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INTERNATIONAL ELECTROTECHNICAL COMMISSION

UHV AC TRANSMISSION SYSTEMS -
Part 102: General system design
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A list of all parts in the IEC 63042 series, published under the general titte UHV AC transmission
systems, can be found on the IEC website.

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under webstore.iec.ch in the data related to the
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e replaced by a revised edition, or

e gmended.

IMRORTANT - The "colour inside” logo on the cover page of this document indicates that it
contains colours which are considered to be useful for the correct understanding of its
contents. Users should therefore print this document using a colour printer.
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INTRODUCTION

Large capacity power sources including large-scale renewable energy have recently been
developed, but they are generally located far away from load centres. To meet the requirements
for large capacity power transmission, some countries have introduced, or are considering
introducing, ultra high voltage (UHV) transmission systems, overlaying these on the existing
extra high voltage (EHV) systems.

The objective of UHV AC power system planning and design is to achieve both economic
efficiency and high reliability, considering its impact on EHV systems.

MoreLover, UHV AC transmission systems require comparatively large spaces, and the mel?hod
of m|nimizing and optimizing the size and structure of UHV AC transmission lines and-substation
apparatus is another important issue.
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UHV AC TRANSMISSION SYSTEMS -

Part 102: General system design

1 Scope

This part of IEC 63042 specifies the procedure to plan and design UHV transmission projects
and the items to be considered.

2

Normative references

There are no normative references in this document.

3.1

Fferms and definitions
he purposes of this document, the following terms and definitions apply.

and IEC maintain terminological databases for use in Standardization at the follo
esses:

FC Electropedia: available at http://www.electropédia.org/

50 Online browsing platform: available at http://www.iso.org/obp

extra high voltage

EHV
volt3

3.2

righ
ROV
strip

3.3
surg
SIL
pow
that

ges in the range of 345 000 V to 765 000 V

t-of-way
v
of land that is used_to construct, operate, maintain and repair transmission line facilit

e impedance loading

br delivered by a line to a purely resistive load equal in value to the surge impedand
line

3.4

ving

es

e of

ultra high voltage
UHV
highest voltage exceeding 800 000 V

4 Objective and key issues of UHV AC transmission application

4.1

Objective

Recently, large capacity power sources including large-scale renewable energy have been
developed, in most cases, far away from the load centres. To fully utilize these facilities, it is
important to transmit power generated from these sources efficiently. Evacuation through extra
high voltage (EHV) network enhancements would need more lines (right-of-way, ROW) and
substations, increasing transmission losses and worsening fault current problems.
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UHV transmission systems are characterized by their large capacity over long distances and
can provide a solution to address the above issues by minimizing ROW and switchyard
requirements, effectively with fewer losses, improvement of fault current conditions, etc.

For example, the transmission surge impedance loading (SIL) capacity of a 1100 kV
transmission line can replace four to five 550 kV lines, the weight of the towers can be reduced
by approximately 30 % and the weight of the wires by approximately 50 %. This can provide
savings on the cost of construction of power lines and substations.

A UHV transmission system has many features such as:

e large capacity, long distance and high efficiency power transmission;
e (decrease of ROW per unit GW required for transferring;

e improvement of fault current conditions and system stability;

e [possible reduction of environmental impact;

e reduction of transmission losses.
4.2 | Key application issues

UH\M AC transmission systems are capable of transmitting large-amounts of electric powel|.

Howgver, if a failure occurs in a UHV AC system, the system‘influence can be severe from the
viewlpoints of reliability and overall security of the supply of-the power system. In particular| the
UH\M AC transmission systems design should be considéred to improve lightning and switdhing
protéction performance.

In UHV AC transmission systems, typical phenoniena depend on the length of the transmigsion
line.| For the phenomenon due to the long.ft@hsmission line, reactive power issues such as
voltgge rise due to the Ferranti effect and~geometrical mean distance for increasing sprge
impgdance loading (SIL) should be takehtinto consideration. For high voltage issues, it is|also
necgssary to take into consideration secondary arc extinction, temporary over-voltage (TOV) at
load|shedding, and DC time constaft of short-circuit currents.

In addition, size and cost, of\ equipment are large and the system design should aim at
minimizing visual impact, coenstruction and maintenance costs and transmission losses,|and
incrgasing the network_cennectivity by forecasting generation and load scenarios.

The fhistory of the development of UHV AC transmission technologies is given in Annex A.

5 Required studies on UHV AC system planning and design

5.1 General

Early strategic system planning is conducted to meet the load growth and power source
development planning. Once it is determined that a new transmission line is required in the
system, preliminary economic feasibility study and project design begin.

During the term of the project design, three primary decisions should be addressed in a
transmission-line project at the conceptual stage: capacity, voltage, and route.

Furthermore, strategic planning, as it relates to the environmental authorizations process, is
often overlooked or viewed as being of secondary importance. Early strategic planning for the
project-specific environmental review process can avoid significant effects on a project’s
schedule, costs, and ultimate success.
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5.2

Required studies

The analytical studies can be divided into three types, corresponding to chronological phases

of a

project's planning, design, and implementation:

1) System planning study

In the planning stages, wherever new lines are needed, the voltage and current ratings, and
major auxiliary equipment such as shunt compensation, are determined. At this stage,
system contingencies are considered. Further studies need to be carried out for various
power demand and generation scenarios, typical ones including peak demand, off peak
demand for various seasons (summer, winter, rainy season), to check adequacy of the

¢

q

3

2)

[da)

3)

[0S W T e T e o Y o W e o ey T O N 7 N o o WO o W ¢ 5 N ¢ » M |

Qo

5.3

The
oper

Onc
and
to s
foreg

The

roposed transmission system. The basic study is a power flow calculation for which pog
equence parameters are adequate.

ystem impact study or detailed system design study

he impact of new planned transmission or generation on the power system shoul
valuated by the system impact study. Based on the impact study, “the high-

r mitigations applied to the system.

tability, and system relaying. The study tools include short-ciccuit, stability, and harm
nalysis programmes, and in some cases an electromagnetic transient analy

arameter to distributed parameter, from positive sequence to three-phase unbala
ppresentation, and from direct current to a few kHz, depending on the subject. Models

quipment and system design study

etailed protection and operating procedures_for the switchgear, shunt compensation,
plated equipment are established. The basic study tool is an electromagnetic tran
nalytical programme.

ccurate frequency dependent models are preferable and sometimes necessary for n
f these studies.
Required analysis tools

main considerations are€ ,power flow, fault current, voltage control, dynamic stability
ational criteria that include reliability and system security.

b the high-levelspecification (number and type of conductors, voltage level, current ra
Feactive power compensation) has been determined, a more detailed design phase fol
pecify equipment, such as circuit-breakers, shunt reactors, and surge arresters
beeable problem should affect the reliable and safe operation of the system.

analysis tool by time-domain is shown in Figure 1.

itive

1 be
evel

pecification shall be determined. The system impact study may result in.seme adjustments,

tudy topics include harmonic resonance, short-circuit currents, transient stability, voltage

onic
tical

rogramme to explore resonant overvoltages. The modelling needs to vary from lumped

nced
are

ften generic in early studies, later progressing to,specific models for particular equipment.

and
sient

hany

and
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Voltage and current analysis \
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- Power flow
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among each phase)
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IEC
Figure 1 — Analysis tool by time domain

Line|constants — a programme that calculates and represents electrical RLC parameters|in a
matirix form for a general system of tower and conddctors, over a range of frequencies,|and
using either transposed or full unbalanced assumptions. This function may be bundled |with
another tool, or used separately.

Powgr flow — calculates steady-state voltagesand currents based on a positive sequence mlodel,
with|non-linear loads. The line model is symmetric and transposed. Power flow is the basic tool
for ttansmission planning.

Short-circuit — a programme that'solves voltage and current during faults, especially thHree-
phage and single-phase-to-ground faults. The model is linear, symmetric, and assumes phase
trangposition. An auxiliary pfotection function simulates the response of relays to fault cufrent
and poltage.

Dynamics — a time-domain simulator based on numerical integration of differential equations. It
diffefs from an electromagnetic transients programme (EMTP) as it focuses on (slower)
eleciromechanical and control system transients, rather than electromagnetic transients.|The
models aresometimes linear and balanced. The programme usually includes eigenvalue
analysis, erother functions for small-signal stability.

Harmonics — a frequency domain programme that solves voltage and current over a range of
frequencies, using linear or non-linear load and source models, and balanced or unbalanced
impedances. The frequency-scan function outputs driving point impedance, as obtained from
the bus voltage for a unit current injection.

EMTP — a time-domain or transient simulator based on numerical integration of differential
equations, including non-linear component models, unbalanced impedances, and frequency-
dependent RLC parameters. An EMTP can also perform frequency scans, and may include an
auxiliary programme of EMTP cable constants.

Electromagnetic field programme — a programme can compute electric and magnetic fields in
the air and soil, as well as electric potentials, and the current distribution in the soil and in the
conductors.
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6 UHV AC system planning

6.1 General
6.1.1 Introductory remarks

Generally, the planning study process includes the following steps. As UHV AC system planning
has specific requirements, some considerations are necessary for each step.

Experiences relating to UHV AC transmission development are given in Annex B.

6.1. Transmission capacity considering routes and line types to use

In the planning and design of power grid, increasing the voltage level of the transmijssion| line
to UHV not only increases the transmission capacity, but also reduces the |cost of] the
trangmission system and increases the corridor utilization rate of the transmission line.

The leconomic transmission distance of UHV transmission lines can be as nuch as 1 000 kjm to
1 500 km or even longer. The single line transmission capacity with 8bundled wires can r¢ach
12 0P0 MW. In the selection of UHV transmission capacity, the econemic benefits of the entire
power grid should be considered, rather than being limited to”the economic benefits [of a
trangmission line project.

6.1. Reactive power management issues

In thie planning of the power system, the planning of-feactive power supply and reactive ppwer
compensation facilities shall be included. In the engineering design of UHV AC transmission,
the pesign of reactive power supply and reactive power compensation facilities should be
carried out.

An gppropriate amount of reactive powersupply should be planned and installed in the JHV
AC s$ystem to meet the system voltage’ regulation requirements and reduce the unintenpded
reacfive power transfer between different network nodes.

A sufficient amount of reactive.power supply with flexible adjustable capacity, as well as resgerve
capdgcity of reactive power should be maintained.

The [configuration of reactive power compensation and equipment type selection should be
techhically and economically compared.

Planning and design of the reactive power compensator for a UHV AC system should mee} the
overpoltage limiting requirement of UHV AC transmission systems.

The |precess of configuring reactive power compensation for a UHV AC system is as follows:

Step 1

Identify the range of likely active power flow across the UHV line, calculate and analyse the
characteristics of reactive power and voltage profiles along the UHV line, taking into account
the charging reactive power produced by UHV AC lines and reactive power loss under different
power flows.

Step 2

Select the UHV transformer tap position to avoid overvoltage under a range of operating
conditions taking into account UHV substation location, number of transmission lines connected,
and system operation mode.
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Step 3

Select the capacity and location of the UHV shunt reactor with consideration given to limiting
temporary overvoltage and reducing secondary arc current, and balancing charging power of
lines and flexibly controlling bus voltage.

