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FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comptrising
all national electrotechnical committees (IEC National Committees). The object of IEC is to_promote
international co-operation on all questions concerning standardization in the electrical and electronie,fields. To
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as "IEC
Publication(s)"). Their preparation is entrusted to technical committees; any IEC National Committee interested
in the subject dealt with may participate in this preparatory work. International, goverimental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC ‘collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

The formal decisions or agreements of IEC on technical matters express, as nearly)as possible, an international
consensus of opinion on the relevant subjects since each technical committee "has representation from all
interested IEC National Committees.

IEC Publications have the form of recommendations for international useyand are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to_ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the_way in which they are used or for any
misinterpretation by any end user.

In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access)to’I[EC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

All users should ensure that they have the latest edition of this publication.

No liability shall attach to IEC or its ditecters, employees, servants or agents including individual experts and
members of its technical committees and' IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

Attention is drawn to the Nérmative references cited in this publication. Use of the referenced publications is
indispensable for the corteet application of this publication.

IEC draws attention~tothe possibility that the implementation of this document may involve the use of (a)
patent(s). IEC takes“ao position concerning the evidence, validity or applicability of any claimed patent rights in
respect thereofqAs-of the date of publication of this document, IEC had not received notice of (a) patent(s),
which may beSrequired to implement this document. However, implementers are cautioned that this may not
represent _the latest information, which may be obtained from the patent database available at
https://patents.iec.ch. IEC shall not be held responsible for identifying any or all such patent rights.

This €consolidated version of the official IEC Standard and its amendment has been
prepared for user convenience.

IEC TR 63127 edition 1.1 contains the first edition (2019-06) [documents 115/195/DTR
L~ and 115/203/RVDTR] -and its amendment 1 (2024-04) [documents 115/361/DTR and

115/364/RVDTR].

In this Redline version, a vertical line in the margin shows where the technical content
is modified by amendment 1. Additions are in green text, deletions are in strikethrough
red text. A separate Final version with all changes accepted is available in this
publication.
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The main task of IEC technical committees is to prepare International Standards. However, a
technical committee may propose the publication of a technical report when it has collected
data of a different kind from that which is normally published as an International Standard, for
example "state of the art".

IEC TR 63127, which is a Technical Report, has been prepared by IEC technical
committee 115: High Voltage Direct Current (HVDC) transmission for DC voltages above

100 kV.
This document has been drafted in accordance with the ISO/IEC Directives, Part 2.

The committee has decided that the contents of this document and its amendment will\remain
unchanged until the stability date indicated on the IEC website under webstore.iec.ch in the
data related to the specific document. At this date, the document will be

e reconfirmed,

e withdrawn, or

e revised.

IMPORTANT - The 'colour inside’ logo on the cover page of this publication 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

HVDC is an established technology that has been in commercial use for more than 60 years.
With the changes in demands due to evolving environmental needs, installation of HVDC
systems has increased dramatically in the last 30 years and-almest more than half of HVDC
projects were commissioned after the year 2000. HVDC has become a common tool in the
design of future global transmission systems.

HVDC systems transmit more electrical power over longer distances than a similar alternating
current (AC) transmission system, which means fewer transmission lines are needed, saving
both money and land and simplifying permissions. In addition to significantly lowering
electrical losses over long distances, HVDC transmission is also very stable and-easily
controlled, and can stabilize and interconnect AC power networks that are otherwise
incompatible. Typically line-commutated converter (LCC) HVDC systems provide “unique or
superior capabilities in the following aspects:

e |ong distance bulk power transmission;

e asynchronous interconnections;

¢ |ong distance cable;

e controllability;

e lower losses;

e environmental concerns;

e limitation of short-circuit currents.

Simply due to these technical merits, the market-demand for HVDC transmission technology
is spreading widely over the world. There are many HVDC power transmission systems with a
DC voltage from 50 kV up to@@@ 1100 kV jn d|fferent countries. %dmhen—me#eﬂa#e%evepa#

The fast development of the H¥DC power transmission and distribution industry has been
accompanied by IEC standardization work. More than 40 IEC documents, from DC equipment
to DC systems, have been published. Among these, the IEC TR 60919 series, IEC 60633,
IEC 60071-5, the IEC TR 62001 series and the IEC 60700 series provide essential information
for the design and operation of HVDC power transmission systems.

