

Ky, ~p3- P, -1 in EUR/(km - year), (7.35)

where p3 is the cost for the electric energy in EUR/kWh.
The costs p3 depend on the type of energy generation and are between 0,02 and

0,12 EUR/kWh.
The specific transmission costs related to transport 1 kWh over a 100 km long line
result from
_100-100 - (Ksc + Kp + K1)
B V3-U-T-ty-cose
where U is the transmission voltage and cos ¢ the power factor.

As an example, the specific transmission costs are shown in Figure 7.20 for a 110 kV
line using 231-AL1/30-ST1A (ACSR 230/30) and 434-AL1/56-ST1A (ACSR 435/55)

in Cent/(kWh - 100 km), (7.36)
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conductors. The cost component due to the fixed costs decreases with the transmitted
power and the annual utilization period, while the loss component increases also specif-
ically. Therefore, the specific transmission costs exhibit minimum values. At 3000 h
annual utilization period, the 231-AL1/30-ST1A conductor yields lower costs up to
approximately 50 MW; however, at ¢, = 6000 h, costs decrease only up to 40 MW
transmitted power. These results are valid for an energy price of 0,05 EUR/kWh and
a power price of 2000 EUR/kW. The difference between specific transmission costs for
both conductors increases when the transmitted power rises. Therefore, the larger cross
section becomes much more economic with higher power.

Economic selection of conductors with regard to transmission costs becomes continu-
ously more important with both increasing loads and energy prices. The design engineer
should take this dependence into account.

In accordance with equation (1.6), clause 1.10, the installation investment for an over-
head line with two circuits depends linearly on the conductor cross-sectional area

Enc=Fo+ By -Un+ Ey - Apy in kEUR/km, (7.37)

with Eo = 60 kEUR/km, E, = 0,4 kEUR/(kV-km), E> = 0,4 {/ny kEUR/(mm?km).
The expenditures for indemnities depend on the conductor type to a limited extent only,
because of the differing swing angles and, therefore, differing widths of the right-of-way.
However, its influence on the optimization is not important and can be neglected. The
fixed costs for a line circuit result from (7.32), the power-dependent costs and the
energy-dependent costs from (7.34) and (7.35), respectively.

When equation (7.33) is transformed into

PL=R-1*/Ay  inkW/km (7.38)
with R =3-107%.28,36 kW/(W - A)mm? - V/(A-mm) = 0,0849 mm?-kW /(A% .km) for

aluminium, the specific annual transmission costs K, result from
Ko =0,5p1 (Eo + By - Ux + By - Ag) + (p2Bp +p3 - t1) RI?/Anr (7.39)

The optimum conductor cross-sectional area is obtained from the derivation
(?Ka/f)AAL =0or

05p1- By — (p2- Ep +p3-tL) R-I? /A3, =0 (7.40)
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to be

(p2-Ep+ps-tL)-R : 2
=1 . 7.41
Aal \/ 05p1 - By in mm (7.41)

In practice, the determination of the optimum conductor cross-sectional area is difficult,
because the whole set of parameters is seldom known. Current I, as well as the factors
Ep, p3, t1, and the capital cost factors p; and py can change unpredictably in the course
of the long-term operation of transmission line.

Example: An apparent power of 50 MVA is to be transmitted with a utilization duration of
6000 h by a 110 kV single-conductor circuit. The cost-related factors are Ep = 2000 EUR/kW,
p3 = 0,05 EUR/kWh and ¢1, ~ 4800 h as given in Figure 7.20

The current is equal to I = 50 -10°/4/3 - 110 - 103 = 262 A. From (7.41), the optimum cross-
sectional area is obtained:

= 324 mm®.

B (0,15 - 2000 + 0,05 - 4800) 0,0849
An = 262\/ 0,5-0,15 - 400

A conductor with a 325 mm? aluminium cross section, for example 339-A1.1/30-ST1A (ACSR
340/30) according to EN 50182, Table F.19, would constitute the optimum for this application.

7.2.6 Line capacity as a function of the weather conditions

Power utilities commonly use fixed values of overhead line current carrying capacity,
under consideration of the maximum permissible conductor temperature and conser-
vative weather conditions such as an ambient temperature of 35°C and a wind speed
of only 1,0 m/s. According to studies [7.65], such conservative ambient conditions are
very rare; e. g. in Central Europe, temperatures of about 30°C usually happen with
wind speeds between 1,0 and 2,0 m/s. Worldwide statistics show that the time proba-
bility of wind velocity to exceed 1,0 m/s is above 98 %. Also, 35°C happens to occur
on a few days a year. In winter, the temperatures do not exceed 20°C. Occurrence
of maximum sun intensity is also no frequent, therefore, adjustment of the allowable
load conditions on a seasonal basis is possible, without increasing the probability of
occurrence of unsafe situations. The permissible conductor temperature of older trans-
mission lines should be assessed individually, since their clearances are sometimes not
adequate for conductor temperatures as high as 60 or 80°C. The clearances to ground
or to crossed objects limit the permissible temperatures. Furthermore, the sags could
have increased due to conductor creep, thus limiting the conductor permissible tem-
perature further, if creep compensation was not taken into account when the line was
constructed. Concerning the thermal current carrying capacity, overhead lines are not
always fully utilized; this would be completely uneconomic, mainly due to the high
losses occurring under permanent operation at the thermal limit.

However, some network operation conditions may exist, for which the utilization of
the mazimum possible overhead line capacity would be desirable, without the risk of
line disconnection due to its thermal capacity being exceeded. In [7.66], some usually
adopted procedures are given to enable a better utilization of the lines. Under normal
operation of the network, instantaneous measurements of the conductor temperature
can help only to the extent as they enable an alarm indication for the network control
of critical lines. Thereby, an optimization of the network loading balance is usually not
possible.

Therefore, methods were developed, which permit prognostics of the line current carry-
ing capacity as a function of the weather conditions up to 24 h ahead. Weather forecasts
for 12 to 24 hours enable the optimization of power plant usage, guarantee the stability
and also enable the planning of line interruption for maintenance services. Forecasts
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for 1 to 12 hours can be useful for the optimization of highly loaded network sections
and for avoiding the use of expensive peak-load power plants. At last, forecasts for one
hour can be useful to control a disturbed condition.
An example of load forecast is described in [7.67]. The ambient temperature and the
load carrying capacity are continuously forecast during periods of 1 to 24 hours; wind
velocity and solar radiation arc taken as conservative values. Information from the
national weather services can be used. The forecast transmission capacities are used to
enable

— Planning and optimum utilization of resources;

— Postponing of investments;

— Planning of maintenance and repair services;
Probabilistic planning of transmission lines and
Operation under disturbed conditions.
The line capacity increases by 25 to 30 % when actual weather conditions are taken into
account. Risks of insufficient safety clearances are very low. Clause 7.2.1 and Papers
[7.68, 7.69, 7.70, 7.71] give further information regarding the utilization of real, instan-
taneous line load carrying capacity for the operation of the network. Such procedures,
however, can serve as a remedy only in exceptional situations: the corresponding losses
would be uneconomical and harmful to the environment, if the lines had to be operated
continuously on their capacity limits. Together with the systems to control load flows
such as flexible AC transmission systems (FACTS), the continuous forecast of carrying
capacities will gain more importance. Statistical approaches have also been developed
combining the relevant parameters in order to permit higher line loads [7.62, 7.66].

|

7.3 Design with regard to stresses caused by voltages

7.3.1 Introduction and requirements

In accordance with EN 50341-1 [7.53], every overhead line should be capable to with-
stand the stresses caused by electric voltages with a reasonable reliability. Design re-
garding voltage stresses, in particular the power frequency voltage, plays an important
role in the selection of conductors. The electric voltage produces an electrical field
around the overhead line. The highest field strength occurs on the surface of the con-
ductors and can lead to corona phenomena, which are accompanied by corona noise
and corona losses, due to the related emission of electromagnetic waves. The electrical
field on an overhead line could affect human beings and animals and, thus, may not
exceed certain precaution values.

The electrical field at ground level depends to a low extent on the conductor config-
uration. The smaller the conductor surface gradient, the higher the field strength at
ground level, when the remaining parameters such as voltage, conductor configuration
and height above ground are kept the same. Usually, the electrical field at ground level
is not taken into account for the selection of the conductors, but could be relevant for
planning of the line installation. The electric parameters: inductance, capacitance, surge
impedance and, thus, the surge impedance load depend on the selected conductors (see
clauses 3.3, 3.5 and 3.7.3).

7.3.2 Design with respect to the electric parameters

The formulae for the calculation of electric parameters like inductive and capacitive
reactance, impedance, surge impedance and surge impedance load have already been
introduced in Chapter 3. The reactances gain the largest influence on the parameters
which depend on the geometric conductor data such as: subconductor radius, number
and spacing of the subconductors, spacing between the conductors and to ground. By
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Table 7.16: Electric parameters of a 400 kV double circuit line

Conductor Sub- Equivalent Inductive Resistance Positive Capaci- Surge Surge
data con- bundle reactance at 50°C sequence tive impe- impe-
ductor conductor capaci- reactance dance dance
radius  radius tance load ?
mm m Q/km Q/km uF/km  MQkm Q MW
1x1805-AL4/
228-A20SA 29,5 0,030 0,384 0,0193 9,4 0,339 360 445
2x565-AL1/
72-ST1A 16,5 0,081 0,314 0,0280 11,3 0,282 300 535
3x434-AL1/
56-ST1A 14,4 0,132 0,280 0,0243 12,6 0,253 260 615
4x264-AL1/
34-ST1A 11,2 0,178 0,260 0,0300 13,5 0,237 250 640
4x264-AL1/Y
34-ST1A 11,2 0,355 0,217 0,0300 16,2 0,197 210 765

>

D Subconductor spacing within the bundle 1,0 m 2 at 400 kV

the example given in Figure 7.21 for a 400 kV line, the impacts of the use of single
conductors, twin, triple or quadruple bundle conductors can be compared. The values
obtained for Dy, Dy, Dyz and hy (see clause 3.3.2) are 10,0, 24,0, 22,8 and 19,9 m,
respectively. The subconductor spacing in the bundle was assumed as 0,4 m. The results
are summarized in Table 7.16. The inductive and the capacitive reactance as well as
the surge impedance value decrease with higher number of subconductors. The ohmic
resistance does not play a role here. The surge impedance load increases together with
the number of subconductors and reaches the value of 640 MW for a quadruple bundle.
An increase of the surge impedance load is of interest for the stability of long lines
and, thus, viability was examined in order to accomplish such an increase. Larger
subconductor spacing within the bundle achieves that objective, as shown in Table
7.16 for the quadruple bundle conductor with 1,0 m subconductor spacing. The surge
impedance load increases to 765 MW, that is by 20 %. Practical applications exist in
South America [7.43]. This configuration, however, is connected with higher conductor
surface gradients and corona effects; therefore, it can not be recommended for densely
populated regions.
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7.3.3 Design with respect to conductor surface gradients and corona
effects

Dimensions and configuration of the conductors affect the conductor surface gradient
and the resulting corona phenomena. Clause 2.3.3 explains the underlying principles.
The conductors should be seclected such that the requirements of radio interference
and audible noise emission are accomplished. A limit equal to 17 kVyps/cm can be
mentioned as a guideline for the conductor surface gradient.