Step 4

Identify the total and unit capacity of the compensator installed in the tertiary side of the
transformer. The total capacity should be selected to reduce the reactive power exchange
betweemdifferentvottage tevetsanmd—maimtaim bus vottage mamadmissibte Tange—¥When
selecting the single bank capacity, the voltage fluctuation induced by switching of the single
groulp capacitor or reactor within a reasonable range should be taken into consideration”

Steg 5

Chegk if the dynamic reactive power reserve provided by generators isadequate within fheir
reactive power capability range. If it is adequate, then the process stops; otherwise go bac¢k to
Step 4.

Figure 2 shows the process of configuring reactive power compensation.

Identify the range of likely active power flow across
Step 1 the UHV line, analyse the charattéristics of reactive
power and voltage profiles'along the UHV line

l

Step 2 Select UHV transformer tap position
Step 3 Select capacity and location of UHV shunt reactor

l

Step 4 ldentify tptal and un_lt capacity of compensator .
in tertiary side of transformer

l

Step 5 Check the dynamic reactive power reserve provided
by generators

Can the reactive power reserve
of step 5 be met?

The configuration is finished

IEC
Figure 2 — Flowchart of reactive power compensation configuration

6.1.4 Environmental issues

The environmental impact of a power transmission project generally includes the impact on the
ecological environment, electromagnetic fields, land occupation, visual landscape, etc. At
present, the public's awareness of the quality of the environment in which they live has been
strengthened, and more and more attention is paid to the environmental impact of power
transmission projects. It is the responsibility of the users to ensure environment related laws
and regulations in each country are complied with.
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During the UHV AC system planning and feasibility research, environmental issues should be
included. A UHV AC transmission has the advantage of saving the total width of transmission
corridors, as a result of its huge transmission capacity. However, because of its higher voltage
and rated current, it may cause more serious electromagnetic fields and related problems, which
include power frequency electric field, power frequency magnetic field, corona phenomenon,
radio interference, audible noise. Corresponding countermeasures should be considered during
the substation and transmission line design. Appropriate tests and measurements should be
carried out to verify the effect of the countermeasure, during research and system
commissioning.

6.2 _Scenario for system planning

System planning mainly includes power load forecast, power source development planfing|and
power grid planning. System planning is formulated considering the load growth demand | site
selegtion of power source, and paths and networking with regard to how to conneet thé demand
sideland the supply side. Then power grid planning depends on the power development source
planhing. Construction of power plants requires several years but its prerequisite is that the
corridors and required network enhancement are prepared.

In general, the construction period of a UHV transmission line may be comparatively lopger
than| that of a lower voltage level and requires more restrictions,{Therefore it is necessafy to
determine when and how to introduce UHV AC transmission systems based on the accumulated
expgriences and findings as well as demand forecast and then formulate planning scenari¢s to
take|account of the required construction period and the timing of power plants commissioning.

6.3 | Scenario for network planning procedure

6.3.1 Power transmission capacity

©
3

Under steady-state balanced AC conditions, &power line can be represented by the simy
equiyalent circuit shown in Figure 3.

DI | VYN
R L
— C2 CR2 ==
Us Ur
v JV

IEC

Figure 3 — n equivalent circuit

In F yuilcT 3, thG aubcu;pt "S“ UTI1 thc VUHGHU alld buIIUIIt G}JPHUO tU thc Oclldilly'clld aliu the
subscript "R" to the voltage and current at the receiving-end of the line. R is the series resistance,
L is the series inductance and C is the total shunt capacitance of the line.

NOTE Due to the fact that the corona loss of a UHV line is relatively small compared with other components, its
conductance is ignored in the equivalent circuit model.

Shunt conductance provides a resistive path in parallel with both shunt capacitors. However,
since the basic insulation for transmission lines is air, the shunt conductance is assumed to be
zero and is ignored.

An analysis of a loaded line shows that, if line losses can be regarded as small in comparison
with the power transferred by the line, the maximum power that the line can transmit is given
by Equation (1):
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PL =UgUg sin(d)/X

where:

PL is the power limit of the line, power transmission capacity;

(1)

Ug and Ug are the RMS values of the sending-end and receiving-end voltages, respectively;

X is the series reactance of the line;

0 is the phase difference between sending-end and receiving-end.

6.3.2 System voltage

The
end
rece

maximum power that a line can transmit is directly proportional to the product of seng
and receiving-end voltages. Typically, in most transmission systems, sending-end
jving-end voltages are more or less the same and hence the power limit is propartion

the $quare of the system voltage. Then higher voltages are used to increase the'power t
trangmitted. As the voltage increases, the change in reactance is generally “small. Thq
incrgases in voltage require greater phase spacing and more insulation, wider rights-of-

the

imp4cts are, usually, in favour of increasing the voltage instead of placing additional pal
lineq in the same right-of-way.

Howgver, to upgrade the voltage, the insulation to ground/and between phases has t
incrgased. In addition, the conductor surface gradient shall be"maintained below certain I¢

top
thes

Syst
120
topo

event the generation of audible noise and radio and)television interference. Frequ
e requirements lead to larger towers and conductors.

em voltage is described in IEC 60038 which. shows two voltage levels (1 100 kV
D kV) so that the introduced voltage level should be selected to meet the individual net

ogy.

6.3.3 Route selection

Transmission-line routing is the selection of a corridor for a proposed line based on optim

engi

Duri

heering, environmental, andeconomic criteria.

ng the route selection ‘process, there will be numerous tradeoffs between some of

factqrs listed previouslyt\For example, a delta configuration tower may be desirable fror

elec
and

It is
envi
coul

ric field standpoint;and smaller right-of-way, but taller and difficult in terms of constru
with high costs(.

clear that—each major design factor needs to be evaluated from its impact on
onmen{:-Sophisticated digital techniques, such as composite map with computer grap
j visually indicate optimum and alternate transmission lines easily. In addition, therg

spedific/cifcumstances for each area that need to be considered. For example, the geograp

are
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and

al to
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elationship is not linear, and the economics of line design as well‘as the environmgntal
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under consideration may have restraints ﬁnnﬁnrning pnpnlnfinn rlnncihll francpnrfnfin
HhRael AsStaeraHeR-Ray-RaV-e HaHRt R tHaHoR-gehRsi—tah FaHOod

line

routes, preservation of natural habitats and areas of historical significance, that could prohibit
or severely restrict any transmission line construction.

There will be trade-off between environmental concerns and economics involved in line
delineation. With the soaring cost of land in some areas of the country, corridor length becomes
a crucial issue. Another factor contributing to line routing costs is the clearing method itself. If
the optimum line goes through surrounding vegetation, there might be additional cost to clearing

and

maintenance. Also, right-of-way, such as legal fees, should be considered.

Route selection should begin at an early stage in the strategic plan. This will allow for the
optimum solution to be thoroughly documented, compared with alternatives, and presented in

aco

nvincing manner to governmental and private bodies as well as to the general public.
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6.3.4 Series compensation

The power limit is inversely proportional to the series reactance of the line. This reactance is
directly related to the phase separation and the dimensions and configuration of the phase
conductors as well as the line length. For a given length of line, the power limit can be increased
by reducing the series reactance. This involves a reduction of phase spacing. However,
considering the restriction of clearance of phase-to-phase, phase spacing cannot be reduced
much.

For long lines, it is necessary to reduce the series inductance electrically by means of series
capacitive compensation.

Duri
shol

The

trang
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serie

The
eme
issu

Norn

Id be considered.

reactance of a series capacitor is selected as a fixed percentage of the reactance o
mission line. The percentage is selected from criteria like system power'flow, stability,

s capacitive compensation degree has been used in some UHV AC projects.

rgency and swing current requirements of transmission lines. ) The cost is also an impo

)

.

hally, series capacitors are installed at terminalsof a transmission line in substation

ther
Ho

The
sot
com
reso

sup

6.4

To f
requ
adeq
advas

The

is not enough space in substations, they can be'installed at appropriate points of the

ng the project planning and feasibility research, the reactance, rated current and:location

f the
sub-

hronous resonance, etc. The cost of the equipment should also be considered. A 40 %

rated current of a series capacitor should be selected based on\the research of continujous,

rtant

5. If
line.

ver, power supply and other auxiliary equipment have to be equipped for these standallone
serigs capacitor stations.

lectrical resonance produced by the series arrangement is always below power frequ
at resonance at power and harmonic frequencies will be avoided. In a series capa
pensated transmission system gonnected with a thermal generator, sub-synchro

ression and protection technology and equipment may be necessary.

Required parameters

ired so that various analyses can be carried out. In such studies, it is important to

nce.

typicakrequired data for the feasibility study are as follows:

— line data for power flow analysis (R, X /km positive sequence);

bNcy
lcitor
hous

nance risk shall be analysed carefully. Accordingly after analysing results, some spgcific

brmulate the feasibifity plan, the assessment by both technical and economic aspects is

use

uate parameters so that the referential or typical parameters are better prepargd in

— line data for fault current analysis (positive sequence impedance, negative sequence
impedance, zero sequence impedance/km);

— load data;

— transformer data (e.g. reactance, impedance, grounding method);

— generator data;

— generators' model for dynamic simulation (e.g. governor model, generator model);

— unit price of the transmission line and substation.

6.5

Transmission network (topology)

The transmission network should be well coordinated between transmission lines and devices
in the substations and this depends on the individual system criteria, grid codes and guidelines
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well as geographical characteristics. Adequate systems also depend on the system
figuration of their subsystem. As a result, network requirements are dominated by such a

topology.

Considering the expectation for UHV AC transmission systems, reliability and flexibility are key
issues. In particular, how to maintain the reliability and increase flexibility for the integration of
renewable energy generation is important.

At the beginning of the project and during the transition period, the coordination in voltage

con

In a
and

trol and system operation between UHV and the lower voltage level should be considered.

ddition, the interaction is another consideration. As for the interaction between AC sysiems
DC transmission systems, it is necessary to consider how to decrease the impactwhen DC

trangmission systems malfunction and provide little impact to DC transmission systems when

AC

To

network topology as well as technical requirements.

6.6

qystems malfunction. As for DC-AC interaction, inter-tie should also be considered.

introduce UHV AC transmission systems, it is important to consider_such a transmigsion

Reliability

A fepsibility plan should keep the system reliability to somg, degree. UHV AC transmigsion
systéms, in particular, require high reliability to avoid widespread influence of their system

failufes due to their characteristics.

As for the system reliability, the following aspects can'be checked.

1)

2)

3)

4)

5)

(Qverloading
Most UHV AC transmission systems projects are targeted to deal with mass power to gvoid
fhilures spreading to whole systems.
It is therefore necessary to set up a.plan not to overload the facilities under the continggncy.
Generally single contingency (N-- 1) is considered to check the overload situation but UHV
AC transmission systems require high reliability so that targeted contingency should be
donsidered according to the-individual network topology.
Rault current levels
Rault current level affects switchgear duty and electrical life time. Increased penetration in
tfansmission systéms can increase the prospective fault current levels.

oltage stability

UHV AC transmission systems provide more reactive power than EHV. Switched or variable
ghunt reactors associated with the system may provide more flexibility in reactive power
dontreli;However, the loss of these components shall be considered as a contingengy in
Voltage stability analyses.