However, this document provides only a basic guide and refers to typical numbers and
examples. Otherpoints and values may also be valid in particular cases and should also be
considered-accordingly.
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GUIDELINE FOR THE SYSTEM DESIGN OF HVDC CONVERTER
STATIONS WITH LINE-COMMUTATED CONVERTERS

1 _Scope

System design is the basis of construction and operation of HVDC systems. It defines the
overall philosophy for the HVDC transmission system and enables the ratings ,and
specifications for the equipment integrated in the project.

This document focuses on the system design of converter stations. It is applicable 'to ‘point-to-
point and back-to-back HVDC systems based on line-commutated converter (LGC)/technology.

This document provides guidance and supporting information on the prec¢edure for system
design and the technical issues involved in the system design of HVDC transmission projects
for both purchaser and potential suppliers. It can be used as the-basis for drafting a
procurement specification and as a guide during project implementation.

2 Normative references

The following documents are referred to in the text in such a way that some or all of their
content constitutes requirements of this document{For dated references, only the edition
cited applies. For undated references, the latest edition of the referenced document (including
any amendments) applies.

IEC 60633, High-voltage direct current (HVRC) transmission — Vocabulary

3 Terms and definitions
For the purposes of this document, the terms and definitions given in IEC 60633 apply.

ISO and IEC maintain terminological databases for use in standardization at the following
addresses:

e |EC Electropedia’available at http://www.electropedia.org/

e |SO Onlinetbrowsing platform: available at http://www.iso.org/obp
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4 Symbols

4.1 Letter symbols for variables

Uy DC voltage between the pole and the neutral bus at the line side of the smoothing
reactor

UqL DC voltage of pole line to ground at the measuring point

1y DC current

Ugmeas Measured DC voltage

Pt power setting at the line side of the smoothing reactor in the rectifier station

Xi commutation reactance, including converter transformer reactance and other
reactance in the commutation circuit that will affect the commutation process

P, on-load losses of converter transformer and smoothing reactor when asix-pulse
converter is operating at rated capacity

Rin equivalent resistance of the voltage drop of the thyristor valve (curfent dependent
resistance of the thyristors)

Udgio ideal no-load DC voltage of six-pulse converter

Ux relative converter transformer inductive voltage drop (shart-circuit reactance)

Upic relative voltage drop of AC PLC filter reactors

dy relative inductive DC voltage drop of converter

d, relative resistance DC voltage drop of converter

Ut forward voltage drop of converter valve under conducting state

dytotR total relative inductive DC voltage drop ©f converter — contains both commutation
circuit reactance and the system impedance converted onto valve side

Pyc active power of converters

Oconv reactive power consumption ofindividual converter

Os reactive power supplied by filters

Ssc short-circuit capacity of°\AC bus

Ry total resistance of DE€-transmission line at each pole

Rg resistance of electrode

Ry resistance ofelectrode line

Sh rated capacity of a three-phase converter transformer connected to a six-pulse
valve group

Sn3w rated capacity of a single-phase three-winding converter transformer connected
to_a 12-pulse valve group

Snow rated capacity of a single-phase two-winding converter transformer connected to
a 12-pulse valve group

b, valve side line voltage of converter transformer

I, valve side line current of converter transformer

U, line voltage of line side of converter transformer

Mrom rated ratio of converter transformer at normal tap position

n needed OLTC range of converter transformer

An step size of converter transformer OLTC

Ly total inductance from DC side

Ly, smoothing reactor inductance

Ly converter transformer inductance per phase

overlap angle
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o delay angle

y extinction angle

Oiotal total reactive power supplied by AC filters and shunt capacitors at normal voltage

Osp reactive power supplied by the largest AC filter or shunt capacitor sub-bank at
normal voltage