Equation (2.12) is valid for the mean surface gradient of one conductor. The capacitance
C! per unit length is, in general, different for every phase conductor of a three-phase
circuit. Publication [2.8] describes methods for the computation of the capacitance;
computer programming is available, too. However, for the practical design of a line it
is enough to use the circuit mean capacitance, whose evaluation will be explained by
some examples.

For the example given in clause 7.3.2, the positive sequence capacitance shown in Table
7.16 is determined, as well as the mean surface gradients obtained by equations (2.12)
and (2.17), respectively. The single conductor as used over the Bosphorus in Turkey
[7.28] shows the minimum conductor surface gradient. If the subconductor spacing
were increased to 1,0 m, this would lead to a conductor surface gradient of more than
17 kVims/cm for a quadruple bundle conductor 264-AL1/34-ST1A, being disadvanta-
geous with regard to corona behaviour.

Conductor voltage gradients calculated by computer and carried out for the individual
phases of a quadruple bundle conductor produced the following values: 12,6 kV ys/cm
for phase conductor A, 15,4 kV ms/cm for conductor B and 16,0 kV s /cin for conductor
C. Applying equations (2.22) and (2.24) along with the data given by Figure 7.21 and
the mean value of the conductor surface gradients, a noisc level of about 37 dB(A)
was obtained at ground level in the middle of the right-of-way; taking the different
phase conductor data into account, a value of 41 dB(A) resulted. The basic principles
given in Chapters 2 and 3 can be used for the rating of the electric parameters of the
conductors.

7.3.4 Corona losses

Corona discharges are linked with loss of energy; this, in turn, is highly dependable on
the weather. Under foul weather conditions the losses increase severely. Corona losses
are important, mainly for transmission lines above 300 kV rated voltage. Publication
[7.39] contains methods for their evaluation. Under fair weather conditions they amount
to 2 kW /km; under rainy conditions they rise to 5 kW/km and under frosty weather up
to 100 kW/km. The total of losses to be considered depends on the climate conditions
in the region where the linc will be constructed, that is, on the number of rainy or
frosty days a year. Corona losses are usually not significant in comparison with the
total energy losses. They do not play any role concerning the selection of conductors;
however, they are considered when predicting line in-service losses, in view of the guar-
anteed power to be supplied. It should be noted that maximum corona losses do not
occur simultaneously with maximum Joule losses because foul weather conditions are
associated with improved cooling conditions for the conductors.

7.4 Mechanical design of conductors

7.4.1 Introduction and requirements

The mechanical design of conductors for overhead lines involves the selection of con-
ductors with sufficient mechanical strength, as well as the determination of data for
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Table 7.17: Limits for everyday and long-term stresses according to EN 50341-3-4

[7.6]
Conductor Cross- Limits for Limits for Rated tensile
type sectional everyday long-term strength

ratio stress stress
N/mm? N/mm” N/mm?
Standards AL1/ AL3/ AL1/ AL3/ ALl/ AL3/
STIA ST1A ST1A ST1A STIA ST1A
AL1/ST1A 1,4:1 90 104 401 464 585 649
and 1,7:1 84 102 368 435 509 592
AL3/ST1A 4,3:1 57 69 240 328 354 455
according to 6,0:1 56 67 208 300 301 413
EN 50182 7,71 52 63 189 284 272 392
11,3:1 44 53 165 265 239 364
14,5:1 40 — 152 — 223 —
23,1:1 35 — 130 — 200 —
ALl according to
EN 50182 30 120 160
AL2 according to
EN 50182 44 240 295
Copper according to
EN 48201, Part 1 85 300 400
Bronze II according to
EN 48201, Part 2 100 500 580
Bronze IIT according to
EN 48201, Part 3 130 900 1245
A20SA according to
EN 50182 137 1112 1340

sagging, so that no mechanical overloading occurs during construction or operation of
the lines. The mechanical strength is the determining characteristic for overhead lines in
case of extraordinary span lengths [7.28, 7.72] where high tensile loads are involved. The
conductor design and dimensions should be selected so that the values of mechanical
stresses are kept within permissible limits. Dimensions and tensile loads of conductors
also influence the investments for a line.

According to [7.1] and [7.53], annex A, the mechanical resistance of the conductors
should be chosen in relation to the mechanical resistance of the supports and founda-
tions such that the conductors achieve the highest reliability. In [7.6], detailed informa-
tion is given about the requirements of mechanical strength related to the long-term
stress as a limiting value. Requirements are stipulated in [7.6] regarding stresses under
everyday conditions, the everyday stress (EDS).

7.4.2 Stresses under extreme load conditions

Ice and wind loads cause extreme conductor stresses and led also to conductor failures in
the past [7.73]. The conductor design, the rated tensile strength and sagging condition
should guarantee sufficient reliability under the prospective highest load conditions.
The conductor tensile forces corresponding to the ultimate loads may not surpass the
conductor rated tensile strength for all types of conductors [7.53] divided by the material
partial factor 1,25.
According to [7.6], the conductor tensile stress occurring under most unfavourable con-
ditions such as

— Temperature —20°C or less without ice and wind forces,

— Temperature —5°C with the ultimate ice load,

— Temperature —5°C with simultaneous action of ice and wind loads corresponding
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to the conditions assumed for the line area as well as
— Temperature +5°C and maximum wind load,
multiplied by a partial factor of 1,30, should not exceed the value of the long-term
tensile stress. The long-term stresses are given by Table 7.17, reaching values from 70
to 75 % of the rated tensile strengths. The long-term stress is defined as that stress
sustained by the conductor over a period of one year without any failure.

7.4.3 Stresses under everyday conditions

To protect conductors against fatigue failures caused by alternating bending stresses due
to aeolian vibration and also to assure their fatigue resistance, the everyday stress (EDS)
criterion was introduced and corresponding guideline values were established ([11.35],
[7.74]). In [7.6], such guideline values are stipulated which should not be surpassed to
care for conductor reliability under everyday conditions. When selecting the everyday
stress according to these stipulations, there will be only a minor failure probability for
composite conductors made of aluminium and steel. This applies also to homogeneous
conductors made of copper, of steel, of copper-wrought alloys or of aluminium-clad steel
assuming favourable environmental conditions and a proper design of suspension ar-
rangements. In case of lines susceptible to vibration, possible damage can be effectively
counteracted by providing vibration protection fittings.

Conductors with a small steel portion, homogeneous conductors made of aluminium or
aluminium alloy and reinforced conductors made of aluminium alloy and steel are more
susceptible to fatigue problems as are conductors with diameters larger than 25 mm as
well as conductors in spans longer than 500 m.

If an increased wvibration susceptibility is assumed or has been observed, the design of
the suspension set and of the damping devices should be properly selected to guarantee
an effective protection of the conductors.

More recently, the subject of safe tensile stresses was considered again. In [11.39], limits
for conductor tensile stress without damping are given; in [11.40], limits for conductors
with damping devices are indicated. These proposals are discussed in detail in clause
11.2.7. Tt is still open whether practical consequences concerning line design will arise
therefrom.

The everyday stress often determines the stringing conditions, in particular for voltages
of 110 kV and above. For the 231-AL1/30-ST1A (ACSR 230/30) conductor, which is
often applied to 110 kV lines in Central Europe, an everyday stress of 52,0 N/mm? is
specified in EN 50 341-3-4 [7.6]. The ultimate resistance is obtained by RTS/yy. With
RTS is 276 N/mm? and vy = 1,25 according to [7.5], the maximum stress should be
less than 221 N/mm?. For 500 m span length, the tensile stress of 221 N/mm? would
be achieved for an ice load of about 35,0 N/m. For the 565-AL1/72-ST1A (ACSR
564/72) conductor, the everyday stress is assumed to be 52,0 N/mm?, as well. This
conductor would reach its limit stress (see Figure 7.22) for a 500 m span length only
when submitted to 88,0 N/m ice load. From these examples, the importance of the
everyday tensile stress can be realized for conductor sagging and for reliabilities under
extreme load conditions.

Example for mechanical conductor design: The sagging condition should be selected
for a 500 m long span, equipped with a 231-AL1/30-ST1A (ACSR 230/30) conductor. The load
is assumed according to [7.6] for wind zone 3 and ice zone 1, 2, and 3. The conductor mass is
0,877 kg/m, the diameter 21,0 m and the cross section 260,8 mm? (see Table 7.9).

The everyday stress is limited to 52,0 N/mm?, the maximum stress is 276/1,25 ~ 221 N/mm?
at the suspensions or dead ends. The partial factor on conductor stress is assumed as 1,35.
Ice load (see clause 6.6.3.3) gi.1 = 5,0+ 0,1-21=7,1 N/m; g1» = 14,2 N/m; g3 = 28,2 N/m,
Wind load (see equation (6.73)) w = 0,021 - 1,0 - (0,45 + 60/500) (1300 + 3 - 50) = 17,36 N/m,
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Table 7.18: Mechanical conductor design (example), wind and ice
load, 231-AL1/30-ST1A
Case Ice  Wind Everyday Tensile Stressat Partial factor

stress stress support included

N/m N/m N/mm? N/mm? N/mm?’ N/mm?
1 7,1 16,80 52" 128,6 130,5 176
2 14,2 22,07 48 159,3 162,2 219"
3 28,4 29,09 35 158,0 164,4 222*

* prevalent condition

Specific weight force of ice: 7500 N/m?>.

Diameter with ice (see equation (6.84)) Dy ; = /d? + 0,00017 g; = 0,0406 m, D;» = 0,0534 m;
Dy 3 =0,0724 m;

Wind on conductor with ice wr; = 0,0406-1,0- (0,45 + 60/500) (1300+ 3 - 50)/2 = 16,78 N/m;
w2 = 22,07 N/m, wy3 = 29,90 N/m

The tensile stress is calculated using equation (14.37) for the thress cases considered; the stress
at the conductor supports follows from (14.24). The results are summarized in Table 7.18. As
can be seen from the table, the limit for everyday stress is prevalent in case 1, while the limit
for maximum stress govern the cases 2 and 3.

7.4.4 Impact of the conductor tensile load on line investment

The sag decreases linearly with increasing tensile stress of the conductor, resulting in
a reduction of the tower heights, of the materials needed for the suspension towers as
well as of the loading of their foundations. However, the decrease of the sags causes an
increase of the loads on angle, strain or dead-end towers due to higher tensile loads of the
conductors, thus increasing the forces applied to the tower members and foundations.
The investment for an overhead line essentially depends on tower dimensions and on
the load to which the towers are submitted. Due to various opposite effects, it is viable
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to search for the optimum conductor tensile stress regarding the investment for a certain
line. This optimum value depends on components such as the ratio between suspension,
dead-end or strain towers, as well as the span lengths and the external loads. The varia-
tion of the investment due to variations in the everyday tensile stress was examined for
a 220 kV line equipped with 383-AL1/49-ST1A (ACSR 380/50) twin bundle, starting
with a value of 52 N/mm? everyday tensile stress. An increase of the everyday tensile
stress by 20 % yielded a 4 % investment decrease, if the portion of strain towers was
10 %; if this portion were 20 %, the investments would remain practically the same. If
a higher percentage of strain towers were considered, the investments would probably
increase. In Figure 7.23, the investment for the 380 kV line across the river Elbe [7.72]
in Germany is shown as a function of the everyday tensile stress. An everyday tensile
stress around 70 N/mm? proved to be an optimum.