D + dolail it
yramne ostaullity

Installation of higher voltage is favourable to angle stability. On the other hand, generally in
UHV AC transmission systems, long distance transmission lines are used which worsen the
angle stability. For due diligence, stability should be checked to determine whether a UHV
installation has any significant impact on the transmission of a large amount of electric
power.

Ferroresonance

Ferroresonance is sensitive to the amount of capacitance isolated with a transformer and
shunt reactor. Because of the long length and bundle wires of UHV AC transmission lines,
the phase-to-phase and phase-to-ground capacitance of UHV AC are larger, which
generates much capacitive reactive power. When a large amount of capacitive reactive
power passes through the inductive components (e.g. transformers and transmission lines)
of the system, the voltage will increase at the end of the line, which appears as "capacitive
effect” or "ferroresonance" phenomenon. Transformers and long distance UHV transmission
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6)

7

7.1

lines should not be switched together. To reduce the effect of "ferroresonance”, a shunt
reactor is generally selected to limit the overvoltage of the UHV AC transmission system. A
shunt reactor generally connects between the middle or end of the UHV/EHV transmission
line and the ground which is parallel to the grid for compensating capacitive current. The
shunt reactor to compensate the capacitive charging power on the line may be a measure
to reduce the increase of power frequency voltage.

Angle stability

Angular separation between adjacent buses is used to check reliability when carrying out
system studies (steady state analysis) for transmission planning. The value below 30° is
often used for the angular separation under the N - 1 contingency condition. Accordingly,

: ] [ H 4 4 PR H
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UHV AC system design

General

In the design stage, one of the most important issues is how to counter<overvoltage upder
varigus system conditions due to UHV system characteristics. To maintain-the high reliability of
UHM AC transmission systems, many kinds of analyses are required.\The following itemg are

typidal issues:

1)
2)
3)
4)
5)
6)

7)

7.2

oltage control and reactive power management;

Q

vervoltage analysis and insulation coordination;

7))

witching transients (energization, fault clearing, et€y);
influence of TOV and energy duty on arrester specifications;
llghtning transients and arrester placement;

mpact of auto-reclosing on system availability and reliability that could be considered in the
lanning study;

Tt

hunt reactor energization and zero=offset phenomenon when high compensation degrees
re deployed.

Q)

Reactive power management

Reagtive power compensation'at the UHV side (primary side) refers to equipment that is dirgctly
conrjected to the UHV AC line or bus, including fixed capacitors and controllable shunt reac}ors.
UHV] shunt reactive power compensation is mainly used to compensate the charging rea¢tive
power of a UHV transmission line, limit temporary overvoltage and limit voltage to below the
max|mum operation-voltage in transmission line energization. In addition, a shunt reactor|with

a neptral pointreactor may be used to limit secondary arc current.

and jovervoltage limiting. For substations with some short lines, the shunt reactor is nor

A shlunt reactor connected to UHV transmission lines is used for reactive power compens’T’tion

ally

conrected to the bus, which is mainly used to compensate the charging reactive power of the
UHV transmission line.

7.3

Reclosing schemes

The secondary arc is generally extinguished within several hundreds of milliseconds in a 550 kV
system and below after the transient fault is cleared. Generally, single-phase auto-reclosing is
widely used in EHV transmission lines, because of its advantage in increasing system stability.

In a UHV AC system, because higher voltage is induced electrostatically from the healthy
phases, extinguishing the secondary arc might be more than several hundreds of milliseconds.
To reclose in less than 1 s was evaluated as difficult without applying special measures.

There are two major methods, four-legged reactor and high speed earthing switches (HSESs),
to realize the extinguishing of the secondary arc.
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For a UHV transmission line with shunt reactor compensation, four-legged reactors can be used
to decrease secondary arc current and recovery voltage, and help extinguish the secondary arc.

The use of an HSES is one of the solutions, which immediately extinguishes the secondary arc
of the faulted phase grounded by the closing operation of the HSES.

In addition, the multi-phase-reclosing system is one of the most effective technologies to
minimize the possibility of losing both circuits on the double-circuit transmission line.

In the case where the multi-phase-reclosing system is adopted, a four-legged reactor or an
HSESshouildbeused:

1) FKour-legged reactor

pactance which are used to compensate the capacitive charging current of the'transmigsion

The circuit of a four-legged reactor is shown in Figure 4. "X|" is the threesphase shunt
.
line.

X" is the neutral earthing reactance which is connected between €©arth and the neptral
goint of the three phases "X ". The reactance "X\" should be appropriately chosen, gs it
works together with "X|" to adequately compensate the.pbase-to-phase capaditive
reactance of the transmission line.

A B C

- IEC

Figure 4 — Four-legged reactor

2) Hligh speed earthing switeh (HSES)

he HSES of the_faulted line closes after the fault has been cleared to extinguish the
econdary arc forcibly, and then quickly opens for system restoration.

W 1 T

n HSES is_designed with high reliability both mechanically and electrically so that its
halfunctiomwill not cause a fatal failure of the entire power system. The reclosing scheme
5 shown(in ‘Figure 5 and the specification is shown in Table 1.

_— s
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Figure 5 — One typical reclosing sequence of high speéd earthing switches (HSES

Table 1 — Specification of reclosing scheme

Type Secondary arc extinction

HSES 150 A for4s

For & very short UHV line, such as 20 kmor less, which is typically used to connect an adjacent

pow
secd

For
auto

7.4

In U
and
mult

An ¢

br plant or a convertor station with\a substation, an HSES is not necessary due to very
ndary arc current.

b short UHV line with a-léngth of several tens of kilometres, increasing the dead tim
-reclosing to 1 s to 2 s is“an economical measure.

Delayed current zero phenomenon
HV AC transmission systems, the time constant of the transient DC component is lo

its magnitude is larger than in lower voltage systems because of large charging in N
-bundle\conductors with small resistance, and the closeness to power sources.

ight-conductor phase wire is introduced to suppress partial discharge on the transmig

small

e of

nger
VA,

sion

line
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component in the short-circuit currents to longer than 45 ms, the IEC standard value.

DC

In a UHV AC transmission system, the delayed current zero phenomenon occurs more easily
than in a lower voltage system because of the large charging MVA and the small line resistance.
This means that the fault current may not cross zero within several cycles, and the occurrence
of this phenomenon may cause damage to circuit-breakers and influence the performance of
the power system.

This phenomenon is most likely to occur in a line-to-line short-circuit as its frequency of
occurrence is higher in a double-circuit line than in a single-circuit line. A circuit-breaker is

requ

ired to clear the fault current even if lightning multiple-stroke currents invade it.
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7.5 Protection and control system

When DC transmission lines operate in the network, the planning and design of the UHV AC
line should consider their mutual influence and follow the principle of coordinated development.

In the case where the UHV AC transmission line and UHV DC/HV DC transmission line exist in
parallel, the AC transmission line should be able to bear the transfer of power after DC blocking.

The protection system is mainly introduced to maintain healthiness of the system and equipment,
and minimize the influence of UHV AC transmission systems failures. Since the UHV AC system
requires a high reliability, it is desirable to adopt protection systems with high performance of
spedd, accuracy, and reliability.

In particular, the following protection and safety control systems should be considered:

tfansmission line protection relay;
— hack-up protection of a transmission line;
— transformer protection relay;
b

us protection relay;

—

pactive power control, etc.

The [system protection and relay protection should be designed for different fault levels to
ensyre the system security and stability.

The [first defence consists of fast and reliable relay{protection and effective preventive coptrol
meapures which ensure that the power grid maintains a stable operation and normal power
supply when a common single fault (high probahility of failure) occurs. Generally, it is the felay
protéction that can quickly and accurately remove the faulty component and offer proteg¢tion
agaipst abnormal operation and quickly isofate faults without loss of load.

The [second defence consists of emergency control measures such as stable control devices,
gengrator tripping, and load shedding which are used to ensure that the grid can continde to
operate in a stable manner in thejevent of a serious failure (low probability of failure). Genenally,
it is p safety automatic device.that ensures safe operation of the power grid, allowing a gmall
load|loss, and avoiding component overload and grid instability.

The [third defence cansists of out-of-step splitting, frequency and voltage emergency coptrol
deviges. When the(power grid encounters multiple serious accidents with low probability|and
stabjlity is impacted, one relies on these devices to prevent accidents from expanding|and
prevent large<scale power outages. All necessary measures shall be taken to avoid |grid
collgpse.

7.6 | .Ansulation design (cost effectiveness)

UHV technology is characterized by a stringent need to reduce as far as possible the sizes,
weights, costs and environmental impacts of the overhead lines and substations, in order to get
projects which are feasible from an economic, societal and technical point of view.

Figure 6 shows the overall concept to be adopted for insulation.
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Transmission line characteristics

- Lightning
- Surge propagation
- Black-flashover

- 23—

Air clearance design

- Phase-to-ground clearance

- Phase-to-phase clearance

- Selection of basic switching impulse
insulation level (BSL)

Switching overvoltage

Power frequency design

- Overvoltage factors
- Arrester energy

- AC withstand voltage
- Leakage distance of bushings

1

Power system characteristics

- Operation voltage Surge arrester Lightning design

- Protective relay | - Ratings |- Shielding of substation

- %’Steﬂn parameters _Enerqy - Selection of basic insulation

- Refactive powepr compensation level (BIL)

Ligthning overvoltage Circuit breaker design
—>| - Overvoltage of equipment| __,l- Transient recoverygvoltage rating
- Arrester energy —» - Pre-insertion resiston

Subptation arrangement Design forthe secondary arc

- Schle Tov || countermeasure

- Equipment - One line-to-ground - Four=legged reactor

- Syfge arrester location fault iacti :'ll-"r?aﬁgient recovery voltage rating

- Ingulation type - Load rejection =\/oltage, current rating

IEC
Figure 6 — Procedure for insulation design

A typical countermeasure used to reduce the insulation levels is the application of surge
arregters. Closing resistors are used to control switching overvoltage (SOV) due to closingland
re-cllosing of overhead transmission lines.
Switchable or controllable shunt reactorsi.fast protection schemes, single-phase autp-re-
closing, three-phase auto-re-closing and*four-legged shunt reactors are applied to achieve
stable power supply when a fault occurs-on the lines.
With| respect to switching overvoltage generated in the healthy lines at the source side of the
circyit-breaker (CB) when clearing a fault, it depends on the fault conditions and tends tp be
larger in multiphase line faults to ground such as two lines-to-ground fault and three lines-to-
ground fault. The probability of the occurrence of these faults may be comparatively low in JHV
AC fransmission systems. As for the methods of technology to avoid successive breakdgwns
that [may affect the~availability of the whole system, opening resistors can be one optign to
reduice the opening.SOV.
A sdmmarylof system technologies specific to UHV AC transmission systems is givegn in
Anngx C.
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Annex A
(informative)

History of development of UHV AC transmission technologies

A.1 General

The history of UHV systems development is surprisingly long. In the 1970s, UHV studies were
launched in several countries. The USA and Russia established the basic design and Italy
resofved basic technical iISsues and developed several devices and basic ideas to counter JHV
typigal issues.

Japgn developed UHV full components and tested them in the 1990s. China constructed a JHV
trangmission system and proceeded with its commercial operation since 2009.