Oac reactive power supplied by AC system (negative value means the capability to
supply reactive power by AC system)

Odc reactive power consumption of converters

K, voltage correction factor, normally 0,95 to 1,05

O, total reactive power absorbed by the shunt reactors of converter station at nérmal
AC voltage

Ofmin capacity of the minimum filter combination which shall be switched in to.meet the

harmonic performance requirement at normal AC voltage
AUpc dynamic voltage change because of sub-bank switching
Orilter reactive power capacity of the filter or shunt capacitor sub-bank'to be switched

Y Osniter Feactive power capacity of the filter or shunt capacitor subtbanks in operation
after switching

AQqc change of reactive power consumption of converters.due to sub-bank switching,
which sometimes can be ignored

4.2 Subscripts

N normal value of the variables

R value of rectifier side

I value of inverter side

max maximum value of the variable

min minimum value of the variable

5 Overview of HVDC system design

5.1 General

In implementing HVDE ‘projects, the purchaser or the supplier will do preliminary system
design work to prepare the various required documents needed by the project. Specific
studies and simulations are conducted during the system design to find the optimal project
schemes and to\demonstrate performance. As a minimum, the following main system features
should be determined:

e HVDC'system ratings;

o HVDC system operation configurations and control modes;

e~ \reactive power compensation and control;

¢ harmonic filtering;

e AC/DC interaction and control;
e insulation coordination;

e environmental impacts, such as audible noise, electromagnetic fields, etc.

The system design may be conducted in several phases by different parties, such as
purchaser or supplier, during planning, bidding, detailed design stages, for example, as
shown in Figure 1. Different tools and models may be introduced in the system design
because of different targets or designs at each stage. One should be very careful to adopt the
tools and models in a coordinated manner.
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A functional specification for the project is usually prepared by the purchaser before the
detailed design. It may consist of project objectives and conditions, grid codes, targeted
system performance requirements and operation regulations, etc. This functional specification
should be treated as both providing inputs and the guide for the system design of an HVDC
project. Because the final technology solution is undefined before the detail design stage, it is
always necessary to reserve adequate space in the functional specification for further
optimization. The owner will issue the specification as a document for bidding if this is a turn-
key project. After evaluation of bidding for the specific technology solution. especially for

HVDC control, the owner may choose the appropriate solution. Thus, the system features
listed above will be studied in more detail based on the chosen technology solution and somé
additional studies and surveys usually need to be performed to finalize the system design/
Finally, all the equipment ratings and specifications will be prepared.

The flowchart of an HVDC system design is summarized in Figure 1.

AC system conditions:
Voltage variation range
Frequency variation range
Short circuit current
Pre-existing harmonic, etc.
Referto 6.2, 6.3

<— | HVDC System Planning |Systefm-design Phase |

System requirements:
Overload capability
Voltage control
Frequency control, etc.
Refer to 6.4

Y

f

Functional Specification| System design Phase Il

A

Detail Design <

Environmental conditions:
Onsite temperature
Seismic condition
Pollution condition, etc.
Refer to 6.1

Y

\

Stage Output
Main circuit diagram
Main circuit parameters -
Insulation coordination Evaluation of Study
Reactive power balance and control Resu[ts apd
AC/DC filter design Determination
Control and protection system design
Refer to Table 1

y

\

Final Design

Y

Design Output
Main circuit equipment technical
specifications
Dynamic performance study of DC

system
DC system design, etc.
Refer to Table 1

IEC

Figure 1 — System design in an HVDC project
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5.2 Formulation of system design
5.21 HVDC system ratings

HVDC system ratings are defined by transmission capacity, DC voltage and DC current.
These ratings are evaluated and selected according to considerations such as the exploitation
and the market of energy, the conditions and requirements of power grids, the grid code, the
transmission distance, the transportation of bulk equipment, the amount and payback of

investment together with the environmental conditions, etc.

The capacity is the first item which the purchaser decides on in the planning stage as well ‘as
the DC voltage for a long-distance transmission project. Other ratings can be optimized\and
finalized in the following design stages.