7.4.5 Conductor creep

Due consideration of conductor creep is required for the conductor sagging or for the
determination of the clearance between conductors. The clearance may not fall below
the required values. Installation of conductors with lower initial sags than the planned
final ones meets this requircments (see clauses 7.1.8.6 and 16.7.4.3). In this case, the
tensile stresses of the conductors, used as a basis for the design of the towers, should
not be surpassed.

7.4.6 Recommendations for selection of conductor tensile stresses

Selection of conductor tensile stresses is an important step during the design process of
an overhead line. Experience gained from lines has shown [7.32, 7.75] that the everyday
tensile stress of lines situated in regions which are less subject to aeolian vibrations
forms a sound basis for the determination of the conductor sagging conditions when
using aluminium-steel reinforced conductors with cross-sectional ratios ranging from
4,3:1 to 11,3:1. For aluminium and aluminium alloy mono-metallic conductors the ex-
perience is less positive. Therefore, taking into account the everyday tensile stresses or
the safe tensile stress as well as the limits imposed by extreme loads due to ice or wind,
it is also advisable to select the conductor tensile stress with respect to investments
as low as possible. Then, the line should be investigated with respect to the aeolian
vibrations it may suffer, using the information and methods explained in Chapter 11.
As a result of these studies, the suspension fittings can be selected and, if nccessary,
damping devices could be used.
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8.0 Symbols

Symbol  Signification

A Conductor cross section

A Cross section of well-conducting material
Ay Cross section contributing to heat storage
c Specific heat

cAl Specific heat of aluminium

Ctot Specific heat of total conductor

f Frequency

H Conductor tensile force

I Current

Iin Thermal equivalent current

I Initial alternating short-circuit current
m Direct current factor

mg Mass per unit length

mc-g  Weight per unit length

n Alternating current factor
N;j Joule losses
R Electrical resistance
Time
tk Short-circuit duration
T Temperature
T: Initial temperature
T Final temperature
« Temperature coefficient of resistance
QAL Temperature coefficient of resistance of aluminium
Qo Temperature coefficient of resistance of total conductor
y Specific mass
YAl Specific mass of aluminium
Yot Specific mass of total conductor
Ks Impulse factor
0 Resistivity
OAl Resistivity of aluminium
Otot Resistivity of total conductor

8.1 Types of earth wires

Most overhead transmission lines having voltages of 110 kV and above are provided
with earth wires (or ground wires). In this context, the term earth wire is used for all
types of conductors on earth potential according to EN 50 341-1, although all earth
wire designs consist of a multitude of individual strands. The main purpose of the
earth wires is the protection of the conductors against the direct incidence of lightning
strokes, that can cause line outages (see Chapter 4). However, lightning strokes, even
when reaching the earth wires, may cause a voltage rise at the towers high enough to
cause a back-flashover from the tower to the conductor along the insulator set. Thus,
in order to minimize the occurrence of flashovers along the insulator sets, beside using
earth wires, it is necessary to reduce the voltage increase on the towers; this can be
obtained through an appropriate earthing of the towers either by counterpoise wires,
by deep rods or other means (see Chapter 5).

The earth wires provide also a return path for phase-to-ground short-circuit currents.
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They should, therefore, be appropriately specified so as to conduct the predicted short-
circuit currents of the system. They reduce also the electrical interference of the line on
parallel lines. Moreover, the use of earth wires contributes to alleviate the earthing mat
of substations as the portion of current that circulates in the earth wire, at the first line
spans near the substation, will reduce the current flowing through the earthing mat.
The size of and investments for this mat can be correspondingly reduced.

In the past, earth wires having low conductivity, such as steel strands or AL1/STyz
(ACSR) conductors with low aluminium content, were mostly employed and are still
used in several countries. However today, most utilities, especially in Europe, have
changed to the use of larger AL1/STyz (ACSR) conductors or other high-conductive
cables, because of the high level of short-circuit currents presented by electric systems.
Another practice commonly employed by several utilities consists in designing highly
conductive earth wires near the terminal substations, at the first 5 to 10 km, changing
to steel strands in the remaining parts of the line, when the short-circuit currents drop
to lower values, compatible with the rating of steel conductors.

More recently, the use of earth wires has been extended to other purposes, such as for
transmitting small amounts of energy at lower voltages [8.1] or for carrying telecommu-
nication signals on integrated glass fibres. Such earth wires are named optical ground
wires (OPGW). Thus, the carth wires are losing their condition of dead or inactive
conductors to become more useful and efficient live components.

8.2 Electric and thermal design

8.2.1 Requirements

In steady-state conditions the earth wires or optical ground wires, usually earthed at
every tower, are only submitted to small circulating currents duc to electromagnetic
induction or clectrostatic influence, causing negligible power and energy losses.

Some utilities adopt the practice of insulating the carth wires through a low-voltage
insulator and only earthing them at some points, in order to reduce the losscs by
interference. Anyway, the normal operating conditions do not govern the earth wire
selection under the point of view of electric currents as they are only low and any
reasonable cross section will have a conductivity high enough to stand such currents.
The sclection of the earth wire for an overhead line is, therefore, determined by the
phase-to-carth shori-circuit currents that will circulate in such conductors in transient
conditions.

Under occurrence of a phase to earth short circuit, a significant portion of the current
will flow through the earth wire, especially at the first spans close to the terminal
substations where the short-circuit currents are of higher intensity.

Circulating through the earth wire, the short-circuit current will heat it, until the
protection relays trip the line out. The heating of the earth wire during the short
circuit follows an adiabatic process as, due to its short duration, there will be no heat
exchange with the environment. Earth wire cross sections are selected such that no
undesirable temperature increase is reached. The maximum permissible temperatures
depend basically on the earth wire material and properties.

8.2.2 Earth wire design under short-circuit conditions

The design of earth wires under short-circuit conditions can be carried out according to
[8.2] and EN 60 865-1 [8.3]. The heat produced by the short-circuit current through the
Joule law will be fully employed in increasing conductor temperature until a balance
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is reached without heat dissipation by convection or radiation. From (7.13), it results:
Ay-c-y-dT/dt=N; . (8.1)
Through use of (7.13) and (7.16), it is obtained:
dr/dt = I* - [R(1 + a(T — 20)]/(A2 -y -¢) (8.2)

where I represents the current, R the earth wire resistance, A, the earth wire cross
section contributing to the heat storage, v the conductor unit mass and c¢ the specific
heat of the conductor. Considering for a unit length of conductor R’ = o'/A;, where
o is the resistivity of the well-conducting conductor part and A; its cross section, it
results from (8.2):

T
f dr —7 Lo 4 (8.3)

J 1+a(T—20)_0 AjAs-v-c ’
1

and after integration:

1. 1+ Ty —20) I?p-tx
1 = 8.4
"TH (T —20)  AAy-y-c (8-4)

a
where tx is the short-circuit duration and T and 15 are the initial and final tempera-

tures. The final earth wire temperature for a thermally equivalent short-circuit current
is then obtained from (8.4):

2
TQ:20+{[1—|—a(T1—20)]explj4hlfz—.o’;.2<~1}/a . (8.5)

Through an inversion of equation (8.5), the short-circuit current equivalent to a final
temperature T5 is determined by:

- Ty —2 A - A
Ith—\/’y Clnl+a(2 0)\/ L A2 (8.6)

e-a 1+a(Ty —20) tk

When dealing with ACSR conductors, there are several assumptions regarding the
parameters of equation (8.6), according to [8.2], namely:

Assumption A

The earth wire is considered as a homogeneous aluminium conductor and only the
conducting component is taken into account neglecting the steel portion. The following
data are applicable then:

Ay = Ag = Apy; a1 0al; va1 and cal

In case of steel earth wires, the index Al for aluminium can be replaced by the index
Fe for steel.

Assumption B
By this assumption, the mass and the conductivity of the steel portion is also considered.
It is then applicable:

Ay = Ay = Aa1 + ARe; Otot; Otots Yior and cyot-
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Table 8.1: Permissible short-circuit current of conductor 264-AL1/34-
ST1A, duration 1 s

Input data Assumption

and results A B C
Cross section A mm? 263,7 297,8 263,7
Cross section A, mm? 263,7 2978 2978
Specific heat ¢ Ws/(kgK) 897 772 772
Specific mass -y kg/(m- mm?) 0,002703 0,00328  0,00328
Temperature coefficient

of resistance « 1/K 0,00403  0,00403  0,00403
Resistivity o Qmm?/m 0,0283 0,0326 0,0283
Initial temperature T} °C 40 40 40
Final temperature 1% °C 160 160 160
Nominal frequency f Hz 50 50 50
Factor ks - 1,8 1,8 1,8
Factor m 0,0448 0,0448 0,0448
Iin kA 23,4 25,2 25,4
I kA 22,9 24,6 24,8

Assumption C
The conductivity of the steel is not considered, however, its mass is taken into account.
It is then applicable:

Ay = Ay Ao = Aa + Are; oAl 0A1 Yot and cror.

According to [8.3], the following relation exists between the thermally equivalent short-
circuit current Iy, and the initial alternating short-circuit current I)):

In=1 vVm+n . (8.7)

The factor m takes into account the direct current component while n considers the al-

ternating current component in the heating process. IEC 60 865-1 provides diagrams for

determining mm and n. In usual cases, n can be set to 1. The factor m is calculated from:
exp[d- f -tk - In(kg —1)] — 1

"= 2 f-tx -In(ks — 1) ' (8:8)

In (8.8), the meaning of parameters is:

kg factor which takes into consideration the initial short-circuit current. Usually, kg
is equal to 1,8 for overhead line systems;

tk short-circuit duration;

f nominal frequency of alternating current component.

As shown in the following example, the DC component has usually only a slight in-
fluence and, in view of the uncertainties in the other parameters, can be neglected,
therefore. Then, it results: I, = I}

Example: Determine the permissible short-circuit current of the conductor 264-AL1/34-
ST1A for a duration of 1 s. Assumptions A, B and C should be considered. Table 8.1 contains
the input data. For assumption B it is obtained

. _ [ 000828-772_ /1+0,00403(160 - 20) 20TE T8 _ oy
= 1/0,0326-0,00403  \ 1+0,00403(40—20) ) 'V~ 1,0

With
exp[(4-50-1 In(1,8—-1))] -1
- = 0,0448
" 2.50-1-n(1,8 - 1) '
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the initial short-circuit current will be
25,2

/0,0448°+1

The results are shown in Table 8.1. The permissible short-circuit current is approximately 25 kA.

The example demonstrates that the effect of the DC component is low and can be neglected in
most cases.

I = =247~ 25 kA

8.2.3 Temperature limits of earth wires in case of short circuits

The highest permissible temperature of a conductor under short-circuit conditions is
established so that it retains all its conducting properties after the clearing of the max-
imum expected short circuit load. In clause 7.2.1, the recommended maximum temper-
atures are discussed for conductors and earth wires during a short circuit according to
[8.3] and [8.4]. They are presented in Table 7.13. When establishing the maximum tem-
peratures for specific cases, it should be prevented that clearances to phase conductors
decrease below acceptable limits. In case of OPGW, the same temperature limits, as
used for other earth wires having the same structure, are accepted by the relevant stan-
dards. Suppliers of OPGW usually specify short circuit performance limits indicated
in I% - t, where I is the short-circuit current in kA and ¢t its duration in s. Maximum
permissible temperatures for OPGW are usually established by manufacturers in the
range of 180° to 220 °C.

