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ABSTRACT

This thesis establishes a rigorous procedure for overhead line uprating with guidance for
calculating the increase in voltage rating that may be achieved for given configurations.
It initially investigates different technical issues and conventional methods of voltage
uprating of overhead transmission lines. Various issues such as clearance, insulation,
pollution, transient overvoltages, surge arresters; and its combinations were studied for
optimised insulation coordination of voltage uprated transmission systems with
reference to international standard IEC 60071 and British standard BSEN 50341. It then
considers a case of existing 275kV line in ‘L3’ structures to analyse these issues and
propose appropriate process for its possible uprating to 400kV system.

In this investigation, overhead line uprating techniques used by different utilities around
the world, as published in the literature were analysed. It was found that, the decision to
uprate overhead lines is influenced by technical, institutional and financial issues. In
this thesis, issues such as conductor air clearance, insulation electrical strength and
overvoltages are investigated and taken into account to develop an appropriate
methodology. For uprating overhead lines, an exemplar case study of uprating an L3,
275kV line to 400kV was used, introducing minimum structural changes to the tower.
The selection of the L3 tower is made on the basis that it is not readily upratable to
400k V due to restricted air clearances it offers.

This work has demonstrated that the voltage uprating of overhead transmission lines is
possible with minimal modification to the existing line. In this case, the phase-to-earth
clearance was found to be the critical factor which determines the level to which the
voltage level of the line can be increased. Computations of overvoltages due to
switching and lightning phenomena were conducted to estimate overvoltage levels and
optimise the protection scheme required to minimise the required minimum electrical
clearances. Employing gapless metal-oxide line surge arresters were proposed to be the
most effective solution to control the overvoltages, thereby reducing the minimum
phase-to-earth clearance requirements. This solution is preferred to modifying the tower
structure in order to achieve the required clearance for 400kV system. The study of
lightning and switching surge performances along the line under different arrester
configurations was carried out so that the appropriate surge arrester configuration could
be selected to maintain overvoltage levels within the targeted withstand level for the
line. The extensive transient simulations performed in this work identified that, for a
double circuit overhead transmission line as used on the UK system, the top-most phase
conductors are prone to shielding failure lightning strikes whilst the bottom-most phase
conductors are likely to be subjected to backflashover surges for the case of high tower
footing resistance.

The assessment of electric and magnetic field profiles of a 275kV line uprated to 400kV
was computed. It showed that, the field intensities of voltage uprated lines are within
the limits adopted by national and international standards and requires no additional
wayleave for uprating.
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CHAPTER 1

INTRODUCTION

The development in technology and increase in the quality of life, which the most
industrialised and developed countries in the world have experienced in recent decades,
have led to an increasing demand for electrical power. According to the Energy
Information Administration (EIA), U.S. Department of Energy [l.1], the projected
growth of world net electricity generation over the next 20 years will be 2.4% per year.
The statistics presented in EIA and International Energy Agency (IEA) reports [1.1, 1.2]
show that the growth rate for electricity generation varies from 1% to 3% per annum in

the developed countries to 4% to 17% per annum in the developing countries.

In the case of developed countries, the electrical power transmission and distribution
infrastructures are 50 to 60 years old. The design life of most of the infrastructure being
50 years, they are now matured beyond their engineering performance and economic
life {1.3]. With the increase in generation capacity of the system to meet increasing
demand and the growth of transmission capacity often limited due to physical or
environmental constraints, there is a need to transmit greater quantities of bulk electrical
power through the existing transmission structure. Furthermore, due to greater
unevenness in generation, distribution, e.g. off-shore wind, existing transmission

systems are being progressively more congested.

In the United Kingdom (UK), the transmission system operated by National Grid
comprises approximately 15,000 circuit kilometres of 275kV and 400kV overhead lines
supported by more than 26,000 transmission towers [1.4, 1.5]. This network of power
lines was constructed mainly during the 1950s and 1960s, and much of the system is

almost at the end of its anticipated technical life [1.6, 1.7]. According to National Grid,
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the peak unrestricted demand on the national electricity transmission system in ‘average
cold spell’ conditions will rise from 57.6GW in 2009/10 to 62.8GW by 2016/17 with an
average growth rate of 1.2% per annum [1.8]. On the other hand, to meet the British
Government’s 2020 target on climate change and renewable energy, a major change in
generation capacity is required that may add an additional 32GW generation from wind
and 17GW from new non-renewable generation, and this will be required to be
transmitted through the grid [1.8, 1.9]. Such changes mean the size and location of
generation connected to the grid will change considerably. The advancement in
technology with the possible introduction of demand management could also lead the
electricity demand pattern to change. To accommodate these changes in generation and
demand, there will be a need for an electricity grid with larger capacity and the ability to
manage greater fluctuations in electricity demand and supply. However, the majority of
the lines in the existing 50-60 years old network in UK are running at their full capacity
and therefore, may not be able to manage future scenarios. In general, the major power
flow on the UK transmission system is from North to South. The lines between Scotland
and England are operating at their full capacity and also a numbers of 275kV lines
within the Scottish Power Transmission network are highly strained [1.9]. Other circuits
within the UK network are overloaded due to increasing clustering of generators in
particular areas. For example, significant generation development is proposed in East
Anglia that is expected to connect 8.4GW between 2011 and 2021 [1.10]. Additional
5GW from wind farms (2014-2020) may also connect to the existing system in East
Anglia. The transmission circuits in this part of the grid are already running close to
their full capacity and changes will be required to accommodate this new generation
[1.10]. Figure 1.1 shows the expected change in power flow pattern in the UK power

network between 2010/11 and 2016/17 [1.8]. As can be seen in the figure, the line
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overhead lines is becoming more difficult due to the following concerns and

impediments [1.12 - 1.14]:

e  Growing difficulties for obtaining new wayleaves due to
- visual impact
- property devaluation
- ecological impact
- electromagnetic field (EMF) concems to public health
- environmental impact on line construction and maintenance
e Institutional difficulty in obtaining essential authorisation
e Lack of investors interested in financing the project as they get better return from

other lucrative projects

In the future, utilities are expecting growing pressures from regulators and are looking
for different ways to minimise their costs. The opportunity to increase the transmission
capacity by uprating existing lines is therefore of interest because it can be done at

significantly less cost than building a new overhead line and with a shorter lead-time.

1.1 AIMS AND OBJECTIVES

The aims and objectives of this thesis are to find uprating solutions to increase the
capacity of existing overhead lines. To achieve this, three different approaches are

available.

e Increase current carrying capacity of line conductors
e Convert line operation from AC into HVDC

¢ Increase voltage rating of the line

Previously, much research was carried out to find technical and economical solutions to

increased transmission capacity requirements. Many utilities around the world have
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increased the capacity of overhead lines by improving current carrying capacity [1.15 —
1.20]. In the United Kingdom, National Grid (NG) has increased the current carrying
capacity of lines through the installation of high temperature low sag conductor [1.21].
However, to increase the current carrying capacity of lines, the majority of the
techniques require the structural modification of the line or change in existing conductor

with high temperature low sag conductor [1.22] together with longer outage problem.

On the other hand, even though the conversion of a long AC transmission line to HVDC
is economical and technically feasible and can offer benefits in terms of system stability
and control, the overall cost for a HVDC line up to certain distance (breakeven distance)
is high due to the high cost of terminal equipments used in converter stations [1.23,

1.24]. Therefore, this method is not economically suitable for short and medium lines.

While current uprating and HVDC solutions are being adopted, there has been less
attention given to voltage uprating. The major challenge in this approach is the need to
raise and/or modify transmission line structures/supports in order to comply with the
minimum safety distances. With voltage uprating, the challenge to increase the
insulation strength of the line requires better insulation coordination techniques. At the
same time, lightning and switching overvoltages require additional air clearances in the
system. Therefore, it is required to have new, improved insulation coordination
techniques as well as the optimal application of overvoltage protective devices to ensure
safe operation of the uprated line, thereby minimising structural modification of the

existing line. Accordingly, the two main objectives of this research are;

¢ To quantify the effect on overvoltage levels and protection margins of various
system parameters such as clearance, insulation, pollution, transient overvoltages,
surge arresters; and their combinations for optimised insulation coordination of

voltage-uprated overhead transmission systems.
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e To establish a rigorous procedure for future overhead line uprating projects with
guidance for calculating the increase in voltage rating that may be achieved from

various measures.