5.2.2 HVDC system configuration

The HVDC system configuration is normally chosen according to the function and rating of the
HVDC system, the environmental requirements, the reliability and availability requirements
and other similar high-level functional requirements. A preliminap_configuration will be
suggested prior to other system design work and the final single line‘diagram of the converter
station will be finalized by the detail design.

5.2.3 Reactive power compensation and control

The converter consumes reactive power in operation( 1t is necessary to design the reactive
power compensation scheme along with the HVDC \équipment and control strategy to align
with the AC system conditions and requirements. This compensation scheme will be
estimated and proposed during planning and then formulated and verified during the detail
design together with the related control strategy:

Although most of the reactive power to .be'compensated is inside the converter station, there
will still be some reactive power exchange with the AC system. The capability of the AC
system to exchange reactive powerneeds to be specified in the planning.

5.2.4 AC/DC interaction and control

The AC/DC interaction.study should be conducted in different phases to demonstrate stable
operation and performance of the power grid after integrating the HVDC link. The power flow
and stability study should include at least

e starting and:stopping of HVDC system,

o steady-<state operation,

e AC-system faults, and

e . DC'system faults.

Especially when the short-circuit ratio (SCR) is low, the commutation failure and recovery
procedure of the HVDC system after faults should also be carefully studied. The use of

capacitor commutated converters (CCC) or controlled series compensated capacitors (CSCC)
may be considered as an option for improvement of HVDC operational performance under low
SCR condition. For multi-infeed systems, those converters which will impact the study result
should be represented in the studies.

AC/DC interaction is normally studied by digital simulation. In the planning stage a simplified
HVDC model may be used when the detailed model is unavailable. This simplified model
should have enough precision and the study result should cover all the possible situations in
practice. The stable operation and performance of the power grid will be demonstrated and
proved by detailed modelling with the actual control in the detailed design. The IEC TR 60919
series provides guidance on specifying the requirements.
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Besides the normal power flow and stability study, some special studies may be needed such
as a sub-synchronous resonance study, frequency control study, low frequency oscillation
damping control study and other such studies. In most cases, mitigation of these resonances
or oscillations can be achieved by HVDC control-and-no-extra—cost-added. Therefore, in the
planning stage, some scanning studies may be conducted to check the necessity for further
study and solution formulation in the detailed design.

Y 1 CroOTT

Insulation coordination is closely related to the safety and cost of HVDC projects. Thus, it(is
necessary to predict the insulation level for a HVDC system even in the planning stage.\The
detail design will formulate the final arrester protection scheme and verify that the predicted
insulation level can be achieved by simulations such as

o fundamental frequency overvoltage,
e overvoltage caused by resonance,

e temporary overvoltage, and

e transient overvoltage.

5.2.6 AC/DC harmonic filtering

The converter will produce harmonics on both the AC and the DC sides during operation.
These harmonics vary in different operation modes, incldding different configurations, control
modes and transmission powers, etc. AC side harmoniCs should be mitigated to levels agreed
with the connected utilities. DC side harmonics should,also be mitigated to levels agreed with
the affected telecommunication companies.

The complete filtering solution and compgonent specifications will be provided by AC/DC
harmonic filtering study and design. For further information, refer to IEC TR 60919-1 and the
IEC TR 62001 series.

5.2.7 Environmental considerations

The HVDC system can impact\the environment and vice versa. Audible noise, electromagnetic
field, earth current (in seme operation configurations) and radio interference are major
environmental impacts.from the HVDC system. Pollution, earthquake, temperature, etc. are
major impacts from thé,environment. Surveys on environmental effects should be conducted
before the system design.

5.3 System-studies and simulations

In order\to evaluate and determine the system characteristics, applicable quantitative
specification and system performances, various kinds of system study and simulation are
required during the system design.