8.2.4 Fault clearing and reclosing operations

In high voltage systems, relay protection systems of different types take care of fast
recognizing short circuits so that the fault currents are interrupted through opening
the relevant circuit breakers.

Normally, a switching period of 0,1 s is established for the first protection zone, including
relay and circuit breaker time. If a relay or circuit breaker fails, a time of 0,4 to 0,5 s
is usually taken into account for the back-up or remote protection to switch off the
relevant circuit breakers.

Transmission systems above 110 kV are generally provided with automatic reclosing
equipment, which is designed to put the line in operation again instantaneously after
a fault had occurred, in case of lightning outages, too.

When automatic reclosing scheme of lines is used, the first reclosing operation usually
is carried out after the fault clearing and is, therefore, successful in most cases. The
line returns to service and the fault current time remains below 0,1 s. However, if the
fault is not transient and remains, the protection scheme switches the line off again.
The total fault current time reaches then between 0,2 and 0,3 s. The second and third
reclosing operations, when used, are manual and usually start at around 60 and 300 s
after the line failed, respectively.

These time intervals are not long enough for providing some cooling effect for the
conductor temperature. Therefore, cooling cannot be considered in conductor heating
calculations. The process is in itself very complex and utilities prefer to use simplified
approaches.

Instead of separately considering different heating and cooling periods during reclosing
operation, it can be recommended in earth wire rating, for reasons of simplification,
to determine an equivalent time for the duration of short circuits as a function of the
relaying periods adopted for the different voltage levels.

For voltages up to 300 kV (Range I according to [8.5]) an equivalent period of 0,5
to 1,0 s and for voltages above 300 kV (Range II according to [8.5]) 0,2 to 0,6 s are
recommended. Such periods consider operation intervals between fault clearing and
reclosing, switching time and a potentially stuck circuit breaker.
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Figure 8.1: Final temperature for steel con- Figure 8.2: Permissible short-circuit current

ductors 49-, 66-, 93-and 117-ST1A; initial tem- as a function of short-circuit duration for steel

perature 40°C, short-circuit duration 0,5 s conductors 49-, 65-, 70- and 117-ST1A accord-
ing to [8.6]; initial temperature 40°C, final
temperature 200°C

Table 8.2: Technical data and admissible short-circuit currents (in kA) of some earth wires
ST1A, and A20SA (final temperature 200°C) and AL1/ST1A (final temperature 160°C)

Shield wire type Cross- Specific Resistivity Specific Short-circuit
sectional heat ¢ p mass y duration
area A»
(mm?)  (Ws/kgK) (Qmm?/m) (kg/mmm?®) 0,2s 05s 10s
49-ST1A 49,5 481 0,192 0,00778 4,9 33 2,4
66-ST1A 65,8 481 0,192 0,00778 6,6 4,4 3,2
93-ST1A 93,3 481 0,192 0,00778 9,2 6,2 4,5
117-ST1A 117,0 481 0,192 0,00778 116 7.8 56
49-A20SA 49,5 518 0,0848 0,0066 7,0 4,7 3,4
66-A20SA 65,8 518 0,0848 0,0066 9,1 6,1 44
93-A20SA 93,3 518 0,0848 0,0066 13,0 8,7 6,3
117-A20SA 117,0 518 0,0848 0,0066 16,4 11,0 7,9
44-AL1/32-ST1A 75,7 605 0,0450 0,00488 11,2 7,5 5,5
97-AL1/56-ST1A 152,8 623 0,0457 0,00463 23,3 156 11,3
122-AL1/71-ST1A 193,8 623 0,0457 0,00463 295 198 143
264-AL1/34-ST1A 297.8 772 0,0326 0,00328 51,2 343 279

8.2.5 Examples of earth wire current carrying capacity in case of short
circuits

The short-circuit current carrying capacity of earth wires is given in Table 8.2 using
assumption B described in clause 8.2.2. This table supplies the main technical data and
permissible short-circuit currents for duration of 0,2, 0,5 and 1,0 s. The temperature
coefficient of resistance was taken as a = 0,0045 for steel strands ST1A, 0,0036 for
conductors A20SA and 0,00403 for AL1/ST1A (ACSR) conductors. The impulse factor
rs was taken as 1,8. In Figure 8.1, the final temperature is shown as a function of
the short-circuit current for conductors 49-ST1A, 66-ST1A, 93-ST1A and 117-STIA,
with an effective duration of 0,5 s. In Figure 8.2, the short-circuit current is shown
as a function of short-circuit duration for the same conductors, considering a final
temperature of 200°C. The corresponding values for 300°C and 400°C can be obtained
by multiplying the values of Table 8.2 by the factors 1,20 and 1,33, respectively. The
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Figure 8.4: Short-circuit current as a func-
tion of short-circuit duration for conductors
AL1/ST1A - 44/32,97/56,122/71 and 264/34
according to EN 50182, Table F19, initial tem-
perature 40°C, final temperature 160°C

Table 8.3: Technical data of some OPGW (see Figure 8.7)

OPGW

97-AL1/  167-AL3/ 68-A20SA

48-A20SA  43-A20SA
Rated tensile strength (kN) 82 103 81
Modulus of elasticity (kN/mm?) 96 79 162
Expansion coeflicient (IO’G/K) 17,4 18,8 13,0
Conductor diameter (mm) 16,0 19,2 12,1
Tube diameter (mm) 32 3,0 5,5
Wire diameter (mm) 3,2 2,5/3,0 3,3
Everyday stress (N/mm) 85 78,0 137
Long-term stress (N/mm) 400 340 1110
OPGW with stainless steel tube
Number of fibres 16 36 36
Mass (kg/km) 615 788 505
Short-circuit capacity I -t([kA]2 . s) 112 425 38
DC resistance (€2/km) 0,265 0,182 0,88

same relations are valid for A20SA conductors.

In Figure 8.3, the final temperatures are presented for AL1/ST1A conductors 44/32,
97/56, 122/71 and 264/34 and a short-circuit duration of 0,5 s; Figure 8.4 contains the
permissible short-circuit current as a function of short-circuit duration for the referred
conductors, when the final conductor temperature reaches 160°C. The corresponding
values for 200°C and 300°C can be obtained through multiplying the values extracted
from Figure 8.4 by 1,12 and 1,35, respectively.
For conductors with optical fibres (OPGW), the manufacturers supply the highest
temperature and the short-circuit capacity with the unit (kA)? - ¢ (see Table 8.3).
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span length 400 m, everyday stress 10 % ing on the conductor temperature after oc-
currence of a short-circuit

8.3 Mechanical design

8.3.1 Loss of mechanical strength during heating process

The excessive heating of the earth wire during a short circuit can cause a permanent
elongation, loss of strength or rupture.

A permanent elongation of the earth wire will cause a reduction of the separation
between the earth wires and the phase conductors, threatening the security of the line.
Conductor failing on the other hand, cither immediate or resulting from earth wire loss
of strength, can cause a permanent outage of the line as well as damage to towers and
other line components.

Concerning galvanized steel earth wires, the short-circuit currents can cause damage to
the galvanization reducing, therefore, life time of the earth wire. The consequences of
such phenomena depend on specific conditions. The nominal strength of stranded steel
conductors decreases above 200°C and, therefore, such conductors are not recommended
to be designed for operation above 200°C.

However, considering the low probability of maximum fault currents and the only minor
deterioration to the steel conductors at 200°C, the limit of 200°C is considered by some
utilities as too conservative resulting, therefore, in over-rated earth wire sizes. Such
companies assume a maximuin acceptable temperature of 300°C, including cumulative
heating of the conductor, when the line is reclosed under short-circuit conditions. It can
be observed that, after 300°C, the steel conductors may be already subject to slight
variations in the zinc coatings, resulting in corrosion. So it is not recommended to
accept higher temperatures than 300°C for steel conductors. It should furthermore be
emphasised that the zinc coating of the steel conductors starts to melt at temperatures
above 420°C.

However, the data in Table 7.13 of [8.3] are more conservative and limit the stecl
conductor temperature to a maximum of 200°C.

For conductors ALx/STyz (ACSR conductors), a maximum temperature of 200°C is
specified in [8.4]. However, according to [8.3], only 160°C are acceptable.

Some experiments were carried out to determine the influence of temperatures above
200°C on loss of conductor strength and oun the resultant instantaneous or permanent
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rise of sags assumed by the conductor after the heating process.

In Figure 8.5, the variation of permanent and maximum instantaneous elongation of a
conductor is presented as a function of temperature for a 400 m span and an EDS of
10 % of rated tensile strength.

Considering the variation of tensile loads due to the elongation, practical experiments
determined the relevant variations on permanent and instantaneous sags for several
spans, as a function of maximum temperatures reached by the conductors after the
short circuit, as presented in Figure 8.6.

Steel conductors, for instance, when reaching 200°C at a span of 400 m present an
instantaneous sag increase of 2,7 m, which can be accepted as the conductor returns
to the original condition after the cooling process.

For a temperature of 300°C, there is an instantaneous sag increase of 4,5 m and a per-
manent variation of 1,0 m. For a temperature of 400°C, the instantaneous sag variation
is about 7,5 m and the permanent sag increase is about 2,2 m. While a temperature
of 300°C is considered as acceptable by some utilities, a temperature of 400°C is only
accepted in exceptional cases, e. g. for old lines designed for lower short-circuit ratings
in the past.

8.3.2 Establishing tensile stresses and forces

The tensile stresses and sags of earth wires or aerial cables with optical fibres and the
relevant stringing conditions need to be established so that the separation between earth
wires and conductors at mid span is wider than their separation at the towers. It should
be demonstrated that long-term vibrations having large amplitudes do not occur as to
cause unacceptable reduction of earth wire or OPGW life time. Thus, attention should
be given to proper vibration protection (see Chapter 11). It is usual to set the earth
wire or OPGW sag as 90 to 95 % of the conductor sag at average yearly temperature
(everyday condition), for instance 10°C in Europe, and then to take care that earth wire
sag never exceeds the conductor sag. The resulting tensile stresses are then adopted
for individual spans or towers, keeping in mind the maximum acceptable longitudinal
loads (see clause 7.4 and [8.4]).

8.4 Steps for selection of conventional earth wires

In Table 8.2 examples are shown of earth wires frequently used by utilities, together with
the respective short circuit data. The selection of earth wires comprises the following
steps:

— Determination of short-circuit currents at least for a period of 10 years ahead;

— Computation of short-circuit current distribution among earth wires and earth
when the fault location is varied along the line, considering the most pessimistic
conditions inside the considered time horizon.

— Selection of one or two earth wire sizes for the line, depending on the type of lines,
single or double circuit, on the voltage level and on the tower configuration. The
optimum position of the earth wires for a good shielding against direct lightning
strokes should also be taken into account (see Chapter 4). The arrangement and
size of the earth wires should be conveniently designed. A strain tower is the best
point to change earth wire sizes.

— Selection of the everyday stress for the earth wires for an adequate sag match-
ing with the conductors and considering eventual vibration protection needs (see
[8.4]).