1.2 CONTRIBUTION OF PRESENT WORK

The important contributions achieved during the course of this research work are as

follows.

e Extensive critical review of different uprating methods and associated techniques
researched and/or implemented including cases of uprated lines in different
countries.

e Optimised insulation coordination process for transient and temporary overvoltages
for determination of risk of failure following voltage uprating of overhead
transmission systems.

e Novel analysis of electrical clearance issues and insulation electrical strength of an
existing line to establish apposite technique for overhead line uprating.

e Computation of overvoltages due to switching and lightning phenomena to estimate
overvoltage level and optimisation of the protection scheme required to minimise the
required minimum electrical clearances.

e Recommendations of cost effective appropriate surge arrester configuration for
effective control of lightning overvoltage within the targeted withstand level.

e Assessment of electric and magnetic fields in voltage-uprated line to ensure public

safety and to identify requirements for additional wayleave.

1.3 THESIS CONTENT

An extensive review of different methods and techniques investigated and practiced by

researchers and utilities around the world are presented in Chapter 2. The review covers
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different options of increasing utilisation and differentiates uprating from other
available options such as upgrading, refurbishment, life extension, and expansion. This
chapter also presents an overview of developments in overhead line uprating together

with a listing of uprating projects around the world.

In Chapter 3, the insulation coordination process required for voltage uprating is
theoretically analysed. The coordination process is explained for both transient and
temporary overvoltages to identify clearance requirements for the standard insulation
level under different overvoltages. Insulation levels are also assessed based on different

pollution levels.

Chapter 4 deals with the determination of the available electrical clearances in the case
of an existing 275kV overhead transmission line, and compares the values with required
electrical clearances for uprating to a 400kV system. The requirements for additional

insulation and conductor air clearances for voltage uprating are identified.

To provide additional clearances for an uprated voltage level, the option of modification
of an existing structure is replaced by the alternative approach of reducing the
overvoltage level in the system so that the required minimum clearance distance for
uprated voltage level itself is reduced. In order to explore this possibility, computation
of switching and lightning overvoltages is included in Chapter 5. In this chapter,
application of an appropriate line surge arrester configuration for an effective switching

overvoltage control is also shown.

In Chapter 6, the appropriate surge arrester configuration for the control of lightning
overvoltage under shielding failure and backflash is covered. The effect of tower
footing resistance on overvoltage which can directly influence the proposed alternative

concept of voltage uprating by reducing required minimum clearance distance is
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discussed in the chapter. Lightning performance analysis of a 275kV transmission line

uprated to 400k V is performed together with arrester energy duty and its risk of failure.

In Chapter 7, in order to identify any potential environmental and public health effect,
electric and magnetic fields are computed for proposed uprated line. The values are
compared with those produced prior to uprating and also another conventional line of
the same voltage level. The field profiles for the uprated line are checked against the

limits of electric and magnetic field exposure in the UK.
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CHAPTER 2

UPRATING OF OVERHEAD LINES: A REVIEW

The term uprating is derived from the word rating (noun) which in the English
language appears as a classification or ranking based on quality, standard, or
performance [2.1]. In the general context of electrical terms, rating means the load
which a machine or apparatus is designed to carry under specified conditions, which
varies according to the kind of rating in question [2.2]. In the context of this specific
work, the rating 1s the apparent power capacity of the line. Therefore, the term uprating

should be understood as increasing the power capacity of the line.

2.1 INTRODUCTION

In recent years, increasing power transfer capability of overhead lines has become of
interest to electric utilities all over the world to deal with increasing demand for power.
There are various techniques used around the world to increase the power transfer
capability of overhead lines. Power being multiple of current and voltage, all these
adopted techniques either result in increasing the overhead line current capability,
voltage capability, or both. The selection of an appropriate technique for uprating a
particular overhead line is not an easy task. It depends upon the future requirement of
the line capacity, the existing line parameters together with line design and construction
methods. Consideration must be given not only to electrical limitations but also to
physical limitations, operator constraints and economics.

An ultimate purpose of this thesis is to contribute towards development of a
comprehensive and innovative procedure for voltage uprating of overhead transmission
lines that helps increase utilisation of existing systems with careful consideration of the

costs. Initially, however, it is essential to scrutinise other different available techniques
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for increasing utilisation of existing transmission systems. Therefore, the first part of
this chapter reviews different options for increasing utilisation and differentiates
uprating from other available options.

Next, the various constraints on the power transfer capability of overhead lines and
requirements for overhead line uprating are considered. Thermal, voltage and operation
related constraints are discussed in detail. Different factors that influence the decision
making for uprating existing lines as opposed to building a new line are considered.

In the following section, different uprating methods investigated and practised by
researchers and utilities around the world are extensively reviewed. Both current and
voltage uprating techniques are discussed together with examples of application of such
techniques in several cases of uprating in different countries. Environmental effects of
overhead line uprating are also discussed. Finally, a brief history of overhead line

uprating is presented including a list of uprating works around the world.

2.2 OVERHEAD LINE INCREASED UTILISATION OPTIONS

Uprating is one option for increasing utilisation of existing assets. In the context of
overhead lines, there are several options for increasing utilisation. CIGRE Technical
Brochure 353 [2.3] gives options for increasing utilisation of overhead transmission line
as shown in Figure 2.1. This brochure also provides guidelines for economic and
technical considerations for transmission line asset renewal and any combination of
uprating, upgrading, refurbishment and asset expansion.

The choice of the appropriate method to increase the utilisation of existing overhead
lines is influenced by different factors. The limitation of the existing overhead line and
its future needs are the two key issues to be addressed. If the limitation is due to voltage
control, stability or maximum power flow, then uprating could be the best choice.

However, upgrading is done to improve the reliability of the existing line and
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refurbishment is done to restore or extend the working life of the line. Table 2.1 gives a
general overview of each option, and clearly differentiates uprating from the other

options of increasing utilisation [2.3].

Transmission line
increased utilisation

efurblshment
Uprating Upgrading
Life extension

Expansion

Figure 2.1: Transmission line increased utilisation options [2.3].

Table 2.1: Overview of transmission line increased utilisation options [2.3]. Symbols shown are
represented as: increased (T), decreased (l), unchanged (=).

)
-9} (é X
& g &
2 q
Terminology | Definition .5 g Pt Driver Action Proposition
& 8 T
g & &
3 3 2
s 2 &2
T 7 higher capacity conductors
installing additional conductors
active line rating systems
_ increase thermal | increasing | conductor tension
Increasing rating by conductor attachment height
Uprating capacity —
adopting probabilistic ratings
redesign high surge impedance performance
increase voltage | . . insulation electrical strength
rating by INCreasing | conductor attachment height
Lol improve . ) structure strength
structural increasing | foundation strength
_performance by
insulation pollution performance
lightning performance by improving
insulation
Improving improving lightning performance by improving
Upgrading reliability improve carthing
electrical lightning performance by installing
performance by carth wires
) structure potential rise
reducing | electrical induction
installing lightning arresters
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- d structure strength
. foundation strength
Restoring to arrest . conductor strength and capacity
Refurbishment design degradation by | "*'“"™8 | insulation pollution performance
working life fiting strength
lightning performance
I =1 structures
Repainng foundations
without conductors
Life Extension restoring o d arrest | repairing insulators
original egradation by fittings
design life carthing
earth wires
L - improve ) . maintainability by adopting live line
availability by 1ACTEasINg | techniques
Expansion - T provide third . ) telecommunication equipment
party access by installing | fibre optic

2.2.1 Review of Definitions

In reviewing certain published literature [2.4 — 2.7], it has been found that it is difficult
to differentiate between the options for increasing utilisation of overhead lines. For
example, similar meanings are provided for uprating and upgrading. In many cases
[2.7], life extension, refurbishment, and expansions are considered all within uprating or
upgrading processes. The Electric Power Research Institute (EPRI)’s transmission line
uprating guide [2.8] defines uprating as “Increase in the power transmission capacity of
overhead lines”. In CIGRE Technical Brochure No. 175 [2.9] uprating is defined as
“Improving electrical characteristics of an overhead line” and upgrading is defined as
“Strengthening line components”. However, CIGRE Technical Brochure No. 294 [2.10]

provides the following definition of uprating and upgrading.

e Uprating of a line is the increase in its transmission capacity

e Upgrading of a line means improvement of its structural reliability
This document also differentiates refurbishment from life extension and expansion. A
more recently published CIGRE Technical Brochure No. 353 [2.3] provides the most
comprehensive definitions and classification of all options for increasing utilisation of

overhead lines.