A summary of studies and simulations is listed in Table 1.
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Table 1 — Studies and simulations in HVDC system design
No. Study/Simulation Input Output

Main Circuit Parameter
calculation

Capacity and topology of HVDC system,

Basic control strategy,

DC transmission line and cable parameters,

Steady state characteristics
and ratings

Eicutluulc dlluI cicbtluu'c ;;IIU paIaIIIUtUID (das
applicable),
Normal voltage and its steady-state range of
AC bus
2 Reactive Power Main circuit parameter calculation, Total amount of compensation,
Compensation . . . \
AC network condition Permissible reactive units and
their capacity
3 AC system equivalent AC network data Equivalents for.relevant
simulations sueh as AC/DC
transient/dyhamic simulation
and fundamental overvoltage
studyefc.
4 Temporary overvoltage | Main circuit parameters, @vervoltage and depression
and ferro-resonance ) . strategy
Reactive power compensation,
HVDC equipment characteristics,
Control & Protection characteristics,
AC network data or equivalent
5 DC Resonance Study Main circuit parameters, Evidence to determine:
Reactive power compensation, size of smoothing reactors,
AC/DC parallel line intetraction, size of DC filters,
HVDC equipment‘eharacteristics, equipment ratings
Control & Pretection characteristics,
AC network/data or equivalent
6 Insulation Coordination | Main circuit parameters, Arrester protection scheme,
\ ) LIPL/LIWV and SIPL/SIWV
Reactive power compensation,
AC/DC harmonic filtering,
HVDC equipment characteristics,
Control & Protection characteristics
AC system equivalent
7 AC systemharmonic AC network data AC system harmonic
impedance scan impedance
8 AC/DC Harmonic AC system harmonic impedance, AC/DC filter scheme,
Filterin
9 Main circuit parameters, Component ratings
Reactive power compensation,
HVDC equipment characteristics,
Control & Protection characteristics
9 Dynamic performance AC system equivalent, Control & Protection
simulation and L characteristics
verification Main circuit parameters,
Reactive power compensation,
Control & Protection characteristics
10 Power flow and AC network data, Power flow and stability,

stability study

Main circuit parameters,
Reactive power compensation,

Control & Protection characteristics

Required additional control
function, such as frequency
control, damping control, etc.
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No. Study/Simulation Input Output
11 Subsynchronous Main circuit parameters, Confirmation of
Torsional Interaction . ) subsynchronous oscillation
between HVDC & Reactive power compensation, (SSO),
Generator Control & Protection characteristics,

Subsynchronous damping
AC network data control (SSDC) specifications?

Detailed generator characteristics

12 AC/DC parallel line AC and DC line parameters, Induced fundamental frequency
interaction study, if . voltage and current on the DC
applicable Main circuit parameters, side and influence on the

DC harmonic filtering converter transformers

13 Transient current Main circuit parameters, Transient current ratings.

Reactive power compensation

14 AC Breaker /DC Main circuit parameters, Ratings of breaker

Switch study . )
Reactive power compensation,

AC/DC harmonic filtering,

HVDC equipment characteristics,

Control & Protection characteristics,

AC system equivalent

15 Availability & Main circuit arrangement, reactive power Control & protection
Reliability study compensation and connection schemey redundancy requirement,
Control & Protection characteristics, Mandatory spare

auxiliary system, etc. and design-target of
force outage, rate and schedule/outage

a8 SSDC specifications can been designed later if some,input is not clear.

6 Determination of design conditions and requirements

6.1 Environmental conditions and requirements

The meteorological data, such.@s ambient temperature, atmospheric pressure, humidity, wind
direction and velocity, rainfall'and snow, and solar radiation intensity, are always needed for
HVDC system design. The above data and their intended utilizations are listed in detail in
IEC TR 60919-1.

Seismic requirements should be specified for the design of converter station buildings
including valyethalls as well as for equipment design.

The deposition of contamination particles over insulator surfaces could be more severe under
DC valtage than under AC voltage. The pollution condition is ordinarily specified in equivalent
salt(déposit density (ESDD, mg/cm?) for the creepage design of HVDC equipment. ESDD will
differ according to meteorological conditions, contamination content, type of insulators and
other such factors. It is crucial to adopt a reasonable ESDD for an optimized design.
Increasingly composite insulators are used in converter stations where the ESDD is very high,

for example higher than 0,1 mg/cm2. Another alternative in a heavy pollution area is to use an
indoor DC switchyard especially for ultrahigh-voltage direct current (UHVDC) projects. For
more information the designer can refer to IEC TR 60919-2 and CIGRE TB 518.