— Determination of measures and devices for vibration protection, as described in
Chapter 11, considering the type of conductors.
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Figure 8.7: Examples of OPGW designs

a) Structure as conductor 97-AL1/56-ST1 - steel tubes arranged in the second layer
b) Design type with two AL3 layers

¢) Design type with a central tube

8.5 Earth wires comprising optical fibres (OPGW)

8.5.1 Generalities and design

During decades, the earth wires of overhead transmission lines were aimed only at pro-
tecting the line conductors against lightning strokes and, as a consequence, to reduce
the number of line outages. In addition, they reduced the interference on neighbouring
installations. Another important function began, when overhead lines were equipped
with earth wires constituting specific circuits for transmitting telecommunication sig-
nals. Such utilization has become widespread with the advent of fibre optic cables
(OPGW), that provide a means of compact and interference-free signal transmission
for use on electric power lines. So, the earth wires assumed additionally an active func-
tion in the overhead transmission.

Power networks connect population centres and, therefore, can provide alternative tele-
communication routes, not only for electric utilities but also for other companies and
cable TV networks. An extra capacity could be used for business ventures and other
commercial applications. The immunity of fibre optic cables to clectromagnetic inter-
ference is a major advantage for their use in power transmission systems. Paper [8.8]
contains the cssential basis for OPGW. The standards [8.9, 8.10, 8.11] and [8.12] give
basic requirements for optical fibre cables. Along the time, three basic systemns of acrial
cables with optical clements have been developed:

— Self-supporting optical ground wires (OPGW). A self-supporting optical
ground wire is a stranded metallic conductor incorporating optical fibres. It is
best suited to be installed on new overhead power lines or when there is a need
to replace existing earth wires. The basic characteristics of OPGW manufactured
nowadays include designs with more than 100 fibres. In Figure 8.7 examples of
OPGW are shown having up to 36 fibres.

The glass fibres are usually protected by tubes of stainless steel; maximum fibre
number is fit to the tube diameter. The glass fibres must be decoupled from the
mechanical and electrical impact that may appear on the carth wire; so the fibres
are installed and protected by a thixotropic gel filling before laser welding of
tubes. In casc of OPGW types, where the tube replaces a strand different from
the core strand, the glass fibres contain an additional longitudinal reserve through
the helix of the tube. The steel tube is usually not considered in the mechanical
design of the OPGW. The loss in mechanical strength of the conductor can be
tolerated when replacing only one steel strand through a tube (Figures 8.7 a,b).
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Figure 8.8: Example of an ADSS cable type Figure 8.9: Optical cables attached
to the earth wire

However, when more steel strands are replaced by stainless steel tubes with glass
fibres, the resulting cross section reduction of the steel core should be specially
taken into account.

If aluminium strands in the outer layer are replaced by aluminium alloy strands
to compensate the strength lost by insertion of tubes instead of steel strands,
then the more pronounced strength reduction by melting of some of these strands
through lightning stroke effects should be considered.

— All dielectric self-supporting cables (ADSS). The dielectric self-supporting

cable consists of multiple-mode or single-mode fibres arranged in tubes, stranded
around a dielectric central strand, reinforced by glass fibres. The core is pro-
tected by an inner sheath, by aramid yarns and a polyethylene jacket that are
flame retardant and humidity protected. Around the polyethylene jacket a layer
of tensile-proof aramid fibres is arranged which are protected against mechanical
damage by a polyethylene sheath. These cables reach sufficient tensile strength
to allow for large unsupported spans between attachment points. They are physi-
cally separated from, and operated independently of the power line. In Figure 8.8,
the structure of a dielectric cable is shown. Paper [8.13] contains details about the
design and use of such types of optical cables, while [8.14] describes the fittings
and their testing.
ADSS cables are more subjected to vibrations than conventional conductors; in
the case of ice loads, their sag is considerably high and with additional wind, there
is a danger of touching phase conductors. As their installation on tower usually
causes problems, power utilities seldom employ such cables.

— Optical fibre cables attached to earth or messenger wires. Attached cables
are all-dielectric optical cables attached to the earth wire or phase conductors.
Such cables rely on the conductor or earth wire as their support and do not
require, therefore, high mechanical strengths. In Figure 8.9, an optical cable at-
tached to a messenger wire is shown.

The attached cables are not protected against thermal damages produced by
lightning strokes. Failures can only be repaired by loosening and installation of
new intermediate cable sections requiring joints.
In [8.15] an interesting experience in the UK is described about maintenance strategies
of optical cables installed in high-voltage overhead lines.
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Table 8.4: Tests at conductors with optical fibres (OPGW) and accessories
Type tests Sample tests

Conductors with optical fibres
Tests of optical fibres and individual strands

— Attenuation as a function of wave ~ Visual inspection
length, variation in case of bending - Optical attenuation
and temperature change - Strand tests as with conventional conductors

- Chromatic dispersion

- Modal radius

- Band width measurement

Test on complete conductors with optical fibres
- Stress-strain curve

- Behaviour under longitudinal load - Visual check on existence of flaws and ripples
(behaviour of optical fibres) - Measurement of dimensions

- Stringing conditions - DC resistance

- Conductor galloping - Coil or drum conditions

- Aeolian vibrations -- Packing

- Creep test - Shipment descriptions

Thermal cycle test
- Water absorption test
-~ Short circuit test
- Impulse voltage withstand test

Accessories

- Tensile load - Visual surface check

- Aeolian vibrations - Measurement of dimensions
Conductor galloping - Zinc coating

- Short circuit test - Mechanical strength

- Vertical load, bending angle — Tests at accessories according to
at suspension points IEC 61284 [8.16]

- Unbalanced loads
- Test at accessories according to
IEC 61284 [8.16]

8.5.2 Installation conditions

Conductors with optical fibres (OPGW) are subjected to the same requirements re-
garding everyday stress (EDS) and ice loads as conventional conductors. The conditions
of average and maximum tensile forces, and the recommendation on everyday stress
(EDS) to be adopted, are specially important in correspondence with the conductor
type, as given in [8.4], Table 9.2.1/DE1.1, and rccommendations for the parameter
H/m.g according to clause 11.2.7. The design of snitable protection against vibrations
is of prominent importance. Vibration protection devices are required for most OPGW
and should be selected according to the guidelines presented in Chapter 11. Particular
care Is necessary in the stringing works of optical cables (see clause 16.8.4.9).

8.5.3 Accessories

The special functions of OPGW require also corresponding special accessories for their
attachment at suspension and strain supports. The fittings should prevent damage or
deformation, that can harm the function of the optical fibres. Damping fittings, in
particular, should take care of the optical fibres. In [8.14], [8.17] and [8.18], fittings
for OPGW arc extensively described. In Chapter 10, examples are shown with armor
rods for suspension supports and dead end supports, as well as examples of vibration
dawpers.
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8.5.4 Tests

OPGW and their accessories are tested according to relevant standards and recommen-
dations of international organisations.

— Tests on optical cables. The optical fibres of OPGW are tested according
to IEC 60793-1-4 [8.19]. The optical attenuation is checked at the wave length
of 1550 nm in a testing loop, that consists of at least one continuous fibre per
tube. Then, the mechanical integrity of the metallic tubes and the density against
water absorption are tested. Manufacturing ovalities should be limited to narrow
tolerances previously provided by the manufacturer and are not allowed to expand
to unacceptable values during stringing operations.

The complete conductors are tested according to [8.20], and the metallic strands
assume the same testing methodology as strands for conventional conductors. In
Table 8.4 type and routine tests applicable to optical cables are summarized.

— Tests on accessories of optical cables. The following accessories should be
submitted to tests: suspension and dead-end fittings, suspension clamps, vibra-
tion dampers, galloping dampers, warning spheres, connectors for jumper loops,
earthing connectors and branch-off clamps. They should fulfil all requirements
applicable to conventional conductors and are not allowed to impair their func-
tion. Regarding testing, the relevant standards [8.20], [8.19] and [8.16], as well
as publications [8.14], [8.18] and [8.21] are applied. Table 8.4 contains type and
sample tests to be conducted with accessories for optical cables.
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9.0 Symbols

Symbols  Signification

ag Weight span

Geq Equivalent span

aw Wind span

Ce Aerodynamic drag factor

d; Diameter of ball-and-socket connection
d Maximum diameter of insulator body

D Conductor diameter without ice

Dy Conductor diameter with ice accretion
E Modulus of elasticity

Eq Electric strength

Ei, B, Number of samples to be tested

g Acceleration of gravity

g1 Weight of ice accretion per unit length
Jres Resulting conductor load per unit length
K Correction factor for air humidity and density
L Nominal length of the insulator

mg Conductor mass per unit length

mcg Conductor weight per unit length

no Number of subconductors

N Total number of units in a lot

P Nominal height of a cap-and-pin insulator
q Wind pressure

qo Reference wind pressure

Qc Conductor tensile force

Qa Weight force

Qis Load of insulator

Qw Wind load

Qwr Wind load on conductor with ice accretion
Ty, T Conductor temperature

Uecw Insulation coordination withstand voltage
Urp Representative overvoltage

Urw Required withstand voltage

Us Highest voltage of equipment

w Wind force per unit length

z Height above ground

M Material partial factor

oM Dissipation angle

Er Relative permitivity

Qa Density of ceramic raw material

o1t Flexural strength, unglazed

Ofg Flexural strength, glazed

o1, 02 Conductor tensile stress

9.1 Introduction

The énsulators are overhead line components installed between live conductors and
earthed parts of the structures, being simultaneously subjected to mechanical and elec-
tric stresses. The insulation performance needs, therefore, to be designed for the most
adverse operating conditions resulting from climatic impacts, such as ambient temper-
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Figure 9.1: Line post and cap-and-pin insulators

atures, humidity, dew, fog, rain, as well as pollution by deposits of dusts, salts, firing
residuals and industrial gases. The mechanical resistance should be so high that ev-
ery incident load is carried with enough operational security. Disruptive strength and
electrical arc resistance should be large enough to withstand the resulting stresses.
Definitions can be found in IEC 60 050-471 [9.1]

To accomplish such tasks, several insulator shapes have been developed and some have
disappeared from the market in the last 100 years since transmission of electric energy
had started; the currently existing insulator designs result therefrom.

Porcelain as the first insulator material developed has been used until today, though
with improved composition design. Toughened glass and plastic of different types and
recipes appeared along the time as insulator raw materials, too. International stan-
dards of insulators reflect the high quality available today, but do not exclude new raw
materials and further development to new insulator types and designs.

According to IEC 60 383-1 [9.2], overhead line insulators are classified in two types, type
A and type B, respectively. Type A insulators are characterized by the fact, that the
length of the shortest puncture path through the insulating body is at least half of the
flashover path on the insulator surface. This applies to long rod insulators, for instance.
Such insulators are considered as puncture-proof. Insulators for which the length of the
shortest puncture path through the body is less than the half of the flashover path
are classified as type B insulators, for instance cap-and-pin insulators and line post
insulators. They are considered as not puncture-proof. According to present technology,
puncture-proof solid-core insulators cannot be manufactured from glass.