2.2.2 CIGRE Definitions

CIGRE Technical Brochure No. 353 [2.3] provides the following definitions for

different options used in increasing utilisation of overhead lines.

e Uprating: Increasing the electrical characteristics of a line due to, for
example, a requirement for higher electrical capacity or large clearances.
Uprating will increase the electrical capacity of the line thereby potentially
increasing the consequences of a failure.

e Upgrading: Increasing the original mechanical strength of an item due to, for
example, a requirement for higher meteorological actions. Upgrading does not
change the consequences of failure but decrease probability of failure.

® Refurbishment: Extensive renovation or repair of an item to restore their
intended design working life. Refurbishment results in a decrease of the
probability of failure and no change to the consequence of failure.

e Life Extension: Extensive renovation or repair of an item without restoring their
original design working life. If the original design working life is restored, life
extension becomes refurbishment. Life extension results in a decrease of the
probability of failure and no change to the consequence of failure.

e Expansion: Increasing the functionality of transmission line components.

Therefore, uprating of overhead lines means increasing its MVA capacity without any

wholesale structural modifications, reconstruction, or replacement of existing structures.

2.3 CONSTRAINTS OF OVERHEAD LINE UPRATING

Power being multiple of current and voltage, power transfer capability of overhead line
is limited either by constraints related to current (thermal) or the constraints related to

voltage.
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2.3.1 Thermal Constraints

Thermal constraints are related to the current flowing in the line and environmental
conditions. The magnitude of current continually flowing over time dissipates heat. In
the case of distribution lines, and short and medium transmission lines, excessive
current will overheat the line conductors resulting in thermal expansion that produce
aluminium annealing and excessive sag. The consequence of increase in sag is that the
minimum ground clearance for line conductor may be violated. Therefore, the power
transfer capability of a line is limited by its thermal limit which is related to the current
carrying capacity (current rating) of the line. According to EPRI Guide [2.8], although
the thermal limit is not a function of transmission line length, the power transfer
capability of lines that are shorter than 50 miles in length are more affected by its
thermal limit as beyond this length transient stability restrict power transfer. Longer
lines with high transfer reactance are prone to instability. For short lines, where line
reactance is small, the maximum permissible power transfer to satisfy transient stability
requirements could exceed the line’s current carrying capacity (thermal limit).
Conversely, for long lines, the stability limit may be reached before the thermal limit of
the line.

Figure 2.2 shows the loading capability of a typical high voltage transmission line
considering both system stability and thermal limits [2.8, 2.11]. The figure shows the
amount of power transmitted for 45° phase shift between sending and receiving end
voltage () for a typical transmission line in per unit (p.u) of Surge Impedance Loading
(SIL). It is clear from the figure that for short transmission lines, the thermal limit
applies whereas above a certain length, the stability limit restricts. EPRI Guide [2.8]
defines SIL as a product of the termination bus voltages divided by the characteristic

impedance of the line. SIL is MW loading of a transmission line at which natural
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reactive power balance occurs between the capacitive and inductive elements of the line

R
$3
2w Thermal limit
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Line Length (miles)

Figure 2.2: Maximum power flow considering system stability [2.8, 2.11].

2.3.2 Voltage constraints

The power transfer capacity of overhead lines is also limited by constraints related to
voltage. The power transfer limit is fixed by the maximum operating nominal system
voltage with some variations. Normally, the allowable varnation in transmission system
voltage is limited to +5% of nominal system voltage. The upper limit of system voltage
depends upon different line parameters. Overvoltage in the system can cause short
circuits, radio interference and corona, while undervoltage can cause inadequate
operation of equipments on the consumer’s side [2.13]. To summarise, the voltage

related constraints for overhead line power transfer capability are governed by [2.14]:

e Overvoltages in the system (lightning, switching and power frequency)
e Electrical clearances
e Insulation levels

e Structure designs
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e Corona and noise

e Electromagnetic interference
The impulse withstand level of a system is different for each voltage class. An increase
in the voltage class will result in an increased required withstand level of the system and
accordingly all other design parameters will vary. The International Electrotechnical
Commission (IEC) standard on Insulation Coordination (IEC-60071-1) [2.15] details
the withstand levels for system voltages between 1kV and 800kV and minimum
clearance requirements for electrical safety. Energy Network Association (ENA)
Technical Specification 43-8 [2.16] also gives clearances required for overhead lines
including ground clearance requirements. British Standard (BSEN 50341) [2.17, 2.18]
applies for new overhead lines operating at 45kV and above. An increase in overvoltage
withstand level increases the minimum required clearances [2.16, 2.19] resulting in
modification to other system parameters such as insulation levels and structural designs.
An increase in operating voltage will result in increased risk of corona that produces
audible noise. The electromagnetic fields resulting from corona discharge may create
radio frequency noise causing possible interference with radio frequency
communication systems. For transmission lines above 500kV, audible noise must be

considered in the design [2.20].

2.4 REQUIREMENTS FOR OVERHEAD LINE UPRATING

Utility operators frequently are faced with decisions of whether to upgrade or uprate
transmission lines for improving power transfer capability or reliability. The decision is
guided by technical, financial and environmental issues together with the characteristics
of the existing system. For example, in the United Kingdom and other European
countries, additional transmission capacity is now required to deal with the anticipated

growth in renewable energy generations [2.21, 2.22]. Detailed system design studies of
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these future planned networks enable study of line performance, transmission
capability, voltage drop, fault, line loss etc. The outcome of such studies can help
predict the requirements for future overhead lines and accordingly facilitate planning

the system.

2.4.1 Decision Making Process

The EPRI Guide on Transmission Line Uprating [2.8] sets out the decision making
process on increasing capacity of overhead lines. The process is based on a question:
“whether to build new lines or to develop a facility of getting an additional capacity
from existing line”. The choice between these two options is based on the following

important factors [2.8]:

e (Cause of present limitations

1)

maximum power flow

)

voltage control

stability

reliability of service
e Requirement for base load or peak load
e Requirement for seasonal load or annual load
e Limitation in small area or large area of the network
e System requirements of the line and operator’s policy
e Possibility of line outage
e Physical (line design and construction) and institutional considerations
¢ Financial characteristics and economic factors
The power flow limitation due to system stability and voltage control can be improved

by reducing the per unit impedance of the line or by increasing voltage. Short-term
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loading contingency can be tackled by detailed analysis of the thermal rating of the line,
real time monitoring and, dynamic line rating [2.8]. Power flow limitation due to
reliability of the service can be addressed by improving the lightning / switching
performance in combination with improved galloping and vibration performance [2.23].
In general, major lines in a network cannot be taken out of service for long periods of
time. Therefore, the decision of uprating such lines is also influenced by line outage
limitations. In such case, the methods that require long outage can be postponed and
other short-term measures can be taken into account. For example, if the line is to be
uprated by means of probabilistic and dynamic uprating methods in combination of re-
conductoring, then the first two methods can be used as a temporary method before re-
conductoring is done. In some cases, at distribution level where conductor clearance is
not an issue, voltage uprating can be achieved by replacing insulators under live line
conditions.

Further, the decision of uprating overhead lines is also strongly affected by the
institutional and physical constraints. Obtaining wayleaves for the construction of a new
line may be difficult, and this can be an incentive to improve capacity of existing lines
[2.23]. Sometimes, government strategy and regulatory bodies (e.g. ‘Ofgem’ in UK) can
play significant role in the decision making process. Physical constraints are linked to
the structural performance capabilities of an existing line. Constraints such as the
mechanical strength of existing support structures, foundations, conductor positions in
the structure, available conductor air clearance, conductor size, and insulation electrical
strength are important.

In some cases, financial and economic factors are dominant. Cost includes additional
wayleave, materials, construction, maintenance and operation of the uprated line [2.13,

2.23]. Before making any decision, the overall cost of line uprating is normally
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compared with the cost of other methods of increased utilisation and/or new
construction. Baldick and O 'Neill [2.24), Shankle [2.14], and Piernot and Leahy [2.25]
compare the cost of number of conventional and emerging transmission line uprating
techniques with the cost of building a new line, and based on the technical and
economic factors, they recommend uprating existing lines rather than building new lines
to increase power flow capacity. Sometimes, alternative and technically feasible options
are available for uprating, e.g. different conductor types for reconductoring may offer
different uprating capacities at different costs. In such cases, the economics of the

project may dictate the conductor selection.