Altitude correction is needed for the external insulation design of converter station equipment
when the station is located at higher than 1 000 m above sea level. Guidance for altitude
correction is given in IEC 60060-1, IEC 60071-1 and IEC 60071-5.

The effect of an HVDC system on the environment or surroundings will also influence the
scheme of HVDC links, which includes earth current, audible noise, radio interference, etc.



https://iecnorm.com/api/?name=5da74f0dfc0274d69c3757cfcd260035

IEC TR 63127:2019+AMD1:2024 CSV -17 - REDLINE VERSION
© IEC 2024

In some countries and states, earth current is strictly limited or prohibited because of risk of
interference with underground installations. Thus, the choice of HVDC system configurations
and operation modes will be limited.

Audible noise is one of the main concerns in many countries. Audible noise reduction
measures might be required for converter transformers, smoothing reactors, AC filters and
other noise sources. Further details are given in IEC 61973.

In the case of radio interference and telecommunication interference, RI/PLC filters and DC
filter are often designed and installed. An AC filter could diminish the interference to the
telephone systems.

6.2 DC transmission line (cable) and earth electrode
6.2.1 Parameters of DC overhead transmission line
The data required for modelling the HVDC transmission line include the following:

a) conductor type;

b) conductor structure, including the respective numbers and diafneters (mm) of aluminium
and steel strands in pole conductors;

c) cross section (mm?2) of conductor, including respective cross sections of aluminium and
steel strands;

d) outer diameter (mm) of conductor;

e) DC resistance of conductor per kilometre at 20 °C{(£2/km);

f) length of transmission line;

g) number of conductor bundles per pole and spacing between bundles;

h) attaching height, horizontal distance andisag of conductors and ground wire on tower.
Owing to the uncertainties of the right of way at system design stage, transmission power and
temperature, among others, the total*DC resistance of the transmission line can be various.
The variation in DC resistance \caused by temperature can be calculated for aluminium

conductors using Formula (1).cFor other conductor materials, the resistance calculation can
refer to specific specifications\

AR = 0,004 1x Ryy x (T —20 °C)

where

T is the ¢onductor temperature in °C;

R,y is the-eonductor resistance at 20 °C.

Differeqit DC resistances are used in the calculation of main circuit parameters of the HVDC
system to define the worst-case scenario. It should be noted that different causes may alter

the: DC resistance in different directions. For example, the minimum DC resistance at low
power and at maximum power may differ substantially for a long HVDC line. The reasonable
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To carry out the DC filter design and the DC system resonance study, detailed DC line
parameters as listed above are required, including shielding wire configuration. For a
long-distance DC transmission project, the geographical conditions vary along the line
corridor resulting in different towers and earth parameters. It can be difficult to model all the
cases one by one. A practical way is to summarize the proportion of each geographical
condition along the whole line, such as plains, hills and mountains, and then to calculate the
average parameters.
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The soil resistivity varies along the HVDC transmission line and the electrode line corridors,
which is typically within several hundred Q-m.

6.2.2 Parameters of DC cable

Historically, several types of cables, including polyethylene (PE), ethylene propylene rubber
(EPR), paper-insulated oil filled cables and mass-impregnated cables, have been used in

submarine HV/DC prnjnr+e The choice of cable fypn is determined hy the transmission power

and length.

Regardless of the type, the following cable electrical parameters are needed as a minimum_for
an HVDC system design:

a) inner radius of each conducting layer;

b) outer radius of each conducting layer;

c) resistivity of each conducting layer;

d) relative permeability of each conducting layer;

e) outer radius of each insulation layer;

f) relative permittivity of each insulation layer;

g) relative permeability of each insulation layer.

The IEC 60287 series provides more information.