Indig also strived to construct UHV systems with the highest voltage (1 200°kV).

The [detailed history of each project is described below.

A.2| History of development in the USA

Amefrican Electric Power (AEP) started 800 kV transmission in 1969 and presently owns rmore
than| 3 400 km of nominal 765 kV lines and 24 major_substations, integrating key generating
plants with load centres throughout the eastern AEP system and providing interconneciions
with|neighbouring utilities.

Bonneville Power Administration (BPA)'s %200 kV Transmission Line Test and Development
Program was initiated in the mid-1970s to:meet the need for economical transportation of large
amopnts of electric power over limited@ights-of-way and with minimum power loss. In 1974,
BPAJauthorized the construction of a three-phase, 1 200 kV prototype transmission line in drder
to irfvestigate the technical, economic and environmental feasibility of transmitting elgctric
power at this voltage. After the 1200 kV test facility was completed in 1977, an extensive testing
and evaluation programme was launched.

A.3| History of development in former USSR and Russia

Rusgia is extremely rich in natural resources. The main sources of energy were concentrjated
in the distantiAsian part of Russia, whereas the population was concentrated mainly irl the
Eurgpean_and Southern parts, leaving vast spaces in the polar region and Siberia spafsely
populated., Electric energy was used mainly for industrial purposes, domestic consumption per

capifa‘was small and distances to transport electric energy were large. A total of 900 km of
1 15 L\ AC trancmi H

o oo
V7 rottarrStTiToo

onlinawara anaratad fAar than ynare Ao tnct yaltana
O W CT T OpPCTatCo—T oW oy Caro, o tCot vV oOrtages

A.4 History of development in Italy

At the end of the 1960s, the electricity demand in Italy was still doubling every ten years. As
this robust growth was foreseen to continue, the introduction of higher voltage level
transmission lines would become appropriate for increasing the need of power transmission.
Since ltaly's existing EHV transmission grid was highly meshed, the connection of a large
capacity link at 1 000 kV did not require large network reinforcements in the underlying voltage
levels (400 kV and 220 kV) that would warrant security conditions, such as those stipulated in
the Union for the Coordination of Transmission of Electricity (UTCE) in continental Europe, (see
www.ucte.org) rules. Three kilometres of 1 000 kV AC transmission line of were operated for
about 14 300 h over a period of three years.
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A.5 History of development in Japan

In the middle of the 1970s when power demand was expected to increase steadily in Japan,
some Japanese utilities predicted the difficulties that they would face in the future to secure
sufficient land for a power plant in the area adjacent to the load centres. They recognized the
necessity of long distance and large capacity transmission technology, which enables the power
transmission of 10 GW over a total length or more than 400 km with a limited number of
transmission corridors.

A 1 100 kV transmission route that links a nuclear power plant on the Sea of Japan to the
metrepeolitanregion{rorth—south-route)-and-the-otherroutetinking-powersources-en-the-RPgcific
Ocean (east-west route) were completed by 1999. These transmission lines, double-circuit |ines
that ran 240 km from east to west and 190 km from north to south, a total of 430 km; are|now
opernated at 550 kV.

In order to carefully establish technologies towards UHV upgrading, field-testing of JHV
subgtation equipment has been carried out since 1996.

A.6( History of development in China

From 1990 to 2005 China's capacity grew at quite a steady rate_around 8,6 % per year and by
the ¢nd of 2005 the installed capacity attained 512 GW. Two-<thirds of the coal reserveq are
locafed in the north and 80 % of the hydropower reservesyare located in the west, whilg the
biggest load centres are concentrated in eastern areasiat distances in the range of 800 kmm to
3 040 km from primary sources locations. The UHV_JAC transmission system will form the
backKbone of the synchronized power system, replacing the weak 500 kV connections|and
enhancing the transfer of bulk power between regions and improving the system stability.

An inpitial 1 000 kV AC transmission pilot project over 600 km connecting the north and ceptral
Chinla grid has been in operation since .2009. By June 2019, there were 10 843 km UH\Y AC
trangmission lines and 147 000 MVA UKY AC transformers were in operation, and they are|very
impqrtant parts of the backbone ,power grid. Furthermore, some new projects are being
congtructed and planned.

Except for conventional transformers and overhead transmission lines, many other impoftant
equipment are developed and used in UHV voltage level UHV transmission systems in China,
such as UHV series capacitor, UHV transformer with OLTC, UHV controllable shunt reaftor,
UHV GIL.

A.7| History of development in India

Indig's power system is poised for accelerated growth. Peak demand is expected to increase to
aboyt 300 GW by 2027 from the present level of about 180 GW for which an installed capacity
of about 620 GW is required. To meet the Tong-term power transfer requirement by 2027 and
beyond, large transmission networks interconnecting the distant generating resources with load
centres are being planned. Considering the serious difficulty of availability of right-of-way
(ROW), it was considered prudent to adopt 1 200 kV AC as the next transmission voltage level
in the country for the transfer of bulk power. Preliminary work on the 1 200 kV UHV AC system
has already started. To develop 1 200 kV AC technology indigenously, a 1 200 kV test station
was established in Bina, Madhya Pradesh in the central part of India under a public-private
partnership (PPP) model. Based on the field testing and experience gained on the performance
of 1 200 kV equipment, technical parameters were envisaged to be fine-tuned for a 1 200 kV
AC transmission system. Further, India is developing a 1 200 kV corridor which includes a
Wardha-Aurangabad 1 200 kV circuit (about 380 km) in parallel with EHV corridors. However,
as there was initially less power transfer requirement over this corridor, it was proposed that
the 1 200 kV line be operated at a 400 kV level.



https://iecnorm.com/api/?name=8374a52d1a210e91d6a5d78026671466

- 26 — IEC TS 63042-102:2021 © IEC 2021

Annex B
(informative)

Experiences relating to UHV AC transmission development

B.1 Project development in ltaly

B.1.1 Background (including network development)

A ngw higher voltage level would become appropriate in order to keep within acceptable Iimits
the amount of land occupied by overhead lines and to economically dealtwith the incredsing
need of power transmission.

B.1.p Demand analysis and scenario of application

Figure B.1 shows the trend of the demand situation in Italy.

1970
1980
1990
B 2000

I =100 109 kWh

IEC
Figure B.1 — Demand situation in Italy

B.1.8 Project overview

It was assumed that the future network had to connect four new powerful generating cenfres,

250 km. A solutlon with two Imes at 1 000 kV, having a surge |mpedance loading (SIL) of about
4 000 MW resulted in an economic and reliable solution.
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Network year 2000
1050 kV

s 1 SIL 1 050 kV
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Figure B.2 — UHV transmission lines in Italy as originally planned in\'7.0

The [Italian 1 000 kV project was studied focusing on the following technicalf@oncerns:

hehaviour of air and surface insulation;

lectric field effects on conductors and accessories and related effects (corona loss, au
rloise, radio interference and at ground);

[0

dontrol of overvoltage;

gdlectrodynamic problems associated with short-circuit;

dffects of wind and ice on bundled conductors (vibration, sub-span galloping);
ddditional losses in the conducting materials of {ransformers, cable, etc.;

reed to limit the extension of right-of-ways and-the visual impact on the environment;
Wwithstand capability against earthquakes;

—

bstability of the large components;

—

ransportability (especially transformers).

Figufe B.2 shows UHV transmission lines in ltaly, as originally planned in '70 assumin
extrgmely high increase of the Joad demand expected for the year 2000.

B.1.4 UHV system planning

The system planning(was conducted through the following four major fields.

a)

b)

c)

d)

Basic system_outline for new UHYV links:

which-eérridor?

how many circuits?

single or double-circuit line?

dible

j an

eliability of new and impact on the whole power electric system especially when the first

UHV links are commissioned.
Steady state analysis under normal and emergency conditions:

voltage profile;
reactive compensation requirement;

losses;

line energization.

Dynamic analysis with specific grid perturbations:
— short-circuit currents;

— transient stability;

— voltage collapse;
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— overvoltage.

Owing to the relatively short overhead transmission line lengths and the meshed scheme with
a strong 400 kV network underneath, no critical issue came out from the steady state and
dynamic performance analysis of the system including the 1 000 kV network.

The planned 1 000 kV lines range from 50 km to 250 km long and have the following
advantages:

e series compensation is not necessary;

e qnly shunt compensation is necessary _pravided by reactors connected line side for lines

lpnger than approximately 50 km.

The [SPIRA (simulator for steady-state analysis) system and SICRE (simulator for-dynamic
anallsis) system are shown in Figure B.3.

NETWORK
EXPANSION

selection and optimization
of expansion alternatives

et ool — = NETWORK DESIGN

! Probabilistic adequacy’

and costing evaluatign

NETWORK NETWORK STEARY-STATE
EQUIVALENTS DATA-BASE, (ORLYSIS
RESULTS AND - Iclzlad flew and voltage
| Eotlapse
3 SCHEMES - voltgge profile and S—
——— reactive comp.
N\ ~Optimization
=¥, - short circuit and relay
setting
SPIRA System LOADFLOW
DYNAMIC
PERFORMANCES TRANSIENT STABILITY
N~ ANALYSIS :
N C) - stability against small and -
and SICRE Sy large perturbations i
- long term dynamics i
A - voltage stability o
- defence plans ——s

IEC

NOTH SPIRA (simutator for steady-state analysis), SICRE (simulator for dynamic analysis), Comp. (Compensdtion).

Figure B.3 — SPIRA system and SICRE system

B.1.p UHV system design

B.1.5.1 Transmission lines
For the overhead transmission line, the following guidelines were set

a) to minimize
— visual impact,
— geometrical mean distance for increasing SIL and transmission capacity,
— EMF around the transmission line,
— right-of-way and space occupation,
— investment cost and operating cost (O&M and losses), and
b) to increase lightning performance.
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B.1

.5.2 UHV substations

For substation design, the following requirements should be considered:

B.1.

Follgwing preliminary system design studies, the relationships shown in Figure.\B.4
estaplished.

B.1.
B.1.6.1 Main research

Field tests were conducted with the installation of full-scale equipment (see Figure B.5).
spedifications of the test equipment-are shown in Table B.1, Table B.2, and Table B.3.

The field test facility was energized from 1995 to 1996. During this period, no major faults
expgrienced. Only one minor fault was experienced on the auxiliary system of the G
refrigeration.

mitigating the fast transients generated by disconnecting switches' operation to meet the

insulation coordination design;
limiting the closing and opening switching surge to 1,7 p.u.;
extinguishing the secondary arc by special countermeasures;

low residual voltage for the lighting surge and the switching surge.