2.5 METHODS FOR UPRATING OVERHEAD LINES

There are numerous methods and techniques that have been applied to uprate overhead
lines. The selection of the most suitable method for line uprating may vary from case to
case, and will depend upon the location, characteristics and performance of the existing
line. By definition, uprating an overhead line involves increasing its power transfer

capability which requires either increasing its:

e current rating (Current Uprating) and / or

e voltage level (Voltage Uprating)
Examples of current uprating of lines in Ireland, UK, South Africa, and Israel are given
in [2.22, 2.26 - 2.28] while projects involving voltage uprating in South Africa, USA,
and Japan are described in [2.5, 2.29, 2.30]. A number of publications describe methods
and techniques for current uprating [2.4, 2.13, 2.31 — 2.33] and voltage uprating [2.13,
2.33]. CIGRE Working Group B2.06, in Technical Brochure 294 [2.10], has
summarised the main methods and tools to uprate overhead lines, and further details on
uprating have been published by Working Group B2.13 in Technical Brochure 353

[2.3]. Based on these publications, Table 2.2 lists the most common current and voltage
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2.5.1 Current Uprating

Current uprating is the most common option for overhead line uprating. It is effective
for short transmission lines where the line loading is limited by the thermal capacity of
the conductors. An increase in current rating means an increase in conductor
temperature and, hence, the method is also known as “Ampacity Uprating” or ““Thermal
Uprating”. As defined in [2.35], “The ampacity of a conductor is that maximum
constant current which will meet the design, security and safety criteria of a particular
line on which the conductor is used” and “Thermal Rating” is “The maximum electrical
current, which can be safely carried in an overhead transmission line (same meaning as
ampacity)”.

Different methods to achieve current uprating are explained in the following sub-

sections.

2.5.1.1 Re-conductoring Method

Re-conductoring is the most common and effective method of current uprating that
requires minimal modifications of existing structure. Although this method is
comparatively expensive than any other current uprating method, it is cheaper than
building a new line [2.24, 2.26]. Replacement by a conductor with a slightly high cross
sectional area (same conductor weight) or by High Temperature Low Sag (HTLS)
conductors can provide significant current uprating without any structural modification.
For example, the replacement of Aluminium Conductor Steel Reinforced (ACSR) by
All Aluminium Alloy Conductor (AAAC) of same cross-sectional area can improve the
thermal rating up to 40% [2.35]. In the UK, AAAC is extensively used to replace ACSR
which allows an increase in maximum operating temperature from 50 °C to 75 °C, with
a corresponding 25% increase in thermal rating [2.32, 2.36].

Some commercially available HTLS conductors are shown in Figure 2.3 [2.35]. The
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[2.43] based on the worst-case weather condition for a line (high ambient temperature,
low wind speed, full solar radiation and maximum load current). In this method,
conductor temperature may exceed the design temperature resulting into conductor
annealing and violation of safety clearance. Therefore, this method can only be used
with proper analysis of risk due to high current. Provided with sufficient weather data of
the area, an overhead line with low-rated temperature can be uprated using this method.

The templating temperature (temperature limit for a given clearance) can be increased
by increasing conductor tension and conductor attachment height. This can be done by
re-tensioning, using a negative sag device, extending line structures, using insulated
cross-arms, and mid-span structures [2.3]. An example of the application of the
deterministic method (re-tensioning and tower waist-extension) is described in a case

study of a 138kV, double circuit line in Canada [2.44].

2.5.1.3 Probabilistic Method

In order to determine the risk of an unsafe condition occurring and to calculate the
amount of time allowable for a conductor temperature to exceed its limit, the
probabilistic method makes use of actual weather conditions of the geographical area
where the line is located [2.4, 2.31]. An example of the application of this method to
determine the probability of an unsafe condition for a given current value is given in
[2.45], and different probabilistic methods are described in [2.46]. Using this method,
the risk level can be kept constant at a defined exceedence level whilst varying the
ampacity. The distribution of ampacity at different exceedence levels, various seasons

or templating temperatures can also be determined [2.47].

2.5.1.4 Real-time Monitoring Method

In this method, the actual condition of the overhead line is monitored online. Actual
conductor position is determined by measuring conductor tension, temperature, sag or
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2.5.2 Voltage Uprating

Compared with current uprating, very few cases of uprating the line by increasing its
voltage rating are found in the literature. According to a survey carried out by CIGRE
[2.10], out of 40 uprating cases throughout the world, only 10 cases were found for
voltage uprating. This may be because voltage uprating is more expensive than current
uprating due to the requirement of modifications of terminal substation equipments.
However, voltage uprating can potentially achieve much higher power transfer
capability with reduced electrical losses than in the case with current uprating. This
method can be suitably used with minimum line modification for overhead lines where
power transfer capability is influenced by voltage regulation or stability considerations
[2.13].

Increasing the voltage rating of overhead lines is possible if sufficient electrical
clearance is achieved. In order to achieve this clearance, two areas of studies are
required. First, to identify the availability of the required air clearances for a higher
voltage in an existing structure and, second, to assess the insulation level required to

withstand overvoltages due to power frequency, lightning impulse and switching surge.

2.5.2.1 Conductor Air Clearance

One common practice to achieve satisfactory electrical clearance for voltage uprating of
overhead lines is to provide sufficient air clearance for the higher uprated voltage level.

This clearance includes [2.3]:

e Clearances to ground and other supporting and adjacent structures
e Conductor phase-to-phase clearance

e (Clearance between conductors and earth wires

e Clearance for live line maintenance

When increasing the voltage level, the available clearance in an existing line must be
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sufficient to withstand overvoltages with power frequency, switching and lightning
activities at the uprated voltage level as stated in regulatory guidelines and industnial
codes of practice. Different countries follow different guidelines for this purpose. For
example, the National Electrical Safety Code (NESC) [2.55] applies in the USA
whereas IEC 60071 [2.15, 2.19, 2.56] is used in Europe. In the UK, 'BSEN 50341
[2.17, 2.18] and BSEN 50423 [2.57] are used together with IEC 60071 and an industry
standard ENATS 43-8 [2.16]. These standards specify values of clearances for different
overvoltage withstand levels (power frequency, lightning and switching). Table 2.3
shows the standard insulation levels for 275kV and 400kV nominal system voltages
[2.15]., and Table 2.4 compares electrical clearance requirements specified in IEC
60071-2 with those given in a National Grid standard [2.58] and ENA Technical

Specification [2.16].

Table 2.3: Standard insulation levels for transmission systems [2.15]. Values in bold are standard
withstand level considered for overhead line design in the UK.

Standard Switching Impulse Withstand Standard
. Voltage Rated
Nominal | 8nes orreotooase | Lightning
Voltage | >Y Longitudinal | Phase-to- 0P Impulse
Voltage . (ratio to the .
(kKVems) Insulation earth Withstand
(KVims) phase-to-earth
(kVpeak) (kVpeax) value) Voltage
I (kVpest)
850
750 750 1.50
275 300 230
950
750 850 1.50
1050
1050
850 850 1.60
1175
950 950 1.50 17
400 420 . 1300
1300
950 1050 1.50
1425

" BSENSs are English language version of European Standards (ENs)
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Table 2.4: Comparison of withstand voltage and electrical clearance

For 275kV system For 400kV system
. (Highest system voltage : (Highest system voltage :
Withstand Izvel (KVpeak) 300kV) 420kV)
. IEC 60071 UK IEC 60071 UK
Electrical Clearances (m) [2.15,2.19] standards [2.15,2.19] standards
Min. | Max. | [2.16,2.58] | Min. | Max. | [2.16,2.58]
Switching Impulse Level | 750 850 850 850 | 1050 1050
Lightning Impulse Level | 850 1050 1050 1050 | 1425 1425
Phase-to-earth Clearance | 1.6 1.8 2.1 1.8" | 2.6 2.8
Phase-to-phase 237" | 267 24 | 29" [ 367 | 36
Clearance

Note: All clearances are based on switching impulse level. * conductor-structure, ** conductor-conductor

In most of cases, the opportunity to increase the voltage level of an overhead line is
determined by phase-to-earth clearance. In some cases, it is also necessary to examine
and satisfy the clearance requirements for particular weather conditions such as wind
and snow.

Different techniques are used to increase conductor air clearance and these are described

by Daconti and Lawry [2.13] :-

e For keeping appropriate conductor-to-ground clearances:
- Re-tensioning the existing conductors
- Performing sag adjustments (cutting out conductor lengths)
- Increasing the conductor height at the attachment support (converting
suspension strings to pseudo dead-end string)
- Increasing the attachment support height
- Raising and / or moving towers

- Inserting additional towers

Performing terrain contouring in rural areas
¢ Different line compaction techniques for adjusting phase-to-phase clearance:

- Reducing distance between phase conductors
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minimum required creepage for insulators. [EC 60815 [2.64] defines different Site
Pollution Severity (SPS) classes and specifies specific creepage for each class.