6.2.3 Parameters of electrode line and ground electrode

When the DC system is allowed to use the ground return operation, the parameters of the
ground electrode lines and ground electrodes are an integral part of the DC circuit and
therefore are a necessary input for the relevant studies and simulations, such as the main
circuit parameter calculation, DC filter design and control and protection system. For specific
parameter requirements, refer to 6.24\Jand 6.2.2. IEC TS 62344 provides relevant details
about the design of electrode stations; Where several projects share one common electrode,
the main circuit arrangement, rated.parameters and operation mode of the other projects need
to be provided for ground systenmiiprotection purposes.

6.3 AC system conditiohs
6.3.1 Operating scenarios of AC/DC system

The operating scenarios of the AC/DC system are defined by the combination of DC
transmission pewers, generator(s) in service and loads.

The typical.operating scenarios of the AC/DC system need to be defined for the project in the
system) "design and study. Some additional scenarios such as emergency operation,
commissioning operation or stage operation also need to be considered because they may
cause higher stresses on the HVDC equipment if the design of the equipment is based on
them. Since these additional scenarios appear just in the early stage of the project or very
rarely through the project life, an alternative option for the customer is to design the HVDC

system for normal operaling conditions and laier on verify the design under special scenarios
to avoid additional investment. In this case, reduced power or other degradation in
performance of the DC system may be acceptable for operation.

6.3.2 AC system modelling

AC system data should generally be provided by the purchaser, which includes all the data
necessary for system modelling such as:

a) lines, transformers, reactive power compensators;

b) generators and their regulators such as excitation regulator, prime mover, governor, PSS;
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c) unit commitment and load model;

d) configuration, parameters and control model for power electronics based devices (e.g.
HVDC, FACTS, STATCOM, SVC, etc.).

AC system modelling should follow the guidance in CIGRE TB 563.

Some special studies, such as the subsynchronous oscillation study, also need the spring

mass parameters of the generators.

The configuration of AC lines at various voltage levels in the vicinity of the DC transmission
line is needed while performing interaction studies with parallel AC lines.

6.3.3 Relevant AC system protection

The AC system protection scheme is needed for DC system design, including the fault
clearing time for normal and backup protection, and the time sequence fortsingle-phase or
three-phase auto-reclosing.

The HVDC system design needs to be properly coordinated with thé ‘overvoltage protection of
AC components. The DC system normally remains in opgration and withstands the
overvoltages during AC system faults. The overvoltage caused by the sudden loss of
complete or partial DC power due to DC faults needs to.be)depressed to below the level
where the AC component overvoltage protection will nofcoperate, by switching sub-banks or
other effective methods. Switching banks can also~be' adopted if it is allowed by the
interrupting capability of bank breakers.

The parameters of nearby AC arresters are needed in the insulation coordination study of the
converter station, including rated voltage (kV;"RMS value), continuous operating voltage (kV,
RMS value), and switching impulse protective‘level (kV, peak value).

6.3.4 Reactive power supply and_absorption

Converter stations balance the reactive power demand mainly by on site self-compensation.
However nearby generators orlfeactive power equipment installed in connected grid can also
supply or absorb reactive power and the same should also be considered, as appropriate, to
reduce the amount of reactive compensation to be provided in the converter station.

The reactive power flow may vary with AC system conditions, which can be determined
through power flow, studies. The following information needs to be provided:

o permitted steady-state voltage range under different load levels;

e reactive power demand from other nearby loads;

e number of generators in service;

e <-maintenance of important AC line(s) to power station;

e power factor of feeding unit;

e minimum active power limit of generator;

e self-excitation limit.

Typically the rated power factor of a generator is 0,85 to 0,9. When calculating the reactive
power supply of the AC system, a higher power factor for the generator (0,92 to 0,95) is
recommended in a more conservative way.

The HVDC power normally remains unchanged after slight AC network contingencies but can
run back under emergency conditions to improve network stability. If HYDC power runs back
under AC system contingencies, the reactive power supply can be decided according to the
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conditions before the contingencies, otherwise the conditions after the contingencies should
be adopted.