9.2 Ceramic insulators

9.2.1 Insulator types and their application

Since the creation of the first units of porcelain bell-type insulators by Werner von
Siemens in 1849 (Figure 9.1a), the ceramic insulators have been developed to accom-
plish all operational requirements to be complied with by high-quality components.
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Table 9.1: Cap-and-pin insulators according to IEC 60305 with ball-and-socket connection

Designation Electro-mechanical Maximum nominal Nominal Minimum Standardized

or mechanical diameter of the height nominal connection
failing load insulator body d P creepage acc. to JEC 120
path

kN mm mm mm dy
U40 B 40 175 110 190 11
U 40 BP 40 210 110 295 11
U 70 BS 70 255 127 295 16
U 70 BL 70 255 146 295 16
U 70 BLP 70 280 146 440 16
U 100 BS 100 255 127 295 16
U 100 BL 100 255 146 295 16
U 100 BLP 100 280 146 440 16
U120B 120 255 146 295 16
U 120 BP 120 280 146 440 16
U 160 BS 160 280 146 315 20
U 160 BSP 160 330 146 440 20
U 160 BL 160 280 170 340 20
U 160 BLP 160 330 170 525 20
U210B 210 300 170 370 20
U 210 BP 210 330 170 525 20
U 300 B 300 330 195 390 24
U 300 BP 300 400 195 590 24
U 400 B 400 380 205 525 28
U530 B 530 380 240 600 32

The bell-type insulator from 1858 shown in Figure 9.1b was originally used for the
insulation of telephone lines. That shape was basically kept, when the line post insu-
lator of the HD type (high-voltage delta insulator) for overhead lines was created and
further developed into the HW type (high-voltage wide shed insulator). The existing
techniques at that time required cap-and-pin insulators (Figure 9.1f) for higher voltage
levels to be produced in separate parts and cemented together then. The development
of pin-type insulators with higher puncture and flashover voltages came to an end in
1920 when the HD types shown in Figure 9.1 d were achieved. They have been still used
up to 69 kV in some parts of the world.

Another insulating principle had to be studied due to the increasing transmission volt-
age levels. So, at the beginning of the 20*" century the suspension insulator appeared.
By means of similar units joined together like chain elements, the insulation level re-
quired for the respective operation conditions could be accomplished. The Hewlett
insulator shown in Figure 9.1 e was one of the earliest types of string insulators, whose
bodies were embraced by cable loops and are, thus, loaded by compression only. Both
the low dielectric puncture strength and the risk of damage of the cable loops due to
vibrations and arcs were disadvantageous aspects. The Hewlett insulators were replaced
by the cap-and-pin insulators (Figure 9.1f) which have been used worldwide since then.
In Central European countries, the cap-and-pin insulators were produced and used, at
first, in various designs to comply with different electric and mechanical load condi-
tions. The many existing designs for the attachment of the pin to the porcelain body
indicate the degree of difficulties production and operation were faced with, a situation
not different from that in other countries. While there it was aimed at further devel-
opment of cap-and-pin insulators (Figure 9.2) through improvement of the production
techniques, more economic materials as well as moulding and cementing processes, in
Central Europe new alternative insulation systems were being researched.

By 1919, the Motor insulator appeared in Switzerland, a double shed solid-core insula-
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Figure 9.4: Long rod insulators: a) with socket Figure 9.5: Typical application of in-
caps; b) with clevis caps sulating crossarms (delta configuration)

tor (Figure 9.3). A novelty was the fact that the porcelain was loaded by tensile stress,
although its tensile strength reached only one tenth of the resistance to compression.
This design set high tensile strengths and a reliable production as premises. Due to the
relation between the length of the flashover path in the air and the puncture path in
the insulating medium, this type of insulator is not susceptible to puncture.

The long rod insulator according to Figure 9.4 represents a further development of
the double shed solid-core insulator. Its simple and clear structure, the advantageous
electric characteristics under high pollution and its high reliability have led the long rod
insulator to a privileged rank in several European countries. Due to the possibility of
casy modifications, several special versions were designed to accomplish different tasks.
So, the same basic cross section of the body may encompass diverse shed diameters,
shed shapes and shed distances. EN 60433 [9.3] standardizes long rod insulators with
ball-and-socket and clevis-and-tongue type caps. The most frequently used insulator
types are shown in Figures 9.2 and 9.4. Their data can be seen in Tables 9.1 to 9.3.
Advances in technologies of insulating materials enable to replace support crossarms
by insulators. Insulating crossarms with long rod insulators can be mounted directly at
the tower body. The conductor is attached to the insulator head. Their advantages can
be mentioned as being a reduced overall dimension and height of the supports. Rights-
of-way and crossed areas can be noticeably reduced. Emergency structures or other
temporarily used line designs are preferably equipped with such type of structural
elements. In some countries, they are applied to voltages up to U, = 145 kV as an
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Table 9.2: Characteristics of long rod insulators with clevis and socket caps according to
IEC 60433

Designation Standardized = Power with-  Specified Maximum nominal Minimum

lightning stand voltage minimum  diameter d of the creepage
impulse with- wet failing insulator body path

stand voltage load

kV kV kN mm mm
L 40 B/C 170 170 70 40 160 576
L 60 B/C 170 170 70 60 160 576
L 100 B/C 170 170 70 100 180 576
L 100 B/C 250 250 95 100 180 832
L 100 B/C 325 325 140 100 180 1160
L 100 B/C 450 450 185 100 180 1968
L 100 B/C 550 550 230 100 180 1968
L 120 B/C 325 325 140 120 200 1160
L 120 B/C 450 450 185 120 200 1968
L 120 B/C 550 550 230 120 200 1968
L 120 B/C 650 650 275 120 200 2320
L 160 B/C 325 325 140 160 210 1160
L 160 B/C 450 450 185 160 210 1968
L 160 B/C 550 550 230 160 210 1968
L 160 B/C 650 650 275 160 210 2320
L 210 B/C 325 325 140 210 220 1160
L 210 B/C 450 450 185 210 220 1968
L 210 B/C 550 550 230 210 220 1968
L 210 B/C 650 650 275 210 220 2320
L 250 B/C 550 550 230 250 230 1968
L 250 B/C 650 650 275 250 230 2320
L 300 B/C 550 550 230 300 240 1968
L 300 B/C 650 650 275 300 240 2320
L 330 B/C 550 550 230 330 250 1968
L 330 B/C 650 650 275 330 250 2320
L 360 B/C 550 550 230 360 250 1968
L 360 B/C 650 650 275 360 250 2320
L 400 B/C 550 550 230 400 260 1968
L 400 B/C 650 650 275 400 260 2320
L 530 B/C 550 550 230 530 270 1968
L 530 B/C 650 650 275 530 270 2320

alternative to conventional line designs. In Figure 9.5, a 110 kV line with insulating
crossarms is shown. For this application, line post insulators are used, the characteristics
of which can be found in IEC 60 720 [9.4].

The use of insulators in cantilever applications combines structural with electric char-
acteristics; such solutions, with no metallic elements between phases, need low phase
spacing thus resulting in compact supports being an important and desirable condition
in new lines where high capacities are required. Papers [9.5] and [9.6] describe sev-
eral compact lines with insulators used as insulated crossarms. Insulated crossarms are
favourable for uprating lines as described in [9.7] for conversion of a 66 kV line into
220 kV in Spain.

Cap-and-pin insulators are standardized regarding ultimate strength, diameter, spacing
and creepage distance according to [9.8]. Their couplings are standardized by IEC 60 120
(ball-and-socket couplings) [9.9] and IEC 60471 (clevis-and-tongue couplings) [9.10].
Locking devices are specified in IEC 60372 [9.11].
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Table 9.3: Dimensions of connections of long rod insulators with clevis and socket according
to IEC 60433

Designation Connection B ) Connection C
Maximum  Standardized dimension Maximum Standardized dimension
nominal of connection (bolt nominal of connection (bolt dia-
length L diameter according length L meter according to

mm to IEC 60120) mm IEC 60471)

L 40 B/C 170 380 11 400 13L

L 60 B/C 170 400 11 420 13L

L 100 B/C 170 450 16 475 19L (16L) ¥

L 100 B/C 250 580 16 605 19L (16L) ¥

L 100 B/C 325 870 16 900 19L (16L) ¥

L 100 B/C 450 1085 16 1120 19L (16L) ¥

L 100 B/C 550 1240 16 1270 19L (16L) ¥

L 120 B/C 325 870 16 905 19L (16L) ¥

L 120 B/C 450 1085 16 1120 19L (16L) ¥

L 120 B/C 550 1240 16 1275 19L (16L) ¥

L 120 B/C 650 1430 16 1465 19L (16L) ¥

L 160 B/C 325 885 20 920 19L

L 160 B/C 450 1100 20 1135 19L

L 160 B/C 550 1255 20 1290 19L

L 160 B/C 650 1445 20 1465 19L

L 210 B/C 325 905 20 940 22L

L 210 B/C 450 1120 20 1155 22L

L 210 B/C 550 1275 20 1310 22L

L 210 B/C 650 1465 20 1500 22L

L 250 B/C 550 1305 24 1335 22L

L 250 B/C 650 1500 24 1530 22L

L 300 B/C 550 1330 24 1365 25L

L 300 B/C 650 1520 24 1560 25L

L 330 B/C 550 1360 28 1400 28L

L 330 B/C 650 1550 28 1595 28L

L 360 B/C 550 1360 28 1410 28L

L 360 B/C 650 1550 28 1600 28L

L 400 B/C 550 1400 28 1460 28L

L 400 B/C 650 1600 28 1660 28L

L 530 B/C 550 1450 32 1520 32L

L 530 B/C 650 1650 32 1720 32L

) ball-and-socket connection, 2 clevis-and-tongue connection, ® size not preferred

9.2.2 Raw materials

Today, insulators made of ceramic raw materials are produced from quartz porcelain
C-110, aluminium oxide porcelain C-120 or C-130 according to IEC 60672-1 [9.12] or
steatite of the C-220 type. A report on the long-term experience with long rod insulators
can be found in [9.13]. Insulators produced today consist mainly of C-120 and C-130,
the latter being high-strength aluminium oxide porcelain.

Properties of porcelain are controlled by the proportion of different minerals in the mix-
ture (Figure 9.6). The quality of the product, especially the uniformity of its properties,
depends mainly on uniform and as far as possible constant composition of the mixture.
Group C-100 are siliceous and aluminous porcelains based on alkaline aluminium sil-
ica and produced from kaolin, feldspar and quartz. All group C-100 porcelains have
the same electric properties, especially a high electric strength to puncture, but dif-
fer in their mechanical strength (Table 9.4). The ceramic materials of group C-200
(steatites and forsterites) are based on magnesium silicate and characterized by a high
compression resistance and low dielectric losses; they are often used for insulation of
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Table 9.4: Characteristics of ceramic materials according to IEC 60672-3

Group C-100 C-200
Type 110 120 130 220 221
Characteristics Symbol Units
Density of raw material » Pa g/cm?® 2,2 2,3 2,5 2,6 2,7
Flexural strength, unglazed ot MPa 50 90 140 120 140
Flexural strength, glazed Ofg MPa 60 110 160 ~ -
Modulus of elasticity ¥ E GPa 60 n. d.% 100 80 110
Electric strength ¥ Eq4 kV/mm 20 20 20 15 20
Relative permitivity Er 6to7 6to7 6to7,5 6 6
48 to 62 Hz
Dissipation factor tandim 1078 12 12 15 3 1,2

at 20°C, 1 MHz

Explanations: Type 110: siliceous porcelain, plastic-processed; Type 120: aluminous porcelain; Type
130: aluminous porcelain, high-strength; Type 220: normal steatite; Type 221: low-loss steatite
D minimum values, 2’ not defined
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HF-transmitting stations. Soapstone is used instead of quartz in case of steatites, thus
determining the properties of the final product (Figure 9.6). Basic properties of different
raw materials are established in international standards IEC 60 672-3 [9.14].