.3 Preliminary system design

Insulation co-ordination of lines and
substations

- Temporary overvoltages - Circuit breakers with pre-insertion resistors
- Transient (switching) overvoltages 5 - Surge arresters
- Lightning overvoltages » - Line and.station performances to lightning

Evaluation of overvoltages stresses

- Overvoltages in GIS (due to » - GIS accurate design
switching and internal faults)
IEC

Figure B.4 — Preliminary'system design

Laboratory and field tests
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Figure B.5 — Field testing of
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B.1.6.2 Facilities
A\
Table B.1 - Specificatio&s f1100 kV transformer
&
Rated power Q\ 400 MVA / 400 MVA / not determined

R

Rated voltages

1 050/Y 3 kV / 400// 3 kV /12,2 kV

Rated lightning impulse withstand\'Qltages

2 250 kV /1 300 kV / 95 kV

Rated switching impulse mtl:\{@\#?d voltages

1 800 kV / consequent kV / consequent kV

=

h induced voltage test wit

measu@ents

artial discharge

1,5 U, /V3
(U, = 1050 kV)

N
Shors,‘c®‘|it voltage 15 %
TaQ\Iwelght with oil 355t

275t

NOTH

r@ weight without oil
\J

<

with

values), in terms of lightning and switching impulse withstand voltages, and 1 h induced tests for transformers.

I_@,equipment and transformers were declared with a rated voltage = 1 050 kV, but the cable was ded
4 . )

d voltage = 1 100 kV/ The “highest voltage” was not declar

lared
(test
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Table B.2 — Specifications of pilot plant (substation)

Rated voltages 1 050 kV

Lightning impulse withstand voltages

To earth 2 250 kV

Across the open contacts of CB and disconnectors 2 250 kV + 606 kV

Switching impulse withstand voltages

To earth 1675 kV

Across the open contacts of CB and disconnectors 1675 kV + 606 kV

Power frequency withstand voltage

To earth 910 kV

Acrpss the open contacts of CB and disconnectors 910 kV

Rated nominal current of:

Switching devices 6 000 A
Busbars 8 000-A

Rated short-circuit breaking capacity 63 kA
Disconnector opening and closing resistance 110 Q
Cjrcuit-breaker opening and closing resistance 500 Q

Table B.3 — Specifications of{pilot plant (cable)

Rated voltages 1100 kV
Type of construction Oil-filled single pole
Type of insulation Oil impregnated paper
Oil duct diameter 40 mm
Hydraulic pressure 1,3 Mpa
Conductor cross-section 1250 mm?
Insulation thickness 35 mm
Overall cable diameter 155 mm
B.1.6.3 Remarks and pending aspects

Modern surge arresters and CB controlled switching could be extensively considergd in
grder te’control switching overvoltages, as an alternative to the use of CB switghing
resistors.

High” overvoltage caused by faults are generally present on moderately meshed
configurations of a UHV system and may require Tline surge arresters in addition to those
located in the substations.

The requirements to ensure an appropriate extinction of the secondary arc can be a binding
factor strongly limiting the maximum acceptable length of a UHV line without intermediate
switching substations.

A solution to secondary arc extinction within a short time (1 s) might be either the use of a
high-speed grounding switch operated in synchronism with the circuit-breaker of a single-
phase faulted line or a four-legged shunt compensating reactor equipped with a reactance
at neutral point.

As for the design of UHV substations, a hybrid air-insulated switchgear (AlS)-gas-insulated
switchgear (GIS) solution may be the best compromise from a reliability viewpoint by virtue
of their easiness in repair (lower mean time to repair (MTTR)) with respect to a full GIS
substation.
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Project development in China

B.2.1 Background

In China, there is a geographical mismatch between the distribution of energy resources and
the development of productivity. Coal reserves, hydropower resources, wind power and solar
resources are mainly located in the north, northwest and southwest of China, while the energy
demand is concentrated in the eastern and central regions. Therefore, it is an inevitable choice
for the country to develop a UHV power grid.

The

nd\/antagpc of UHV _AC are its Inrgp r‘npnr‘ity power transmission and wide cove

netw
high
the |
mult

B.2.
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B.7.
lines

ork construction. The development of UHV AC technology can ensure the large-scalg
y efficient development of renewable energy. The construction of UHV AC power.gr

UHV DC links feed-in.

P Project overview

hina (SGCC), relevant research institutes, design institutes, manufacturing enterpr

aluation of the necessity and feasibility of UHV power transmission projects and condu
brehensive technical R&D.

e then, a number of UHV AC projects have been planned, approved, constru
missioned and put into service. By June 2019,) there were 10 843 km of UHV|
bmission lines and 147 000 MVA of UHV AC transformers were in operation. Furthern
E new projects are being constructed and planned. See Figure B.6.

ngle-line diagram of Changzhi-Nanyang-Jingmen UHV AC pilot project is given in Fi

Parameters of substation and switching station are given in Table B.4 and transmis
is given in Table B.5.

State-grid UHV projects under construction and in operation

age
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oad centre can provide important support for DC transmission and receive large capacity

n the beginning of 2005 to August 2006, government departments;_State Grid Corporation

Ses,

prsities and colleges, industry associations and advisory bodiés ih China jointly carried out
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ted,
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ore,
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UHV AC projects in operation |

UHV AC projects under construction

UHV DC projects in operation —

UHV DC projects under construction ==
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Figure B.6 — UHV AC transmission projects implemented in China
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Changzhi Nanyang Jingmen
substation switch substation
1 x 3000 MVA station 1 x 3000 MVA

1000kV | |

WRICZRC

[l 1000kv ||
500 kV

110 kV

EC
Figure B.7 — Single-line diagram of Changzhi-Nanyang-Jingmen UHV AC pilot project

Table B.4 — Parameters of substation and switching station
of Changzhi-Nanyang-Jingmen UHV AC pilot project

Station Name Jindongnan Nanyang Jingmen
Main|transformer (MVA) 1 x 3000 { 1 x 3 000
1 00Q kV shunt reactor (Mvar) 1 x 960 2% 720 1 x 600
110 RV shunt reactor (Mvar) 2 x 240 / 2 x 240
110 RV capacitor (Mvar) 4 x 210 / 4 x 210

HGIS HGIS
Switdhgear GIS
(Hybrid GIS) (Hybrid GIS
Table B.5 — Parameters of transmission lines of
Changzhi-Nanyang-Jingmen UHV AC pilot project
Line type single circuit
Number of bundled sub-gohductors 8
Conductor type LGJ-500/35 ACSR-630/45

Length: Changzhi-Nanyang-Jingmen 640 km

B.2.8 Changzhi-Nanyang-Jingmen UHV AC extension project

In 2011, a new set of main transformers was built in the Jindongnan substation and Jingmen
subgtation;*respectively, and two new sets of 3 000 MVA UHV transformers in the Nanyang
sub<tat|on The UHV series capacitors with the compensatlon degree of 40 % (each sice is
20 9 ’ OIU IIIOLG”Ud \JII thU :IIIU flum Jnldunynan v Nan:y'ang I'\ OUIIUO DGVGDILUI VVIlI the
compensation degree of 40 % is installed on the line from Nanyang to Jingmen, concentrated
in Nanyang. Figure B.8 shows the artificial grounding test of UHV series capacitors in China.

The transmission capacity of this project was improved to 5 GW and fully verified at commission
test in 2011.
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Figure B.8 — Artificial grounding test of UHV series capacitors_.in China

Huainan-Zhebei-Shanghai project was the second UHV AC project-"Double-circuit

werg firstly used in this project. This project starts from Huainan substation (Anhui Provi
pasges by Wannan substation (Anhui Province) and Zhebei substation’ (Zhejiang Province)

ends

length of 2 x 648 km (steel tube tower and double circuits on the-same tower). The constru
of the project started in October 2011 and it was put into operation in September 2013. A si

line

Afte
plan

Huainan Wannan Zhebei Huxi

720 Mvar 720 Mvar | 600 Mvar: 720 Mvar

o | & P 7
St 3 3

720 Mvar 720 Mvar 720 Mvar 720 Mvar

13 000 MVA 2 3000 MVA

ki

Figure B.9 — Single-line diagram of Huainan-Zhebei-Shanghai
double-circuit UHV AC project
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ines
nce),
land

at Huxi substation (Shanghai), with a transformer capacity,of 21 000 MWA and a total line

ction
ngle-

Hiagram of Huainan-Zhebei-Shanghai double-circuit URV AC project is given in Figure|B.9.

pwer

thé. commissioning of this project, one unit of 1 000 MW generator in the Pingwei p
mtocratad ol nBan mnbhaotatia thrauah o 14 ANN LN/ s e 20456 _Thaoe acaonars tor
VVCIO IIILUHICILU\J v IIUCAIIICAII OUUOLCALIUII LIIIUUHII AT UUU NV 1IITTe 1T &V TV TTTO UGIIGIGI.\JI

with

a terminal voltage of 27 kV connects the UHV system through a 27 kV/1 000 kV step-up
transformer. This is the first application of a UHV step-up transformer. The generator integrated

into

a UHV system through a UHV step-up transformer is given in Figure B.10.
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B.2.4.

The

1 100 kV. The main system parameters are shown.in Table B.6.

B.2.

In order to aveid the huge cost of insulation, the overvoltage in UHV AC is mitigate
reaspnable.Jevels. Series mitigation measures are applied, which include shunt reactor, M

and

B.2.

B.Z.E Overvoltage mitigation and insulation coordination
1

TS 63042-102:2021 © IEC 2021 - 35—

1 000 KV grid

1,000 KV lines
—@ 500 kV grid

1200/1 200

(3 nhases)
A g 7

Rated capacity (MVA)

Rated voltage (kV) 110013127

Impedance (%) 18

IEC

Figure B.10 — Generator integrated into a UHV system
through a UHV step-up transformer,

Main system parameters

nominal voltage for UHV AC systems in China~is/1 000 kV and the maximum voltag

Table B.6 — Main system parameters of UHV AC projects in China

Parameters Value
Nominal voltage 1 000 kV
Maximum voltage 1100 kV
Rated frequency 50 Hz

Fault.current 63 kA

f.2 Overvoltage and mitigation

closing. resistor.

je is

d to
ov,

43— Temporaryovervoltage

Single-phase ground fault and load rejection of a transmission line are critical scenario causing
temporary overvoltage.

Shunt reactors installed on the transmission line are very helpful to mitigate this type of
overvoltage.

In UHV projects in China, the temporary overvoltage at the bus bar side of the circuit-breaker
should be mitigated to below 1,3 p.u. and it should be less than 1,4 p.u. at the line side of the
circuit-breaker.
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B.2.4.4 Switching overvoltage

Ground fault and clearing, energizing, and single-phase-auto-reclosing of a transmission line
are critical scenarios causing switching overvoltage.

Surge arresters are a basic switching mitigation method. The main parameters of a UHV
arrester used in UHV projects in China are shown in Table B.7. Furthermore, closing resistors
of circuit-breakers are used to suppress closing overvoltage.

Table B.7 — Main system parameters of UHV arrester

Parameters Value

Rated voltage 828 kV

Continuous operating voltage 635 kV
Switching impulse residual voltage < 1460 kV at 2 kA (30/60 ps)
Lightning impulse residual voltage <1620 kV at 20 kA (8/20 us)

Shunt reactors installed at transmission lines can suppress temporary overvoltages (TQVs),
whigh are the fundamental component of switching overvoltage. The usage of shunt reag¢tors
can help in switching overvoltage mitigation.

In UHV projects in China, the switching overvoltage in substations should be mitigated to below
1,6 p.u. and it should be less than 1,7 p.u. on transmission lines in most instances.

B.2.4.5 Lightning overvoltage

Lightning overvoltages in UHV transmission.systems with overhead lines originate from|line
shielding failure and back-flashover. As in the case of EHV transmission lines, Iightlning
flashover caused by shielding failure is the'main reason for trip-outs of UHV transmission lijnes.