The required insulation strength for higher voltage lines or lines with low earth
resistance or in regions of low keraunic levels is determined by switching surges
whereas lightning surge conditions determine the required insulation strength for lower
voltage lines or lines with high earth resistance or in regions of high keraunic levels
[2.3].

In order to minimise the need of increased clearances, the selection of a particular
insulation is primarily determined by the evaluation of the conductor configuration on
the structure. Apart from this, insulator numbers and geometry (I-strut, vertical and
horizontal V-string, tension, post etc.) plays a major role in the process. Further,
climatic factors such as air density, humidity, precipitation, pollution, temperature and,
ice deposition have to be considered [2.3].

Re-insulation is the fundamental technique used for ensuring insulation electrical
strength for voltage uprating. This technique includes adding or substituting insulators,
replacing standard insulators by polymeric or anti-fog units, I-string converted to V-
strings and in some cases use of insulated cross-arms [2.13]. Examples of application of
these techniques for voltage uprating in countries such as South Africa, USA, Brazil,

and Australia are described in [2.5, 2.59, 2.62, 2.65].

2.5.3 Supplementary Methods

Other methods to increase power transfer capability of their overhead lines are as

follows:

- Conversion of 3-phase line to multiphase (> 3-phase) line
- HVAC line to HVDC line
- HVAC line to hybrid AC-DC line
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Research was carried out to investigate multiphase technology for enhancement of
power transfer capability of overhead lines and 6-phase and 12-phase technology were
found quite promising [2.66]. A study of a 138kV double circuit, 3-phase line in the
USA showed the possibility of uprating the line to 6-phase operation without degrading
its rehability and environmental performance [2.67]. However, this method is not
widely adopted due to comparatively high cost of changes in the substation equipments
and layout than any other uprating method. Further, multiphase operation of a 3-phase
system produces additional audible noise, radio noise and increases electric field
magnitude at ground level [2.67]. Therefore the method is not suitable for any line
passing through an urban area.

Existing AC lines may also be converted to transmit DC power for increasing power
transfer capability of overhead lines with advantages for stability, controlled emergency
support and no contribution to short circuit level. Research shows significant
enhancements in power transfer capacity by converting AC lines to bipolar or
monopolar DC operation. A study in Spain indicated that, up to 175% increase in
capacity was possible without any change of line components while a 500% increase
was achieved with 6 crossarm in AC system modified to 2, longer and stronger
crossarm, and with replacing I-string insulators to V-string [2.68]. Similarly, [2.69]
demonstrates the possibility of a 350% increase in transmission capacity by converting
an AC line to HVDC.

Recently, a new concept of a hybrid AC-DC power transmission as shown in Figure
2.11 has been proposed for uprating overhead lines and involves simultaneous AC-DC
power transmission in a same line. Studies made in Sweden [2.70] and in India [2.71]
demonstrate the feasibility of converting double circuit AC lines into AC-DC composite

lines by utilising one of the circuits as a bipolar DC without any major alteration to the
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existing structure. The Indian study [2.71] demonstrated that an 83% increase in line

capacity was achievable.

Double Hybrid
\ circuit AC AC/DC C
. e T ——

i

| T L

Figure 2.11: Conversion of double circuit AC line to hybrid AC/DC line [2.70].

2.6 ENVIRONMENTAL IMPACTS OF UPRATING

There are various environmental impacts of overhead lines. A survey by EPRI showed
that the majority of people oppose overhead lines due to visual effect, property
devaluation and concern about health and safety [2.8]. While uprating where existing
lines are still in use, the visual impact remains the same. However, the health and safety
issue is associated with the electric and magnetic fields, and these will be affected by
uprating.

The voltage uprating may be limited to certain extent by an increase in electrical field
magnitudes, resulting in the risk of corona effect, whereas an increase in magnetic field
can limit the current uprating process. Without the change in conductor coordinates, the
increase in the nominal voltage leads to an increase of the electric field in the
surroundings. The Electrical field, if higher than threshold, starts producing corona
resulting in audio noise, visible light and radio interference. Also, the change in
conductor coordinates during voltage uprating has a significant effect on magnetic fields

produced around the line. The electromagnetic field issue, therefore, should be analysed
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when uprating voltage or current to ensure that electric and magnetic fields values are

within the limits dictated by different guidelines. In the UK, National Radiological

Protection Board (NRPB) specifies limits of exposure to electromagnetic fields [2.72]

and adopts the guidelines of the International Commission on Non-lonizing Radiation

Protection (ICNIRP) [2.73] and supports the recommendation of the Council of the

European Union (CEU) [2.74] on limiting exposure of the general public. With

reference to these guidelines, National Grid [2.75] lists the exposure limits of electric

and magnetic fields (higher than ICNIRP limits) applicable in the UK, as shown in

Table 2.5. The ICNIRP and National Grid limits will be compared in Chapter 7. Typical

ground-level UK field levels from overhead power lines of different voltage levels are

shown in Table 2.6 [2.76].

Table 2.5: Electric and magnetic field exposure limits applicable in the UK [2.75].

Public Exposure Occupational Exposure
Electric Field Magnetic Field Electric Field Magnetic Field
9kV/m 360 uT 46 kV/m 1800 uT

Table 2.6: Typical ground-level UK field levels from overhead power lines of different voltage levels

12.76].
Overhead Lines Field Electric Field | Magnetic Field
Voltage Level (kV/m) (uT)
1 li 11
The largest steel Maximum field (under line) 100
pylons Typical field (under line) 3-5 5-10
(275kV & 400kV) Typical field (25m to side) 02-0.5 1-2
Smallest steel Maximum field (under line) 4 40
pylons and largest . . ~ ~
wooden poles Typical field (under line) 1-2 0.5-2
(132kV) Typical field (25m to side) 0.1-0.2 0.05-0.2
Maximum field (under line) 0.7 7
Wooden poles . . ~
11KV & 33kV) Typical field (under line) 0.2 02-05
Typical field (25m to side) 0.01 - 0.02 0.01 -0.05
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The electric and magnetic fields produced around a line are determined by parameters
such as operating voltage, conductor spacing, diameters, bundle configuration, and the
number of sub-conductors in the bundle. Table 2.7 shows the effect of adjustments to

line geometry on different environmental issues [2.3].

Table 2.7: Influence of different parameters [2.3].

. . Radi .
Parameter Electric | Magnetic In ter('jfl;'e Audio
Field Fields Noise
nce
Phase-to-phase clearance f * f \ ;
Conductor height above ground f ‘ ‘ \ \
Number of sub-conductors f f . ‘ ‘
(for a given total cross-section) B
Sub-conductor spacing f X = p p 4
Total conductor cross-section f y 4 = Y Y
f Strong increase ‘ Strong decrease
’ Slight increase \ Slight decrease = Nosignificant effect

Techniques can be used to minimise the electric and magnetic fields while uprating
overhead lines. The use of bundled conductors or modifying the bundle configuration
can help in reducing both electric and magnetic field effects together with considerable
reduction in audio noise. Conversion of low voltage multi-circuit (more than two
circuit) line to high voltage single or double circuit line can help voltage uprating with
less audio noise. In Germany, a four-circuit 220kV twin bundle line was converted to a
two-circuit 380k V triple bundle and a two-circuit 220kV twin bundle line to double the
power transfer capability [2.77]. Likewise, radio interference and audio noise were
minimised by uprating a 3-phase double circuit line by converting it into a 6-phase

single circuit line [2.67].
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2.7 CHARACTERISTICS OF OVERHEAD LINE UPRATING WORKS IN
DIFFERENT COUNTRIES

Overhead line uprating work has been carried out in different countries around the
globe. The necessity of increasing utilisation of existing overhead line was realised in
the fifties. In 1955; Ontario Hydro in Canada uprated 50 miles of an existing 115kV
wood pole line for operation at 230kV by simply adding two insulator units in existing
strings [2.78]. In the mid sixties, various utilities in the USA carried out experimental
and investigative work to identify possibility of uprating their lines [2.79, 2.80]. In mid
sixties, in Canada, Otter Tail Power Company in the United States carried out uprating a
90 miles section of a 115kV wood pole line to 230kV operation [2.7]. Since then,
various cases of uprating overhead lines are found. However, literatures show that the
uprating works were extensively carried out only after late eighties.

Based on the responses to the questionnaire sent abroad, CIGRE Working Group B2.06
[2.10] was able to collect and compare practices and experiences of uprating / upgrading
project in 20 different countries. In addition to that, several uprating projects in other
different countries were found. Summary of the uprating works listed in CIGRE
Technical Brochure 294 [2.10] and other literatures are presented here in alphabetical
order of country name.