The mechanical properties of the raw materials hard porcelain and steatites can be
remarkably affected by both the addition of oxides and the employed glazes. Glaze aims
at the reduction of dirt accumulation by means of smoothing the insulator surface, and
increases simultaneously the strength of the insulator by prestressing.

Individual technical data of electric insulator raw materials depend on the temperature
and the frequency of the electric voltage. The fatigue strength of ceramic raw materials,
unlike metals, is very close to their static strength. The reduction of their specific
strength as the cross section of the insulating body increases is a characteristic of
ceramic materials. In fact, there arc standard test specimens (for instance according to
IEC 60 672-2 [9.15]); however, the ultimate strength values obtained cannot be assumed
for larger cross sections directly. The strength of porcelain as a function of the insulator
diameter is set down in the graphs of Figure 9.7. Those diagrams can vary depending
on the differing production procedures and knowledge of individual manufacturers.

9.2.3 Production

Long rod insulators
The highly simplified and schematic representation of Figure 9.8 shows the different
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stages of the production of hard porcelain starting from the storage of raw materials
until final inspection. Selected ingredients of high purity and homogeneous properties
are weighed, mixed to formula specifications and subjected to a grinding process. Vac-
uum extrusion presses form the plastic filter cake into cylindrical blanks adjusted with
diameters to the long rod type to be produced. After being cut to length, they are sub-
jected to a closely controlled drying process to condition them for the following shaping
steps. Vertical lathes are used to machine the blank to the desired contour for the raw
product. After another drying stage the unfinished insulator already possesses a high
strength due to the clay bond and is ready for the application of the glazing by an
immmersion process. The subsequent firing stage creates new types of crystals out of the
conglomerate of various minerals forming the porcelain and the hard ceramic structure.
The control of firing process gains high significance when producing porcelain insula-
tors. Too strongly or too lowly fired porcelain is capable of sucking and, therefore, does
not comply with the requirement of a high density. Modern furnaces with automatic
control of the firing temperature and energy recuperation from the exhaust gases en-
able a constant quality of firing and have proved to be economic and environmentally
friendly.

Cap-and-pin insulators

The material of porcelain cap-and-pin insulators is processed as in case of long rod
insulators. The cakes are uniformly kneaded, extruded by a pugmill and cut into pieces
of proper length. After preforming, the pieces are put into moulds and formed into the
shape wanted by pressing. Then, they are finished and dried. After drying, the glaze is
applied. The prepared units are fired in tunnel kilns at a temperature of 1300°C. The
control of the firing process guarantees a constantly high quality.
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All overhead line insulators are equipped with fittings before delivery. Fastening of
metallic caps on long rod insulators is carried out today mostly through pouring of
the space between fitting and ceramic cone with a lead antimony alloy or Portland
cement; sulphur cement is used only seldom. In regions where the insulator caps can
reach temperatures above 80°C, Portland cement or lead antimony alloy with a melt-
ing temperature of 400 to 450°C should be used. Before completion with clevis or
socket caps, the additional insulator length required for the firing stage is separated
from the ceramic blank and internal quality checks are carried out, e. g. the ultrasonic
test. Portland or sulphur cement is employed for connecting the fittings of cap-and-pin
insulators.

9.3 Glass insulators

9.3.1 Raw materials and production

Cap-and-pin toughened glass insulators have been developed as an alternative to porce-
lain insulators for overhead lines. The insulating body is made of molten silica oxide
and other mineral salts.

The glass dielectric part is obtained through melting the raw materials by a continuous
process which guarantees homogeneity of the chemical composition of the insulating
unit. The production starts with the mixing and grinding of raw materials followed by
the addition of a portion of recycled glass (Figure 9.9). The next step is the melting;
its purity is responsible for a uniform quality of the final product. In a sequence, the
fluid glass mass corresponding to the insulator type is taken out of the furnace so that
the insulating body can be produced in rotating moulds. Undesired internal stresses
are prevented through controlled cooling after shaping the insulator body. The blank
is submitted to an intermediate cooling followed by heating to a temperature of about
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600°C, while its surface is tempered by compression air. Without any structural changes
- merely by means of diverse cooling speeds of the glass zones of the insulator bodies
— compressive stresses close to the surface as well as tensile stresses in the inner parts
are formed so that the glass parts are prestressed [9.16] (Figure 9.10). This process
results in an essential increase of the strength values. The differences in stresses result
in the characteristic splitting behaviour whenever sudden impacts reach the stressed
zone. A final temperature shock through immersion in cold water tests this effect during
production of the unfinished bodies and selects faulty ones. After the cooling process,
the glass bodies are submitted to a detailed visual test to search for inclusions and,
whenever desired, a second temperature shock treatment can be applied in order to
minimize premature failures.

Glass cap-and-pin insulators are then finished at a fully automatic production line by
means of completion cementing between the socket or clevis caps and the pins or tongues
to the glass bodies. The caps are made of galvanized malleable cast iron, the pins or
tongues are made of galvanized heat treatable stecl. The highly automated production
of the glass cap-and-pin insulators has proved to be commercially profitable. When it is
deemed necessary for DC applications or in polluted areas, the pin is protected against
corrosion by pressing around with a zinc alloy sleeve to form a sacrificial electrode.
After completion of the production process including hardening of the cementing and
a mechanical routine test, the insulators are stored for somme weeks, since the hetero-
geneous distribution of the stresses within the insulator bodies leads to noticeable self
breaking during the subsequent weeks. However, the fragments within the cap, due to
their increased volume, keep the cemented pin within the cap with a force of about
90 % of its original value, which would practically prevent separation of the insulator
strings whenever damage occurred during operation.

9.3.2 Insulator types and application

Cap-and-pin insulator minimum failing loads, cross sections, rated spacing and creepage
path characteristics follow the standards given in [9.8]. The ball-and-socket or clevis-
and-tongue connections are standardized by IEC 60120 [9.9] and TEC 60471 [9.10],
respectively.

Glass cap-and-pin insulators with ball-and-socket, connection are found to be under the
most marketable types both in narrow and wide spacing. Cap-and-pin insulators for
use in heavily polluted regions arc manufactured with larger creepage paths achicved
by means of modification of the skirts on the bottom side of the insulator. Insulators
with larger crecpage paths are also standardized in [9.8]. IEC 60815 [9.17] refers to the
selection of insulators depending on the degree of pollution at the line construction site.
In polluted areas, a simple adjustment of the creepage distance by increasing the number
of insulators within a string or by selecting shells with increased crecpage distance is
possible in an economic manner. Cap-and-pin insulators proved to be advantagcous for
use in V-type insulator sets which permit a smaller right-of-way because of the absence
of swinging transversally to the conductor direction. Due to the fact that mechanical
integrity is usually maintained in case of cap- and-pin-type glass insulator strings even
when loosing individual shells, ¢. g. by effects of arcing or wandalism, conductor bus
bars of substations are frequently equipped with single cap-and-pin glass insulator sets.
The higher weight of cap-and-pin glass insulator sets compared with long rod insulator
sets is a disadvantage.

In areas of high pollution levels, corrosion at the pins occurs resulting in reduction of
the cross section caused by leakage currents.

According to experience, the self-destroying of insulator shells comes to a stop in case of
modern cap-and-pin glass insulators after the first year being in service. Statistic long-
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term studies carried out within a network led to an annual failure rate of approximately
4- 1075 without recognizable external actions.

9.4 Composite insulators

9.4.1 Raw materials, design and production

For many years, plastic or synthetic resins of diverse compositions have been used,
besides ceramic and glass, for the insulation of electric installations. Insulating materials
such as aromatic and aliphatic epoxid reactive resins, teflon (PTFE — polytetrafluoro-
ethylene) as well as silicone rubbers are used. Besides the usual insulating characteristics
necessary in case of overhead applications, high resistance against ultraviolet radiation
is required for the plastic or synthetic resins. As long as they do not fulfil that latter
requirement, aromatic epoxy resins are only applied indoors.

Insulators made of homogeneous plastic or synthetic resins are applied at voltages up to
Us = 36 kV. These insulators are made of cycloalyphatic resins. They are characterized
by a wide degree of freedom with respect to their moulding, a good accuracy to size
and the possibility of joint casting of fastening elements. They also have low weight.
However, their low leakage current strength is disadvantageous. Research to improve
the composition of raw materials is continuously under way.

Insulation for higher voltages is also highly stressed from the mechanical standpoint,
thus requiring composite insulators with glass fibre reinforced cores (GFC) of cast resin
to be used. In order to obtain the necessary creepage path, sheds of diverse materials
such as resin-epoxy, polytetrafluoroethylene (PTFE), ethylene-propylene rubber (EPR)
or silicone rubber are arranged around the cores [9.18, 9.19].

Composite insulators can be formed by individual sheds fixed on a core rod with or
without an intermediate layer or alternatively by a cover of sheds applied on the core
rod in one or several production steps. The composition of materials used and the pro-
duction process vary from manufacturer to manufacturer. Figure 9.11 presents a section
of a composite insulator. It is possible to manufacture a continuous GFC rod of glass
fibre material resistant to brittle failure (electric grade corrosion resistant glass, ECR)
and hydrolysis-resistant cast resin with practically any diameter. The length required
for any insulator type can be obtained by cutting. The final step is the application
of compression aluminium or steel fittings, which is cost-effective from the technical
standpoint, because of the need of a stress distribution in the GFC rod as uniform as
possible during operation. Cone- and wedge-type fittings are seldom used today due to
the risk of slipping, thus jeopardizing the sensitive sealing between the fittings and the
GFC rod. The possibility of heating the fittings caused by power arcs should be taken
into account whenever considering their structural design. Adequately designed arcing
protection fittings should be used to prevent every kind of damage to insulator fittings.
For production of a large number of units, e. g. of 110 kV insulators, the use of more
expensive cast moulds can be justified, in which the GFC rod is introduced, silicone
is applied under pressure and overheating is applied to harden it. For production of
few units, this mould can also be applied for elements arranged in a series for the
single sheds and a variable length. The production process enables the fabrication of
composite long rod insulators up to 6 m long. Where the use of single-part moulds
would be too expensive, separate sheds made of high-temperature cross-linked silicone
are produced by a high pressure injection moulding process. These sheds are then slid
on the GFC rod previously coated with a seamless silicone layer and vulcanized. The
chemical connection between the GFC rod, the silicone coating and the sheds eliminates
any physical interface. Attention should be paid to the permanent sealing of the sensitive
interface area between the fittings, the GFC rod and its correlated coating in order to
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Figure 9.12: Composite insulator made of
GFC and silicone rubber
(RODURFLEX made by CeramTec AG)

avoid the intrusion of humidity and the associated risk of brittle failure. Figure 9.12
shows a composite insulator. Paper [9.19] gives a detailed bibliography on the subject.

9.4.2 Types of composite insulators and their application

Although composite insulators have been in use since the middle of the sixties, stan-
dardization and description of characteristics exist just for the medium-voltage range
[9.20]. Mechanical loads established as well as connection types are found in [9.21]. Ma-
terials and designs for non-standardized insulators can be selected according to [9.22],
so that they can withstand environmental and atmospheric impacts. Their properties
and adequacy to practical use should be proved. In view of that, the responsibility for
the technical and economic selection of the adequate type of composite insulators from
a range of different models depends on the line designer or the purchaser in charge of
the relevant project.