Lightning overvoltages may be limited through overhead ground wires, reducing tower|foot
resigtance and surge arresters,

B.2.4.6 Very fast front overvoltages

Very| fast front overvoltages (VFFOs) are caused by disconnector operations or faults wlithin
GIS,

As the withstand voltage for VFFO has not been standardized, the lightning impulse withstand
voltgge (LIWY) is referenced during the insulation coordination for VFFOs. The VFFP is
proportignal to the system voltage. In UHV systems, the ratio of the LIWV to the system nominal
voltggécis lower than that of the EHV system. The risk caused by VFFOs should thereforg be

t k HP Y HP~ | 43 H LILIN/ baotot:
a ell MU ouUTToiiucTTativiT 11T JIT'Tv ouvolalivllo.

In UHV projects in China, disconnectors with an inserting resistor are used for parts of
substations to suppress VFFO.

B.2.5 Insulation coordination
B.2.5.1 Clearance of transmission line

The required minimum values of clearance under lightning overvoltage are listed in Table B.8.
For single-circuit lines, clearance under lightning overvoltage does not control the size of the
transmission tower window; therefore no requirement is specified in such a case. For the case
of double-circuit line towers, in order to meet the requirements of lightning trip-out rate,
sufficient clearance below the conductor bundle and the cross arm beneath are necessary.
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Table B.8 — Required minimum value of clearance of
the 1 100 kV transmission line

Minimum clearance distance required
Voltage type Tra"r:‘serr:;spselon m
Altitude 0 m to Altitude 500 m to Altitude 1 000 m to
500 m 1000 m 1500 m
Power frequency Single circuit 2,7 2,9 3,1
voltage and
overvoltage Double circuit 2,7 2,9 3,1
Stde-phrase—5;9 Stde=phase—6;2 Side-phase: 6.4
Switching Single circuit * Centre-phase: Centre-phase: (
dvervoltage 6,7/7,9 7.218,0 Centre-phage. 7:7/8,1
Double circuit 6,0 6,2 6:4
Lightning Single circuit No regulation
quervoltage Double circuit® 6,7 7,1 7.6
28 The value in front of the slash (/) is the gap distance between the centre-phase conductor and the oblique jron.
he value behind the slash is the gap distance between the centre-phase conductor bundle and the upper
Cross arm.
b |n mountain regions with intense lightning activities, the minimum clearance distance of lightning can be
hppropriately increased according to the actual conditions of the project.

To avoid oversize clearance of the line tower windows the safe distance for live line working is
not o be taken as the controlling factor of line insulation clearance. The distance consisting of
the safe distance of live line working plus the area of the worker's body movement (not|less
than[0,5 m), should not be greater than the clearance as determined by switching overvoltages.
B.2.5.2 Clearance of substation
The Iminimum clearance of substations*(A) is classified into A1 (minimum clearance of phase-
to-gfound) and A2 (minimum clearance of phase-to-phase). A1 includes A1' (minimum
cleafance of phase-to-ground with"windage yaw) and A1" (minimum clearance of phase-to-
grouind without windage yaw).
The [minimum clearance ‘ef substations in the regions with an altitude not exceeding 1 000|m is
shown in Table B.9.
Table B.9 — Minimum clearance of UHV substation (metres)
A1
Voltage A2
A1’ A1"
Powerfrequency voltage and overvoltage 4.2 6.8
10,1 (grading ring to grading ring)
Switching overvoltage 6,8 7,5 9,2 (four split wires to four split wires)
11,3 (pipe bus bar to pipe bus bar)
Lightning overvoltage 5,0 5,5

B.2.5.3 Withstand voltage of UHV equipment

The withstand voltages of UHV equipment is shown in Table B.10
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Table B.10 — Overvoltage withstand level of UHV AC projects in China

Equipment Lightning impulse Switching impulse Power-frequency
withstand voltage withstand voltage withstand voltage
kV peak kV peak kV rms
Transformer and shunt 2 250 1800 1100 (5 min)
reactor (2 400: Chopping )
GIS 2 400 1800 1100 (1 min)
Insulator 2 550 1800 1100 (1 min)
Ta‘p‘a‘n‘nvé‘vmﬁ'g'é 27400 800 200 (5 min
ransformer (CVT) n‘\
Bughing for transformer 2 400 1950 1200 (51/ 9
and shunt reactor (2 760: chopping) (\(]/
GIS bushing 2 400 1800 1400 (1 min)
Lopgitudinal insulation 2 400 + 900 1675 + 900 s‘ko + 635 (1 min
of switchgear Q)(b

B.2.p Laboratory and field tests &

@
\Z
X
In ofder to support the technology research on UHV Aﬁ?ansmission technology, SGCC| has
estaplished a UHV AC test base in the city of Wu in Hubei province (Figure B.11) ahd a

UH\ tower test base in the city of Bazhou in Hebei\aovince (Figure B.12).
O

B.2.6.1 Test base

IEC

Figure B.12 —Hebei Bazhou UHV tower test base
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B.2.6.2 System commissioning test

Commissioning tests are a prerequisite for UHV AC projects before they are put into service.

For the first UHV AC project, the commissioning tests were carried out from December 2008 to
January 2009. The main results were the following.

1) In voltage-raising experiments, all equipment, such as the Jingmen and Changzhi
transformers, UHV AC lines and their shunt reactors, withstood the UHV full-voltage tests.

2) During the experiments, UHV transformers, circuit-breakers, UHV transmission lines, shunt

r

actors and low-voltage compensation devices withstood several switching impulse t

sts,

Q)

3)

O O < —h75 —

QT —~ @ —h —

nd all the equipment remained reliable.

uring the whole experimental period, 24 switching no-load UHV transformers were'Ca
ut on the 500 kV side. The largest phase-to-ground overvoltage on the 1 000.kVside
,54 p.u. which is lower than the allowed voltage 1,6 p.u., and it was 1,48 p:uson the
V side which is lower than the allowed voltage 2,0 p.u.. The maximum inrush current
816 A.

uring the three-phase and single-phase switching and artificial single-phase short-ci
rounding, the largest phase-to-ground switching overvoltage measured on the UHV

,6 p.u.

uring the switching of low-voltage reactors the maximum overvoltage was 166 kV
uring the switching of low-voltage capacitors the maximum overvoltage was 171 kV.
re much lower than insulation coordination claims,

he UHV system withstood the test of transmission power control, system dyn
isturbance, peak load experiment and artificial single-phase grounding test.

uring the power control test, the UHV system was stable. The power fluctuations we
he range of £200 MW for most of the time

N the system dynamic disturbance experiment, Changzhi-Jinmen line's maximum a
ower fluctuation was 2 100 MW afterthe Three Gorges' 700 MW generator cut off, and
rst fluctuation amplitude was approximately 625 MW. Its active power oscillation frequ
as approximately 0,15 Hz. lts.active power oscillation damping ratio was approxim
,11, which corresponds to alstrong damping system. UHV power grids have good dyn
perating characteristics-and strong anti-disturbance ability.

h accordance with the commissioning test plan, the UHV pilot project's maximum p
ow was 2 829,5 MW,*which meets the expectation.

he results of artificial grounding tests show that four-legged reactors can effectively
econdary arcyensuring the success of single-phase reclosing. The pilot project's reclg
me is proper-when it is in the range 0,7 sto 1 s.

he commissioning tests had comprehensive check and anti-disturbance experiment
rotection and relay systems. Protecting actions met the designed logic and setting v3
ccurately. The results show that the protection systems and auxiliary equipment we

rried
was
500
was

rcuit
bus

ide was 1,25 p.u. and on line terminal was 1,26 p.u., both far low€ér than the allowed voltage

and
Both
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5) In the experiments, oil sample, and vibration of transformers and shunt reactors met the
requirements of technical specifications. No abnormal temperature rising was found through
infrared observations.

6) Electromagnetic environment measurement results met the requirements of China's State
Environmental Protection Agency.

In conclusion, functions and performance of equipment of the Changzhi-Nanyang-Jingmen
UHV AC pilot project were verified and met the requirements. The UHV system's voltage
and power were under control. This project is suitable for the transmission of power in
accordance with its design, can withstand system dynamic disturbance and grounding faults.
This project is respectful of aspects related to the electromagnetic environment.
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B.3 Project development in India

B.3.1 Background (including network development)

India has witnessed exponential growth in the power sector in the past seven decades. The
voltage level of the state-sector network grew from a 132 kV level during the 1950s and 1960s
to 220 kV during the 1960s and 1970s. Subsequently, a 400 kV network was developed in many
states in 1970s for bulk power transfer over long distances as part of a state grid. At the end of
the 1980s, the approach was shifted to development of regional grids. Further, in the 1990s
with the development of asynchronous connection (HVDC back to back) between the regional
grids, exchange of a large regulated quantum of power was enabled between the regions.
Reglons were inter-connected synchronously through a 400 kV system in the mid 1990s ,whose
capdcities were continually strengthened over two decades. In December 2013, the _Southern
grid [was synchronized with the rest of all-India grid, i.e. the new grid through the\Raighur-
Solapur 765 KV line, thus leading to the formation of one synchronous National Grid (one|grid
— ong nation — one frequency).

Since the advent of the current century, the focus on planning the~géneration and| the
trangmission system in the country shifted from the orientation of regionahself-sufficiency t¢ the
condept of optimum utilization of resources on an all-India basis realized through its stfong
natignal grid with EHV AC (765 kV), long distance UHV DC (800 kV)-overlaying systems along
with|the integration of emerging technologies like flexible AC ttransmission system (FAQTS),

Demand analysis and scenario of application

r future demand projections, the peak power requirement of India is expected to incr¢ase
out 300 GW by 2027. To meet the demand, about 620 GW generation capacity has been
envisaged by 2027, which includes a significantiamount of renewables.

The primary energy resources in India, coal and hydro potential, are unevenly distributed ip the
country and the majority is concentratedin'the eastern and western parts of the country. Fugther
load|centres are also distantly located.in the western and northern parts of the country. In qrder
to meet the projected demand growth through the generation resources mentioned above,nILndia
still needs huge power corridors'te-transfer bulk power from resource locations to far off demand
centfes. Keeping the above inimind as well as other factors like economy of scale in setting up
large size pit-head generating stations, conservation of right-of-way (ROW), long-term power
trangfer, etc. requires the _development of high capacity long distance bulk power transmigsion
systems between theresource points and the major load centres criss-crossing the countiy, in
addition to the development of load centre based generating stations, if feasible.

To apcomplishithis though an 800 kV AC system, a huge but scarcely available ROW is requjred.
To meet such/long term power transfer requirements in the country, an overlaying super|grid
comprisingsa 1 200 kV UHV AC system is envisaged in India taking into consideration s¢cio-
ecorjomicchallenges. However, development of UHV was always constrained due to the phon-
availability of standard parameters and limited application of technology in large countried like
India, for which initiatives were taken by POWERGRID (Power Grid Corporation of India), the
central transmission utility (CTU) of India.