In Australia, different methods of uprating are used to achieve greater line ratings. In the
past, 33kV and 66kV lines were uprated to 110kV and 132kV. Synthetic composite line
post insulators were used [2.65]. In recent years, a few 330kV lines were uprated and
various 66kV and 330kV lines are proposed to uprate to 132kV and 500kV respectively
[2.81, 2.82]. Similarly, to compensate high summer demand, a few 132kV lines were
proposed for uprating by increasing conductor operating temperatures (49 °C to 60 °C to
75 °C) with a small number of replacement of existing structures [2.83, 2.84].

In Belgium, during the period 1999-2002, 10 lines were thermally uprated by increasing
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the thermal rating from 40 °C to 75 °C [2.10]. Copper conductors were replaced with
AAAC conductors of similar weight. In recent years, various lines are examined for the
possibility of uprating, and a few 220kV lines are proposed to uprate its thermal ratings.
In Brazil, many cases of voltage and thermal uprating were found. Converting 69kV
double circuit line to 138kV single circuit line by regrouping the same conductors in
twin bundle has helped increase the line capacity at relatively low cost [2.10]. A 50%
increase in line capacity was obtained by replacing ACSR conductors with high
temperature low sag conductors (TACSR) [2.38]. In recent years, use of composite
insulators and EXB technologies are used in increasing transfer capacity of 230kV and
500kV lines [2.53, 2.62].

As mentioned earlier, Canada has long history of uprating overhead lines. In recent
years, this work is more focussed on reliability issues due to failures caused by ice
loading {2.10]. Therefore, utilities are more focussed on upgrading rather than uprating
their lines. However, a few cases of current uprating of 230kV line by replacing ACSR
conductors with ACSS conductors with some structural modifications are known [2.10].
In France, during the early eighties, a 30kV overhead line built in late fifties was
converted to 90kV by use of aluminium alloy conductors and triangular conductor
configuration for sufficient clearance. The transmission capacity increased 9 times
together with 300% increase in thermal capability [2.85].

A 220kV four-circuit line installed in 1965 in Germany had its transmission capacity
increased by approximately 1600MW by converting it into two 380kV and two 110kV
circuits. In this case, twin bundle ACSR 240/40 conductors were replaced by triple
bundle ACSR 380/50 conductors [2.77]. Replacing twin bundle with quadruple bundle
conductors has helped increasing the capacity by 31% and considerable reduction in

corona and audible noise [2.77].
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In Italy, uprating of a few 70kV and 132kV lines were possible by reconductoring with
new conductors with high cross sectional area [2.10].

Requirement of uprating more than 1000 km of 220kV network in Ireland is identified.
Investigation showed that the HTLS conductor (GTACSR) is preferred and could be
utilised to uprate the existing 220kV network [2.22].

A pilot uprating project of a few 161kV lines in Israel was carried out in the year 2000.
The ampacity of the line with existing ACSR and AAAC conductors was limited by
ground clearance. Two methods of uprating were chosen. First is to toughen conductor
tension and second is to shorten the suspension lowering the conductor under the
crossarm of a suspension pole by replacing porcelain insulators with shorter synthetic
ones or moving to V-shaped suspension insulators [2.28].

For use of existing 66kV lines for 154kV operation in Japan, insulator-supported jumper
devices to increase conductor-to-tower clearance and compact phase-to-phase spacers to
increase phase-to-phase clearance at higher voltage level were used [2.30]. Line
compaction with the application of these devices helped to increase the transmission
capacity together with improved magnetic field in the surroundings.

In Norway, several 132kV double-circuit lines were converted to single-circuit 300kV
line. Transmission capacity was increased four times by using original conductors in
twin bundle configuration [2.10].

Transmission capacity of a 220kV line in Poland was doubled by use of reconductoring
techniques of uprating [2.10]. Existing ACSR conductors operating at 55°C was
replaced by HTLS conductors operating at 106°C.

For uprating 220kV double circuit line with ACSR conductor in Romania, after
thorough analysis of different HTLS conductors, ACSS conductor was found suitable

from technical and economical point of view [2.40]. ACSS conductor was found cheap
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and it considerably reduced power losses in the system thereby minimising the cost.
Similarly, in Serbia and Montenegro, replacing existing conductors with conductors of
large cross sectional area, helped with thermal uprating of 110kV lines [2.10].

In South Africa, cases of uprating 66kV, 275kV and 400kV lines were cited [2.5, 2.10,
2.27]. Thermal uprating of 275kV and 400kV lines was done by increasing templating
temperature. Airborne Laser Survey was carried out on the entire line and a PLS-CADD
model was built to determine the real position of the conductors [2.27]. Increasing the
rating of a 275kV line to 400kV was possible by re-insulation [2.5]. It mainly involved
the replacement of existing U120 and U135 type cup-and-pin insulators with U160 type
glass insulators having high specific creepage and similar diameter. In order to obtain
required conductor-to-earth clearance, insulation in central phase was changed to V-
String assembly. Similarly, uprating 66kV line to 132kV was possible with
modifications to the attachment and insulation of the existing structures [2.10].

In Spain, many 220kV and 400kV lines were uprated by increasing templating
temperature from 50 °C to 80 °C with power increase from 30% to 50% [2.10]. In the
400kV ring of Madrid, a dynamic thermal rating was obtained in real-time by using
weather stations [2.48]. A study on Alcira-Gandia, 132kV line in Spain shows the
possibility of increasing ampacity rating by 70% with the use of HTLS conductors
[2.39, 2.86].

Several lines built during the fifties and sixties in the United Kingdom were uprated
during late eighties and nineties. In 1986, a 275kV interconnection between Scotland
and England was uprated to 400kV operation [2.87, 2.88]. The transmission capacity of
a number of lines in England and Wales are limited due to insufficient thermal capacity.
It has been possible to uprate some ACSR lines from 50 °C to 75 °C with an increase in

rating by nearly 25% [2.32]. Further improvement in line rating (up to 130% compared
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to original ACSR conductor) was obtained by application of gap type ACSR
(GZTACSR) conductors in existing 275kV and 400kV systems [2.26].

In recent year, Ofgem has identified two interconnections between England and
Scotland to be uprated for wholesale electricity market. Further, requirement for voltage
uprating of existing overhead lines are identified. To compensate the impact of
connecting additional generation in the existing system, it is proposed to increase
transmission capacity by uprating the existing double circuit 275kV line between Blyth
to Hawthorn Pit substations along the North East coast of England [2.89]. Uprating
275kV Stella West to Spennymoor overhead line to 400kV is due to commence in
October 2011 [2.89].

Over the last 55 years, substantial cases of increase in the transmission capacity of
overhead lines in the United States of America were reported. Range of techniques for
current and voltage uprating was used. Otter Tail Power Company has performed
several investigative works and have experience of uprating their overhead lines [2.29,
2.61]. ‘Sargent & Lundy’, has provided numerous engineering services to different
companies in the USA for uprating their overhead lines. These include uprating 69kV to
138kV by replacing copper conductor with ACSR conductors [2.60], 115kV double
circuit uprating to 230kV using different voltage uprating techniques [2.59] and several
other thermal and voltage uprating projects on 46kV, 138kV, 161kV and 230kV

overhead lines [2.90].

2.8 CONCLUSIONS

In this chapter, an extensive literature review on uprating overhead lines was carried out
with particular focus on techniques of current and voltage uprating. The demarcation
between ‘uprating’ and other options of increased utilisation of overhead line was

clarified. Uprating of overhead lines is considered as “increasing its MVA capacity
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without any wholesale structural modifications, reconstruction, or replacement of
existing structures”.

Constraints for increasing power transfer capability were described. It was shown that
increasing power transfer capability by increasing current rating is mainly related to the
conductor thermal limit. However, increasing voltage level of the line is limited by
constraints related to overvoltage, electrical clearances, insulation levels, structural
design and other environmental impacts such as electromagnetic field and audio noise.
To increase the capacity of the line, it is important to decide whether to build a new line
or to uprate the existing line. The decision making process is influenced by technical,
institutional and financial issues. A review of several cases in which these issues had
influenced the decision making process revealed that institutional and financial
constraints play a decisive role. The current-uprating process being comparatively
cheaper than voltage-uprating, in the review process, more cases of current-uprating
were identified than for voltage-uprating.