Composite insulators present several advantages, such as low weight, high mechanical
strength, considerable reduction of required creepage distance through a hydrophobic
surface [9.23], durability especially under critical pollution conditions, high resistance
against vandalism and optimum ability to comply with project requirements by means
of their modular fabrication system; in view of such outstanding characteristics, com-
posite insulators have been more and more accepted by users. Due to their insulating
capacity, composite insulators have been often used to replace conventional insulators
in critical areas. Composite insulators can be manufactured as a unit piece to replace
existing long insulator sets, thus reducing the total length of the insulator set and mak-
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Figure 9.13: Dead-end insulator set with GFC composite insulators for a 500 kV line
(CeramTec AG)

ing them especially appropriate for uprating of lines, without the need to modify tower
dimensions or rights-of-way whenever higher system voltages are adopted [9.24].

The advantage presented by composite insulators with respect to their weight is preva-
lent at the 500 kV voltage level and higher. Figure 9.13 shows a dead-end insulator
set for a 500 kV line with two composite insulators in parallel. When compared with
conventional insulators at this voltage level, composite insulator sets are preferable due
to their lower needs of material, installation and maintenance. For adverse weather
conditions, for lines along the sea coast and for DC transmission lines [9.25], the good
performance of composite insulators with silicone rubber sets is determinant under
critical pollution conditions. Paper [9.26] reports on worldwide experience on use of
composite long rod insulators.

Due to its low weight and its high flexibility, the GFC insulator is used as phase-to-
phase spacer at medium-voltage compact and high-voltage lines to protect them against
phase-to-phase flashovers during galloping.

9.5 Comparison of insulator types

In the preceding clauses it has been shown that three basic alternatives of raw materials
and two insulator design principles are employed for high-voltage overhead line insula-
tors worldwide at present. Besides the classic porcelain and glass insulator, composite
insulators made of plastics or synthetic resins have been introduced in the market.
Cap-and-pin insulators are made of porcelain and glass as they used to be, whereas
long rod insulators are constituted either of porcelain or of composite materials.
According to estimates presented in [9.27], the worldwide insulator market is shared to
approximately 50 % by overhead power line insulators. About 75 % out of that portion
are manufactured as glass and porcelain cap-and-pin insulators. The remaining 25 %
are split into a larger portion of long rod composite insulators and a smaller portion of
porcelain long rod insulators.

As an important technical difference to the long rod insulator, the insulating length of
the cap-and-pin insulator, either of porcelain or glass, is shorter between the metallic
cap and the pin; thus, the insulation level of the insulator string is to be obtained
by means of a corresponding number of insulating paths in series connection. The
electric stress expressed in kV/cm in the insulating material is high, too. The large
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portion constituted by non-insulating metallic fittings and cement increases the weight
of the string and is disadvantageous for installation and maintenance at higher voltage
levels. Cap-and-pin insulators are not conceived to be puncture-proof. For glass cap-
and-pin insulators, failure identification caused by electric puncture is possible due
to a simple visual indication of broken sheds, while porcelain cap-and-pin insulators
require periodical time-consuming measurements under live-line conditions to identify
electrically failed caps that are mechanically no longer reliable.
Porcelain long rod insulators differ from composite insulators in as much as they consist
of thermally stable material not affected by the environment. High-quality porcelain, as
presently producced, is resistant to tensile load; however, it presents a limited capacity
to support dynamic impact loads or bending strains, which implies more attention to
multiple-string configurations as far as the performance after a failure of one string is
concerned.
The weakest point of the long rod composite insulator is due to the vulnerability of
the silicone layer above the GFC rod, which should effectively protect against moisture
penetration to prevent reduction and eventually loss of the mechanical strength of the
insulator.
A comparison of insulator types (porcelain or glass) can be made by their advantages
and disadvantages:
Cap-and-pin insulators:
Advantages:

— High mechanical capability even with shells damaged,

— Simple and most favourable engineering design of each unit,

— High impact and bending capability of the insulator strings.
Disadvantages:

— High electric stressing of the insulating material,
Risk of electric puncture (porcelain units),

— Susceptibility to corrosion of the numerous fittings,

— Higher weight of insulator sets, higher maintenance costs.
Porcelain long rod insulators:
Advantages:

— Puncture-proof,

— High electric and mechanical reliability,

— Very low maintenance requirements, no need for live-line maintenance,

— Lower weight than cap-and-pin insulator sets.
Disadvantages:

— Production is more expensive,
— Low mechanical impact strength,
— Design of insulator sets regarding dynamic load,
— Technology less frequently adopted outside Europe and Middle East.
Composite long rod insulators:
Advantages:
— Low weight,
— Hydrophobic insulator surface,
— Creepage path, insulator length and load capacity can be adapted easily to the
project requirements.
Disadvantages:
— Mechanically sensitive silicone surface of the GFC rod,
— High technical production cfforts, silicone materials are expensive,
— Higher sensitivity to ageing.
Cigré gathered data on the operating performance of the various insulator types
throughout the past years. Users had been questioned about their practice and expe-
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rience and reported basic data. From the statistics, a comparison of the performances
was prepared and presented in [9.27]. A fictitious 400 kV overhead line with 10000 in-
sulating sets was studied. After that, prospective mean times between failure (MTBF)
were evaluated for

- porcelain cap-and-pin insulators 10 hours,
- glass cap-and-pin insulators 6 days,

— composite insulators 2,5 weeks,
- porcelain long rod insulators 18 years.

9.6 Tests on insulator units

9.6.1 Basic information

With respect to the various insulator testing procedures,overhead insulators are classi-
fied as follows:

— Pin-type insulators,

— Line post insulators,

— String insulators, classified into

— Cap-and-pin insulators and
— Long rod insulators.

Because of their frequent application in high-voltage overhead lines, string insulators
will be treated with special attention in the following clauses.
Insulators for high-voltage overhead lines are characterized by mechanical and electric
data. The values presented in Tables 9.1 to 9.3 constitute the basis for the selection
of a certain type of insulator for a given application. During the development of new
insulators, not all of the characteristics can be theoretically determined. Therefore, they
are more usually evaluated through electric or mechanical tests.
The existing standards usually classify the tests into type tests, sample tests and routine
tests depending on the parameters influencing the individual characteristics and also
with the instant at which the tests are performed. Annex P of EN 50 341-1 [9.28] gives
an informative overview on all the stipulated and the optional tests .
According to the definitions given by EN 60383-1 [9.2], which can be similarly found
in all standard test or acceptance procedures, type tests determine all the data that
are dependent on the structural design of both the insulator and the fittings. A sample
test is performed in order to check the insulator characteristics which may be subject
to alterations due to manufacturing process and quality of the materials. Routine tests
to be applied to each insulator should detect all the individual production deficiencies
as well as sort out the defective units.
A quality management system in accordance with standardized requirements can be
agreed upon to enable quality verification during the production. EN ISO 9002 is sug-
gested as a guideline for a quality management system for insulators. The test on
insulator units are summarized in Table 9.5.

9.6.2 Tests on ceramic and glass insulators
9.6.2.1 Type tests

Type tests are performed on a small number of insulators and only once for a new
engineering design or a new production process; they will be repeated only in case
those characteristics or any other rated values are modified. Individual insulators made
of ceramic can be tested according to EN 60383-1 [9.2]. The number of units and the
acceptance criteria for the electric, mechanical as well as any other rated characteristics
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Table 9.5: Tests on overhead line insulators

String insulator units Line post
Long rod Cap-and-pin insulators

Standard type tests

Verification of dimensions x x X
Wet power frequency withstand voltage test x x X
Dry lightning impulse withstand voltage test X x X
Thermal mechanical performance test X X

Mechanical or electro-mechanical failing load test X X X
Optional type tests

Impulse withstand puncture test - X -
Zinc sleeve test X

Residual strength test x

Sample tests

Verification of dimensions X x X
Verification of locking system and displacements X X

Temperature cycle test x X X
Mechanical or electro-mechanical failing load test x X X
Thermal shock test (toughened glass insulators only) X X
Puncture voltage withstand test - X -
Porosity test (porcelain insulators only) x x X
Galvanizing test x X x
Optional sample tests

RIV test x -
Impulse voltage puncture test - x

Zince sleeve test - x -
Routine tests

Visual inspection X X X
Mechanical test X X bS
Electric test - xh -
Optional routine tests

Ultrasonic examination X - -

') Applicable only to insulators of ceramic materials (see EN 60 383-1)

can be found in that standard reference, in case they have not been agreed upon in a
different way between purchaser and manufacturer.
Type tests refer to:

— Verification of the dimensions;

~ Wet power frequency withstand voltage test, 50 or 60 Hz;

— Dry fast-front withstand voltage test, 1,2/50 pus;

— Thermal mechanical performance test (heat cycle test) (not for line post insula-

tors);

— Test of mechanical failing.
The knowledge on the withstand voltage of the insulator units is an essential condition
for the design of the insulator string according to the necessary insulation level specified
by insulation coordination [9.29, 9.30] (see clause 2.4.5).
Electric tests include the study of 50 or 60 Hz withstand voltages as well as fast-front
overvoltages (front time 1,2 ps, time to half crest value 50 us). Some national standards
require additional interference voltage tests at some hundred kilohertz.
Clean, dry insulators are used to measure the flashover and the withstand voltages for
lightning impulses. The power frequency withstand voltage test is performed with a wet
insulator. The standards give the requirements on quantity of water, its conductivity,
angle of rain fall and the temperature (IEC 60 060-1) [9.31].
In order to obtain comparable data, the respective measured valuecs are related to
standardized atmospheric conditions [9.2, 9.31]. The operating voltage itself is not con-
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sidered as a characteristic value.
The following optional type tests can be agreed upon for individual cap-and-pin insu-
lators:

— Radio interference voltage test;

— Impulse voltage puncture test;

— Test of residual strength;

— Test of the zinc sleeves
and, for line post insulators besides the radio interference test, both a pollution test and
a power arcing test can be included. The standardized guidelines for these optional type
tests can be taken from [9.28]. Residual strength of string insulator units is tested in
accordance with the former IEC 60 797 [9.32], puncture tests are carried out as specified
by IEC 61211 [9.33].
All results should be recorded through certificates issued by the manufacturer or by
another qualified entity. Their validity is unlimited for the case of electric tests and
amounts to ten years in case of mechanical tests. They are considered valid within
their respective limits as long as the subsequent sample tests do not yield any essential
differences to the results obtained by the type tests.

9.6.2.2 Sample tests

Sample tests are by far the most interesting for the users to check the quality of the
finished batches. The tests as specified in [9.2] are performed with samples selected
randomly from each lot to be supplied and should be in accordance with the respective
standards. The number of samples depends on the number of units to be accepted and
is divided into two portions, called E1 and E2, for the various tests. In case of only
one individual sample not passing during the tests, the process is to be repeated with
twice the original quantity. In case two or more samples failed during the sample tests
or in case only one single sample failed during the repetition of the process, the total
number of units in a lot has to be rejected.
The scope of sample tests is as follows:

— Verification of dimensions;

— Check of dimensional deviations (axial, radial or angular deviations);

— Verification of the locking system (only for ball-and-socket connections);

— Temperature cycle test (only for ceramic materials);

— Test of mechanical failing load;
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