B.3.3 Project overview

POWERGRID is giving special emphasis on the integration of new technological products and
services for enhancing the performance of transmission systems as well as improving the
quality of power supply infrastructure with the optimization of the cost of transmission. Keeping
pace with the rapid development and growing demand of power, POWERGRID has adopted
800 kV technology on a large scale in addition to the implementation of a +800 kV HVDC system.
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B.3.4 Development of 1 200 kV national test station in India

UHV AC technology is still in a nascent stage and evolving continuously. POWERGRID, seeing
the potential benefit which can be accrued with UHV AC technology, floated the idea for
indigenous development of UHV AC technology. In October 2007, a discussion was held with
Indian manufacturers about the possibilities and modalities to carry out research, development
and demonstration in this area. On that basis, a unique model of public-private partnership
(PPP) evolved, wherein it was decided that equipment would be developed by manufacturers
indigenously while POWERGRID would provide the field bed for trial and testing of 1 200 kV
equipment. Accordingly, POWERGRID, through unique collaborative efforts with leading Indian
Manufacturer and the Central Electricity Authority (CEA), Central Power Research Institute

(CPWMW%HHWWWM%&MWB
undgr a PPP model (see Figure B.13). N

IEC

N
Figure B.13 - 1 20%&}national test station (India)

.\Q)

The [objective for development of ss\gsh a 1 200 kV national test station was:

[ ]
m —

b meet the country's lon @bm power transfer requirement especially considering so¢cio-
conomic challenges Ii@er diminishing right-of-ways (ROW), etc.,

e Qprovide the opport ity to Indian manufacturers to indigenously develop substation
gquipment espec@vhen no international standards are available,

arry out fie dQésting of indigenously developed equipment based on which further

[ ]
o 0

evelopme uld be carried out,
e |earn sa@ﬁauality and operational requirements of UHV system technology.

&S
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test station consists of two 1 200 kV bays comprising 1 200 k¥.-class equipment sud|
ument transformers, circuit-breakers and surge arresters andtwo 1 000 MVA transfo
s each comprising three single-phase 400 kV/1 200 kV, 833 MVA auto transformer
ion to the above substation equipment, two 1 200 kV AC{test lines about 1 km long ¢
es interconnected single-circuit and double-circuit Jlines) were also constructed
ged through these two 1 200 kV Bays to studytheir performance by condu
surements of various line parameters. In the existing'400 kV system through a loop-in |
LILO) arrangement, power flow through 1 200 KV test station was established. A schen
fam is shown in Figure B.14.

b POWERGRID's 1 200 kV transmission system

dia, load centres are located in the western and northern parts of the country
ration pockets are located mainhy in the eastern part. In order to facilitate power trar

capacity East-West transmission corridors comprising 765 kV and 1 200 kV AC have
hed. Further, in the central-part of India, Wardha is a gateway for power transfer tow
northern and western_parts. In view of the above, a high capacity 765 kV transmis
dor has been planned‘up to Wardha from the eastern part, whereas beyond WardHh
d 1 200 kV and 765 kV transmission corridor i.e. Wardha — Aurangabad — Padghe
planned towards the western part. The 1 200 kV corridor including the War
ngabad 1 200.kV single circuit (about 380 km) is set up in parallel with four 765 kV Ii
hematic diagram depicting the 1 200 kV system in the western region power map is sh
gure B.15)However, as there was initially less power transfer requirement over this cor
s proposed that the 1 200 kV line be operated at 400 kV, i.e. line insulation at 1 20

leve
requ

with-terminal equipment at 400 kV level. Subsequently, with the increased power trar

the eastern to the western pafts of the country as well as to address right-of-way isiues,

ure B.14 — Power flow from Satna to Bina diverted via a 1 200 kV~test station (Ingia)
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B.3.p UHV AC technology design — Insulation coordination

Figure B.15 — Schematic of 1 200 kV UHV AC line

Insulation coordination is very important for the design ofthe 1 200 kV system from the point
of view of lightning impulse withstand voltage level and switching impulse withstand voltage
leve| for 1 200 kV equipment. To achieve necessary protective margins in accordance |with
respgective standards, insulation coordination studies{were carried out along with surge arrgster
parameters. Accordingly, lightning impulse withstand voltage level and switching impgulse
with$tand voltage level were selected at 2 400°kV and 1 800 kV respectively. Details of the
basi¢ technical parameters for the 1 200 k¥ -UHV AC system selected in India are givgn in

Table B.11.

Talrle B.11 — Basic technical parameters for 1 200 kV UHV AC system selected in India

Sr.lho. Parameters Value Remarks

1 Rated voltage 1200 kV

2 Nominal voltage 1150 kV

3 Rated frequency 50 Hz

4 Fault current 50 kA
2 400 kV Switchyard equipment

g Lightraing impulse voltage level 2 250 kV Transformers and reactors
2 550 kV Transformer and reactor bushinds
8E0-kY Switchyard equipment and

6 Switching impulse voltage level transformers
1950 kV Bushings

7 1 min power frequency voltage 1200 kV

Surge arresters in a UHV system play a major role in controlling overvoltages, as parameters
of various equipment will be decided considering the presence of surge arresters in the system
to control the voltage stress that these equipment will experience under normal and contingency
conditions. Economic and physical constraints necessitate such a requirement.

The surge arresters will require very high energy discharge capability considering stringent
duties and sustained overvoltages in the UHV system. For the 1 200 kV system in India, the
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following V-I characteristics have been considered for metal oxide surge arrester (MOSA) for
all designs (see Figure B.16).
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surges as well as lightning surges in a UHV_AC system. For adequate protection of equipment
hst lightning surges, it was decided tolocate surge arresters at the line entrance and:Fear
n
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Figure B.16 — Typical V-l characteristic of"\1"200 kV MOSA

y Insulation design for substation
7.1 General

location of surge arresters is very criticalZin order to contain voltage rise due to switd

sformers/reactors. The values of switching impulse withstand voltage (SIWV) and ligh
Ise withstand voltage (LIWV) are obtained considering adequate margin over the valug
hing impulse protective leyel(SIPL) and lightning impulse protective level (LIPL

hing

ing
s of
) as

obtajned from the V-I characteristics of the surge arrester. The SIWV for 1 200 kV equipment

has

protg¢ctive margin for 1 2007kV equipment and about 25 % protective margin for 1 20

trang

B.3.

For
cons
end.
The

been considered as 1 800kV with about 20 % protective margin. The LIWV has about 3

former and reactors.

/.2 TOV and’energy absorption by surge arrester

he determination of temporary overvoltages, studies were carried out on a fault duty ¢

5%
D kV

isting of-a single-line-to-ground fault followed by three-phase interruption at the rece
The studies were carried out with different source strengths and reactive compensati

end.

To determine the discharge capability of the surge arrester, the most severe condition of
operation was considered. The series of events started with single-line-to-ground fault followed
by the opening of local and remote end CB of the faulted phase. The single-phase autoreclosure
became effective after a dead-time of 1 000 ms. However the reclosing was unsuccessful and
the breaker could not be opened due to the struck breaker condition. The sequence of events
is shown in Figure B.17.
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1000 ms breaker
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local end remote end of local remote CB due to operates
CB of CB of end CB end CB permanent and clears
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P Surge arrester energy accumulation N
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NOTE:

LBB (local breaker backup).
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Figure B.17 — Sequence of events for calculation of surge arrester energy accumula

The finformation for TOV and energy absorption by surge arrester is_given in Table B.12.

Table B.12 — TOV and energy absorption by surge arrester

tion

Overvoltage on healthy phase in case of ground fault

1,4 p.u.

Maximum TOV (p.u.) and its duration (s)

1,4 p.u., duration 1's

Case and condition for studies

(corresponding to the energy|
absorption of 55 MJ)

Energy absorption of surge arrester (MJ) 1-Ph-ground fault followed by Igad
rejection
Calculation method EMTP/ATP
Power frequency\test voltage for substation equipment
Assumed overvoltage condition for power Transformer 1200 kV
frequency test
Other equipment 1200 kV
Analysis/programme EMTP/ATP

B.4

B.4.1

Projectdevelopment in Japan

Background (including network development)

In the m|ddIe of the 19705 when the power demand was expected to increase steadlly inJa

some

plant in the area adjacent to the load centres. They recognlzed the neceSS|ty for long distance
and large capacity transmission technology, which enables to transmit the power of over 10 GW
over a total length of more than 400 km.

A 1 100 kV transmission route was completed by 1999. The north—south route connected a
nuclear power plant on the Sea of Japan to the metropolitan area and the east—-west route
connected power sources on the Pacific Ocean to the metropolitan area. Double-circuit lines
were adopted. The lines were 240 km long (east—west route) and 190 km long (north—south
route), a total of 430 km, and were put into operation at 550 kV.

Field testing of UHV equipment has been carried out at the 550 kV Shin-Haruna substation

since 1996.
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B.4.2 Demand analysis and scenario of application

2021

Figure B.18 shows the trend of peak demand in the supply area of the Tokyo Electric Power
Company (TEPCO) from the 1950s to 2000s. Peak demand gradually increased until the early

1990s.
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Figure B.18 — Trend of peak demand in Japan
B.4.8 Project overview

In th
dem
accd
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trang
aca

TEP
for

trang
reco|

mmodate the steady growth:of’the peak demand and increase in load flow from p

bmission system was necessary. TEPCO decided to introduce UHV transmission lines
bacity three to four times’/greater than the 550 kV line.

CO started UHV fesearch in 1973. The central electric power council, the consultative

bmission responding to future demand growth. At the end of its study, the co

e middle of the 1970s, TEPCO -expanded the 550 kV network to respond to the rapid
and growth. However, it was anticipated that the existing 550 kV grid would not be abje to

pwer

s in the north-east and north-west parts of the area. Therefore, further development of the

with

body

vide area operation in Japan, also started research on a new generation of electric

ncil

mmended\the use of a UHV transmission line of 10 GW, 1 100 kV over 600 km to meef the

futule demand. Based on the recommendation, the UHV line was constructed and completed

by 1
time

reached 58 350 h by the end of March 2007.

D99 The field test facilities have been energized since May 1996. Accumulated enerdized

According to the planned timetable, operation voltage would rise up to 1 100 kV in the mid
2020s. However, the plan was not implemented because demand did not increase as initially
estimated.

UHYV transmission line for each construction year in Japan is given in Figure B.19.
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Figure B.19 — UHV transmission line for each construction year in. Japan

er demand has more than doubled in the last 20 years. Since. the middle of the 19

br transmission routes in Japan. In addition, countermeasures for short-circuit cap
lems were required in order to increase the number of 550 KV transmission lines.

times greater than that of 550 kV transmission lines: In addition, the introduction of a
bm can lead to the separation operation of 550 kV systems so that the fault curre
KV systems can be decreased. See Figure B:20.
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Figure B.20 — Concept for transmission capacity enhancement

with short-circuit current restriction

B.4.5 UHV system design

B.4.5.1 Transmission lines

For

UHV transmission system design, since the corridor passes through narrow

and

mountainous areas, a self-supporting double-circuit configuration turned out to be the most
advantageous from the technical and economic viewpoints. The self-supporting double-circuit
configuration is widely applied to other EHV lines in TEPCO. As for UHV transmission lines, the
double-circuit type adopted was the first attempt in the world.
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The predominant factors determining the air gap clearances of transmission lines are switching
surges, which include closing, fault clearing surge caused by the operation of circuit-breakers
and ground fault surge generated on sound phases.