Different methods and techniques for uprating overhead lines were reviewed. Current-
uprated line used new conductors, online condition monitoring techniques and,
improved line surge impedance level to achieve adequate thermal limit whereas,
voltage-uprated lines used insulating crossarm, inter-phase spaces, new insulators and
crossarm modifications to achieve adequate air clearance and insulation electrical
strength. It was found that the techniques suitable for uprating overhead lines differ case
to case. The selection of a particular technique depends upon the line’s electrical
parameters together with its physical and surrounding environmental conditions. It is,
therefore, difficult to develop a common technique applicable to uprate all kinds of
overhead lines. A separate study of each case is necessary to decide for any technically

and economically feasible method of uprating.
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CHAPTER 3

IMPORTANT ASPECTS OF INSULATION COORDINATION
FOR VOLTAGE UPRATING

3.1 INTRODUCTION

Insulation coordination, according to IEC 60071-1 [3.1], is defined as “selection of the
dielectric strength of equipment in relation to the operating voltages and overvoltages
which can appear on the system for which the equipment is intended and taking into
account the service environment and the characteristics of the available preventing and
protective devices”. The objective of insulation coordination is to ensure that any
insulation failure is self-restoring and the failure probability to fall within the acceptable
limit. Insulation coordination of overhead lines is based on the estimation of most
severe overvoltage produced due to power frequency, switching and lightning activities
which then is used to determine maximum temporary, slow front and fast front
overvoltages respectively. These overvoltages are then related to the insulation
breakdown characteristics through relevant margins to obtain withstand voltages for the
network components for a given statistical risk of insulation failure. The withstand
voltage is then used to identify the minimum electrical clearance requirement and the
insulation electrical strength.

The uprating process requires the study of insulation coordination of overhead lines at
its voltage rating based on combined consideration of stress applied to the line and its
electrical strength. In this chapter, insulation coordination for voltage uprating is
theoretically analysed. The insulation coordination process is explained for transient and
temporary overvoltages so that the risk of failure can be determined. The values and

relevant equations derived from different international and British standards such as
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IEC 60071 [3.1 - 3.3], IEC 61865 [3.4], BSEN 50341 [3.5, 3.6], and BSEN 50423 [3.7]
are used to calculate and compare electrical clearance distances for standard insulation
levels under different overvoltages. Finally, insulation levels of overhead lines are

assessed based on different pollution levels.

3.2 OVERVOLTAGES

Overvoltages in overhead transmission and distribution systems are generated due to
sudden changes in operating conditions. These changes are due to switching operations,
lightning strokes or faults in the system. The magnitude of these generated overvoltages
are key for determining the voltage rating of system components, their risk of failure
and the selection of the required withstand level for equipment as well as air gap
insulation for transmission and distribution towers / poles. A methodical analysis of
overvoltages on the existing system is required so that the possibility of choosing a
reduced withstand voltage level can be explored, thereby, achieving a reduced clearance
level, noting also that the shape of overvoltage across the air gap determines the
dielectric strength of the gap. With reference to Figure 3.1 [3.3], IEC 60071-4 classifies

overvoltages as;

- Temporary overvoltages,

- Slow-front overvoltages and,

- Fast-front overvoltages
In the voltage uprating process, consideration of slow-front and fast-front overvoltages
are more important to identify the additional air clearance requirements for uprated
voltage. The influence of a particular overvoltage in the process depends on several
parameters such as line voltage level, earth resistance, and keraunic level of the area
where the line is located. Table 3.1 shows the classes and shapes of different

overvoltages [3.3].
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Due to the statistical nature of overvoltages, the electrical clearance distance (D,)) is
evaluated for maximum value of overvoltage or overvoltage with a probability of 2% of
being exceeded [3.4]. IEC 61472 [3.8] outlines a method to derive the ‘2%’ value from
the maximum value of overvoltage and gives the following general expressions

applicable to all types of overvoltages.

Uez = (\/§> Usue, (3.1)
Up, = (Jg) Usuy (3.2)

- U.> and U,, are phase-to-earth and phase-to-phase statistical overvoltage (2%
overvoltage) respectively; and u.> and u,,> are their corresponding values in per unit.

- Usis the highest system voltage.

3.3 INSULATION COORDINATION PROCESS AND RISK OF FAILURE

For voltage uprating of an overhead line, the overvoltages generated by different
sources each have a significant role in defining the withstand voltage level and

corresponding required electrical distance (D.;).

3.3.1 Transient Overvoltage and Risk of Failure Concept

The insulation coordination for transient (switching / lightning) overvoltages in an
overhead line is based on the determination of risk of failure. Risk of insulation failure
due to transient overvoltage depends upon different parameters such as frequency of
occurrence of the transient phenomenon, the overvoltage probability of this event and
the probability of insulation failure [3.2]. If the probability of occurrence of overvoltage
(stress) is defined by P(x) and the insulation failure (strength) probability by P(y), then
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the risk of failure (R) of the insulation is obtained by multiplying stress and strength as

given in Equation (3.3).
R =P(x) XP(y) (3.3)

Overvoltages in the line are random phenomena and, hence, presented statistically in
terms of a frequency distribution function f (V). In this case, the probability of

occurrence of overvoltages in a small voltage interval dV is:
P(x) = f(V)av (3.49)

Here, insulation failure probability, P(y), for an impulse value of V becomes P(V)

presenting the risk of failure for small interval as:
dR = f(V) P(V)aVv (3.5)

Now, the total risk of failure (R) in an insulator due to the entire range of overvoltage

magnitude is given by integrating Equation (3.5) which is presented in Equation (3.6).

R= f FV). P(V) dV (3.6)
0

Figure 3.2 illustrates the risk of failure. In this figure, the shaded area represents the risk
of failure which is obtained by multiplying two curves representing frequency
distribution of overvoltage and the probability of insulation failure. The insulation
coordination for transient overvoltage for any electrical system is based on these curves.
A simplified statistical method of insulation coordination for switching overvoltages as
stated in IEC 60071-2 defines the distribution of overvoltages and insulation strength by
points on each of the curves represented by f (V) and P(V) as shown in Figure 3.2. The

risk of failure in an insulation is unavoidable because it is impossible to obtain suitable
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3.3.2 Low Frequency Overvoltage

The withstand voltage for power frequency overvoltage is generally considered as the
maximum system voltage for phase-to-phase insulation. Power frequency overvoltages
are also statistical in nature and are represented by frequency distribution
characteristics. The coordination withstand voltage corresponds to the value for |
minute duration of withstand characteristics of insulation [3.2].

The insulation coordination for low frequency overvoltages for overhead power lines is
based on the degree of pollution level on the insulator surface, and this dictates the
design of insulation [3.2]. For proper coordination, a pollution severity measure must be
determined for each insulator to be used. Different Site Pollution Severity (SPS) classes
with their specific creepages as defined in IEC 60815 [3.9, 3.10] and the effect of

pollution on insulation strength will be explained in detail in Section 3.7.

3.4 CLEARANCE ENVELOPE

As previously stated, overhead line insulation is subjected to different types of
overvoltages produced as a result of power frequency, lightning and switching
phenomena. Each class of overvoltage must be considered separately to assess the
possibility of voltage uprating which requires confirmation of available electrical
clearance. The electrical clearance requirements for a particular line voltage level are
derived from fundamental breakdown voltage characteristics which determine the
required clearance envelope for power frequency, lightning and switching overvoltages.
The geometry of these clearance envelopes is influenced by the insulator swing angle
due to wind in the case of both power frequency and switching conditions [3.11]. In the
case of a lightning surge, it also depends on the nature of the backflashovers on the line.
The clearance envelopes for an overhead transmission line under different overvoltages

are shown in Figure 3.3, reproduced from [3.11].
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of flashover in any one insulator with a significant swing angle due to wind. Therefore,
in this case, wind swing and the corresponding deviation angle can have significant
influence on clearance requirements giving rise to a non-circular shaped clearance
envelope as shown in Figure 3.3. The clearance envelope size in this case is function of
probability of flashover due to switching, and is inversely proportional to the probability
of flashover [3.11].

The magnitude of the power frequency voltage is much less than transient overvoltages.
However, the voltage under normal operating conditions may be sufficient to cause
flashover due to extreme wind swing that reduces air clearance in the line. Even though
the clearance requirement in this case is much lower than the case with transient
overvoltage; the envelope here is highly elongated as shown in Figure 3.3 to account for
extreme wind swing angle. In addition, the ideal clearance envelope under power
frequency is also determined by the insulator string geometry and its contamination

level.

3.5 STANDARD RECOMMENDATIONS FOR ELECTRICAL CLEARANCE
DisTANCE BASED ON BSEN 50341 AND BSEN 50423

This section addresses methods for calculating electrical clearance distances for
overvoltages under lightning, switching and power frequency. The method described
here is based on BSEN 50341-1 [3.5] for voltages greater than 45kV and BSEN 50423
[3.7] for distribution system voltages up to 45kV. BSEN 50341-1 uses the same method

proposed by Central Research Institute of Electric Power Industry (CRIEPI) [3.12].

3.5.1 Approach for Lightning Overvoltages Calculation

The UHV-AC transmission committee of CRIEPI has proposed Equation (3.7) to
calculate the approximate breakdown strength in air under positive polarity standard

lightning impulses (1.2/50) applicable to rod-plane gap distance () up to 10 metres.
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USO%ijf - 530 . d (3.7)

Where, Uspoup g is the 50% withstand voltage of a rod-plane gap for fast front
overvoltages in kV and d is the gap distance in metre.

This equation does not account for the statistical scatter of data, the actual overhead line
gap geometry or geographical conditions. In order to account for these parameters,
factors such as the statistical deviation factor (K. ), the gap factor (K, ) and the
altitude correction factor (K,,) are introduced. Values of these factors are given in BSEN
50341-1 [3.5]. For determination of electrical clearance under lightning, the overvoltage
to be considered is assumed to create a surge that propagates beyond a few towers from
the point of the lightning strike. According to BSEN 50341-1, the ‘90%’ lightning
impulse withstand voltage of the insulator strings (Uge; 5 is) installed on a line need to
be considered for calculating phase-to-earth clearance. The required electrical clearance
distance (D,;) of a phase-to-earth configuration for lightning overvoltage may then be
calculated using Equation (3.8) [3.5].

Usow_sf_is

Dy = (3.8)

Similarly, for phase-to-phase clearance, the withstand voltage of the insulator strings
according to BSEN 50341-1 is considered 20% more than that of phase-to-earth
clearance. i.e. the withstand voltage in this case is taken as 1.2Uggy; 5 ;5. Therefore, for
the phase-to-phase configuration, the required electrical clearance distance (D,,) is

calculated using Equation (3.9) [3.5]. Refer to the next section for calculated results.

1.2 Uggy, £ is
D,, = = 3.9
PP T 530 Ky Ky rr- Ko rr (39
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3.5.2 Approach for Switching Overvoltages Calculation

Compared to lightning overvoltage performance, for a given gap distance, the
breakdown strength of self restoring insulation under switching overvoltage is low. It is
well established that air clearances needed for switching impulse withstand levels are
higher than those required for the same magnitude lightning impulse withstand level
[3.2]. [EC 60071-2 uses a semi-empirical equation proposed by Paris (Equation (3.10))

[3.13] to calculate the air gap distance for 50% withstand voltage (Usg-,).

USO"A] = 500 d0'6 (3.10)

BSEN 50341-1 [3.5] uses a different equation, proposed by CRIEPI, to calculate the
same clearance. Equation (3.11) expresses the 50% breakdown strength (Uspesp sf)
under positive polarity switching impulse applicable to rod-plane gaps (d) of up to 25

m.

Usowrp.sf = 1080 In(0.46 d + 1) (3.11)

A number of research studies [3.13 — 3.17] have produced experimental results of the
breakdown strength of air gaps under different electrode configurations and gap
distance (d) using switching overvoltages. In [3.18], different equations describing the
breakdown voltage were compared and reasonably close agreement with the published
experimental results was found. A simple linear equation is proposed here to describe

the breakdown voltage in the range 2m to 7m as given in Equation (3.12) [3.18].

USO"/() — Cl.d + Cz (3.12)

Coefficients C; and C, were calculated to obtain a best curve fit with minimum least
square error. For rod-plane gaps with positive polarity impulse shape, values of C; and

C, are 173.9 and 422.1 respectively.
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distance of a phase-to-earth configuration (D,) for switching overvoltage is then

derived using Equation (3.11) as shown in Equation (3.13) [3.5].

1 1080 ch(s' U;Z%'SIK
D —_ cRa.-Rzsf-Rgsf 1 .1
et = 0.46 (e ) 19

Similarly, for phase-to-phase clearance, the withstand voltage as per BSEN 50341-1 is
considered 40% more than that of phase-to-earth configuration. i.e. the withstand
voltage in this case is taken as 1.4U,»,,. Therefore, for the phase-to-phase
configuration, the required electrical clearance distance (D,,) is calculated using

Equation 3.14 [3.5]. Refer to the next section for calculated results.

1 1.4. Kcs, Uez%‘sf

— “Ka-Kzsr-Kgsf _
Dyp = 0—-4—6(91080 sf - Kg.sf 1) (3.14)

3.5.3 Approach for Power Frequency Overvoltages Calculation

For power frequency overvoltages, the 50% breakdown voltage (Usgesp ) for a rod-

plane gap can be approximated by:
Usowrppf = 750. V2. In(1 + 0.55 d'?) (3.15)

The 50% breakdown voltage in this case is considered constant and equals to the peak
value of the system voltage (U,). i.e. (V2.U;) for phase-to-phase and ((\/E /V3) .US)

for phase-to-earth configurations. As with the lightning and switching overvoltages, a
statistical deviation factor (K. ,/), a gap factor (K ), and an altitude correction factor
(K,) are applied to yield the required electrical clearance distance of a phase-to-earth
configuration (D,; ,;) and a phase-to-phase configuration (D, ,,) for power frequency
overvoltage using Equation (3.15) as shown in Equation (3.16) and (3.17) respectively

[3.5].



U 0.83
M
@750 V3. Ka. Kz pf- Kgpr _ 4

Deipr = 0.55 ¢
U 0.83
e’50. Ka- Kz pf - Kgpsr _ 1
Dpp pr = 0.55 o

3.6 APPRAISAL OF ELECTRICAL CLEARANCE DISTANCES
CALCULATED UsING CRIEPI EQuATiONsS WITH IEC 60071
SPECIFIED VALUES

Using the CRIEPI equations from Section 3.5, electrical clearance distances are
calculated for standard insulation levels specified in IEC 60071-1. The calculated
clearances are compared with the published clearances given in IEC 60071-2
corresponding to all standard lightning and switching withstand levels for different
system voltages.

IEC 60071-1 classifies the standard maximum r.m.s. value of system voltages (U;) in to

two ranges [3.1].

- RangeI: 1kV < U; < 245kV (covers transmission and distribution systems)

- Range Il : Uy > 245kV (covers higher voltage transmission systems)
According to BSEN 50341-1, the electrical clearance distance in systems in Range I is
mainly governed by overvoltage due to lightning and for the systems in Range II, it is
governed by both lightning and switching overvoltages [3.5]. The clearance requirement
for power frequency voltages is significantly less compared to the requirement for
transient overvoltages. Therefore, the electrical clearances determined by transient
overvoltages also cover the requirements due to power frequency voltage. The power-
frequency withstand voltage for systems in Range [ can be ignored when the ratio of the

lightning impulse to the power frequency withstand voltage is greater than 1.7 [3.2].
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Since, the systems considered in this study fall within the stated category, the

calculations made here are based on the lightning and switching overvoltages only.

3.6.1 Calculation of Range | Voltages

In this range, clearance is mainly governed by lightning overvoltage. Therefore, the
clearance requirements for five standard lightning impulse withstand voltage levels (60,
75, 95, 145 and 170kV) corresponding to maximum system voltage of 12kV and 36kV
are calculated using Equations (3.8) and (3.9).

The following assumptions as recommended by BSEN 50341-1 have been made.

- up to the 200kV withstand level; a value of altitude correction factor, K, = 0.938
1s assumed for an altitude 1000m,

- the statistical deviation factor for lightning overvoltage, K. 5 = 0.961,

- the gap factor for lightning overvoltage, K, 5 = (0.74 + 0.26 K,) = 1.117 (for
conductor-structure geometry considering K, = 1.45) and K; 5 = 1.156 (for
conductor-conductor geometry considering K; = 1.6).

The calculated phase-to-earth clearance (using Equation (3.8)) and phase-to-phase
clearance (using Equation (3.9)) for withstand voltage levels specified above are shown
in Table 3.2. IEC 60071-1 specifies lightning impulse voltage level of 145kV and
170kV for a 36kV maximum system voltage. It can be seen from Table 3.2 that for
lower value of withstand level (145kV), the minimum clearance of 0.27m and 0.31m
respectively for phase-to-earth and phase-to-phase is required for uprating a line to a
maximum system voltage of 36kV. Figure 3.5 compares the calculated phase-to-earth
clearance values with corresponding clearances specified in IEC 60071-2. The
calculated values appear to correspond quite closely with the IEC specified values. The

maximum error of 18.2% is found at 60kV withstand voltage. At 145kV, error is 0%.
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