Generally, there is no effective means of controlling the ground fault overvoltage level. It can
only be reduced with the help of surge arresters near substations. On the other hand, closing
overvoltage and fault clearing overvoltage can be controlled effectively by inserting resistors in
the circuit-breakers. Considering these characteristics of switching overvoltages, TEPCO
decided to set the ground fault overvoltage level as the phase-to-ground insulation level, and
control closing and fault clearing overvoltages rationally below this level. Figure B.21 shows a
more detailed sequence of the insulation coordination.

Thug, TEPCO succeeded in suppressing the phase-to-ground insulation level to 1,6 p:u-to 1,7
p.u.,less than the 2,0 p.u. conventionally applied to 550 kV transmission lines. These effoits in
air gap clearances design permitted the tower height, which would have been 143 ‘m with the
conventional 550 kV insulation technologies alone, to be reduced to 110 m. Figure B.22 shows

the ¢verview of the actually constructed UHV designed transmission lines.

Ground fault surge
overvoltage level
1,6 p.u.to 1,7 p.u.

l

Phase-to-ground
insulation level
1,6 p.u. to 1,7 p.u.

Ground fault
surge analysis

Shunt reactor |
compensation

[ ]

Long-term estimation
of fault current

]

Switching surge overvoltages
should be eliminated
to the level of ground fault surge

Clgsing surge
bnalyses

Closing resistors
less than 700 Q

Thermal duty of |

Opening resistors
less than 700 Q

Fault clearing
surge analysis

resistors shall be

taken into account l

Resistors: 700 Q

(common in closing and opening)

Closing, fault clearing

surge analysis

Phase-to-phase
insultation level
2,6 p.u.to 2,8 p.u.

Air gap clearance
design

3

Figure B.21 - Insulation design sequence of 1 100 kV

transmission lines' air gap clearances

IEC
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Figure B.22 — UHV designed transmission line in TEPCO

For pubstation design, size and weight reductionyis emphasized to save costs with regard to
site [development, transportation, and the ¢gnvironmental burden, because the site§ for
prospective substations are in mountainous.\areas. Therefore, TEPCO decided to adopt [GIS.
The [outline of a typical UHV substation isras follows:
— donfiguration: double bus four-bus-tie system;
— dapacity of transformer: 3 000 MVA (composed of 1 000 MVA single-phase transformefs);
— number of transformers: 4.10°6;
— number of transmissjon line circuits: 4 to 6.
B.4.5.3 Insulation design
TEPLCO's insulation*designs are described in Table B.13 and Table B.14.
Table B.13 — Requirement against large charging MVA
TOV Resonance Time constant of Zero-offset Transient recoyery
nunrun"agn DC nnmlr_\nnnnl' Ir_\hnnnmnnnn un"agn
1,15 p.u. (line) Line lengths are 150 ms Not applicable Suppressed by
. relatively short and surge arrester and
1,1 p.u. (substation) | shynt reactors are opening resistor.
not installed.

Table B.14 — Specifications of substation insulation design

Disconnector overvoltage Lightning impulse Switching impulse
withstand voltage withstand voltage
Resistor insertion 2 250 kV (GIS) 1 550 kV (GIS)

(500 Q) 1 950 kV (transformer) 1 425 kV (transformer)
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B.4.6 Laboratory and field tests
B.4.6.1 Main research

Field tests were conducted by installing full-scale equipment. The specifications of test
equipment are shown in Table B.15 and Table B.16 — Specifications of 1 100 kV GIS . The test
facilities consist of three single-phase transformers, circuit-breakers, bus-bars, arresters and
bushings. They are connected to the operating substation and energized at operating voltage.
In the transformer, the current is flowed by the maximum tap difference. As for GIS, 100 % of
the rated continuous current is flowed by using power CTs.

The [fietd test facility has been energized since May 1996. During this period, the rehiability of
subdtation equipment, such as long-term reliability and performance againstyatious
overpoltage and characteristics of switchgear was verified. Figure B.23 shows field\testing of
UH\ substation equipment since 1996.

Figure B.23 - Field testing of UHV substation equipment since 1996

B.4.5.2 Facilities

Spegifications of 1 100 kV transforfer are given in Table B.15 and specifications of 1 10D kV
GIS [are given in Table B.16.

Table B:15 — Specifications of 1 100 kV transformer

Item Specification
Primary 1 050/V3 kV
Rated voltage Secondary 525/\3 kV
Tertiary 147 kV
Rated capacity 3 000/3 MVA x 3
Tertiary capacity T 20073 MVA X 3
Primary tapping range +7 % (27 taps)
Impedance 18 %
Lightning impulse 1 950 kV
Test voltage
AC 1,6 Ex1h+V3Ex5m+15Ex1h
NOTE E=1100kV/y 3.
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Table B.16 — Specifications of 1 100 kV GIS

Item Specification Item Specification
Closing/Opening
Rated voltage 1100 kV GCB resistor 700 Q
Rated continuous 8 000 A DS i‘tjrge . 500 O
current ppression
resistor
Breaking current
R_ated short-time 50 kA (2 ) _EIectrc_)magnetlc 3500 A RMS
withstand current induction
TRV 600 kV pegk
GIS HSES
Breakingreurrer|t
Lightning 2 250 kV Electrostatic 1000 A tms
impulse induction
TRV 900 kV pegk
Test voltage
1,5 E x 30 m, Rated voltage 826 kV
AC V3 Ex1m, MOA 1620 kV
Residual voltage
1,56 Ex30m (at 20 kA)
NOTE E=1100 kV/J/ 3.
B.4.5.3 Test items
At the beginning of the field testing, there were isstéies such as oil flow electrification of the

trang
desi
equi

Basi
trang
reac

/3)

pm

ent.

Table B.17 — Example of field test — Measurement items of transformer

c data of 1100 kV substation equipment was collected. Measurement items off
sformer and GIS are shown in Table B.17 and Table B.18. Accumulated energized [ti
hed 77 807 h by the end of March2019. The higher voltage operation (1,05 E: E = 1 10(
was continued, and equivalentyears under normal voltage was 146 years.

sformer and delay in the opening time of the_main interrupter of the CB. The equipmment
pn was improved to overcome these issuessand ensure the long-term reliability of Y

HV

the
me
kV/

Category

Test and measurement item

Ene

rgizing/Temperature rise test

+ Characteristics change

- Loading test (energizing condition)

* Inrush test

- Static electrification test

Periodic measurements

(oil charge density, neutral leakage current)

- Dissolved gas analysis
+ Analysis insulation-oil characteristics
- Vibration/noise measurement

- Transient voltage measurement

On-line monitoring

- Dissolved gas analysis

- Partial discharge
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Table B.18 — Example of field test — Measurement items of GIS

Category Test and measurement item

+ Characteristics change

Energizing/Temperature rise test
+ Temperature and thermal behaviour measurement

+ Arrester leakage current measurement

- Surge measurement

\/DS Upcldt;lly oulgc, ::SGS IIIGII\;IIH oulgc, EIVIC)
Perjodic measurements - Vibration/acceleration measurement

- Operating time characteristics test

- Accuracy measurement

(optical PD, CT without iron core)

- Partial discharge

On{line monitoring - Gas pressure

- GCB/DS/HSES operating time
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Annex C
(informative)

Summary of system technologies specific
to UHV AC transmission systems

C.1 Technologies used in China

C.1.1 Transformer

The [transformer is one of the main equipments of a UHV AC system. The main parametefs of
a UHV AC typical transformer used in UHV AC projects in China are shown-'in“Figure

C.1Table C.1. Figure C.1 shows a UHV AC transformer.

Transformers with a capacity of 4 500 MVA (three phases) have also been developed, but

nave

not heen used in projects so far. On-load-tap-changer UHV transformers have’been used infone

project. 27 kV/1 100 kV 1 200 MVA two windings step-up transformers have also
devgloped and used in power plants, directly integrated into the UHV system.

Table C.1 — Main parameters of UHV AC typical transformer

Parameters Value
Type Single phase auto transformer
Rated capacity (three phases) 3 000 MVA /3 000 MVA /1 000 MVA
Rated voltage 1.050/Y3 / 525/3 / 110 kV
Tap 11,25 x 4 % (525 kV side)
Rated frequency 50 Hz
Short impedance P-S 18 %
P-T 62 %
S-T 40 %
NOTE P (primary)sSisecondary) and T (tertiary).

been

IEC

Figure C.1 — UHV AC transformer
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C.1.2 UHV shunt reactor and reactive compensation at tertiary side of transformer

Shunt reactors at the UHV side as shown in Figure C.2 and the reactor and capacitor at the
tertiary side of the transformer as shown in Figure C.3 are used as the main method for reactive
power management in a UHV AC transmission system. The Main parameters of UHV AC
reactive power compensation equipment are shown in Table C.2.

Most shunt reactors are connected with a transmission line through the disconnector only. For
these cases, the neutral point of three-phase shunt reactors is earthed through a reactor, which
is used for secondary arc current control.

[able C.2 — Main parameters of UHV AC reactive power compensation equipment

Parameters Rated voltage Rated capacity (three phasels)
UHV shunt reactor 1100 kV 600 Mvar
720-Mvar
840 Mvar
960 Mvar
Reactor at tertiary side of 105 240 Mvar

transformer

Capacitor at tertiary side of 126 210 Mvar
transformer 240 Mvar

IEC

Figure C.2 — UHV AC shunt reactor
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The

overjoltage and self-adaptively balancing the charging pow r@j the transmission line u

light
UH\

of aUHV system. Q

The

Xionfgan (west of Beijing) project, which was ¢

in 2(

Chinla grid, including wind and PV gene A CSR can meet the requirement of |
fluctpation of reactive power, which comes from the large fluctuation of renewable pg
Duripg a transmission line load reject or fault, it can change to maximum vars to supp
overpoltage or help with the extmct(g fsecondary arc current.

C.1.B Switchgear

Gas

discpnnectors are use r UHV series capacitors. The main parameters of UHV AC cir
breaFer are given i @ le C.3. Gas insulated switchgear is shown in Figure C.4 and m

tech
Figu

b(‘L IEC

Figure C.3 — Reactor and capacitor at tertiary side of UI-%I%nsformer

controllable shunt reactor (CSR) can meet the require’ﬁ\ent of limiting tempd

load and heavy load. Because of the large variation of\ tive power requirement o

rary

nder
f the

system during power flow changing, a CSR is suitablecgsr the reactive power compensation

UHV CSR was developed and tested befor &6 It was firstly applied in the Zhang
&ructed starting in 2018 and put into se
20. The main purpose of this project is t@ ransmission of renewable power to the 1

N
\\0
insulated switchgear4§cd/idely used in UHV substations. Besides GIS, air insulated

ology switch r is shown in Figure C.5. UHV air insulated disconnectors are show

e C.6. @
X

C)é Table C.3 — Main parameters of UHV AC circuit-breaker

gbei-

vice
orth

arge

wer.
ress

UHV
cuit-
ixed
nin

\Q/ Parameters Value
Rated voltage 1100 kV

Rated current 6,3 kKA

Rated short-circuit breaking current 63 kA

Time constant of DC component 120 ms
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