Generators can absorb reactive power in leading phase operation. However the leading phase
operation with a lower power factor may result in overheating of the exciting winding, and
even destabilize the AC system; therefore it is not recommended unless the generator is
specifically designed for such operation. When using generators to absorb excessive reactive
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exceed -0,95.

6.3.5 Short-circuit current or capacity

The interconnected AC system strength impaets the HVDC system design. A weak AC system
will give rise to special requirements and“extra costs for HVDC projects, such as special
control strategies, need for multiple)small reactive power sub-banks and additional
synchronous condensers or othery, static reactive power devices, like synchronous
compensator (STATCOM), static war* compensator (SVC), TCSC, SCC, etc. The increase in
the number of connections of renewable energy sources nowadays is leading to a decrease in
system strength.

The short circuit ratio (SCR) is used to evaluate the strength of an AC system terminated to
the HVDC link especially’ in planning stage. Considering the negative contribution of AC filter /
shunt capacitor banks on the short-circuit current/capacity, the effective short-circuit ratio
(ESCR) is usually‘given.

A STATCQM+installed inside or near the converter station could improve the adaptability of
the HVDG@. system to the AC system. In order to obtain enough ESCR, the capacity of installed
STATZOM can be evaluated by the formula ESCR = (Sg. + 204iat) / Pycn: Where Oyt is the
capacity of STATCOM. The performance of STATCOM should be demonstrated by simulation
withereal control in detail design.

A capacitor commutated converter (CCC) HVDC converter could improve the adaptability of

the HVDC system to a weak AC system, too, as an alternative to STATCOM. This solution can
be used to adapt the HVDC system to a weak AC system with an effective short-circuit ratio
down to 1.0, as per 5.1.2 of CIGRE TB No. 352.

Both the maximum and the minimum three-phase short-circuit current-sheuld can be specified
for HVYDC system design and study. Which short-circuit current will be used for a specific
design or study-sheuld can be decided on a case-by-case basis in order to derive maximum
equipment stresses. For example, the maximum short-circuit current is usually used to
determine the surge current rating of equipment such as valves and smoothing reactors. The
minimum short-circuit current is normally used in studies such as-the fundamental frequency
overvoltage study and AC side transient overvoltage study.
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For projects constructed in stages, the short-circuit currents and HVDC power can vary from
stage to stage. The SCR can be identified in each stage and scenario.

The calculation of the short-circuit current can be carried out using conventional system
stability programs.

6.3.6 AC bus voltage

The steady-state voltage range and short-term voltage range are determined through an
AC/DC system study. The steady-state voltage range can be decided through a load flow
study on typical operating scenarios and a normal voltage should be defined within this range
for HVDC system design. The normal voltage is the most probable voltage on allCtypical
operation scenarios.

A stability study on typical operating scenarios is recommended to decidesthe short-term
voltage range. Generally, the following operation scenarios need to be_considered while
determining the short-term voltage range:

a) tripping a faulted AC line in the vicinity of the converter station;
b) loss of the maximum generator/load in the vicinity of the conventer station;

c) blocking of a monopole in a bipolar HVDC system or blocking of one converter unit or
more in a back-to-back station containing several such units;

d) blocking of some or all converters of another HVYDC system connected to the same AC
system;

e) DC line fault and recovery;

f) commutation failure and response.

The steady-state voltage range is used to{determine the tap changer steps of the converter
transformer. The normal voltage of the :converter station AC bus voltage is mainly used to
determine the voltage of the principalitap of the converter transformer and also the rated
capacity of the AC filter/shunt capacitor sub-bank. When the converter AC bus voltage varies
beyond the steady-state voltage range but is still within the short-term voltage range, the DC
system is normally required to-_start safely and operate reliably, but the requirements of the
DC system performance could be lower, for example, operation with reduced power.

6.3.7 AC system frequency

The frequency variation range of the converter station AC bus is an important input condition
for the DC side resonance study and the design of main equipment, especially the filters.

The power(system operation regulation defines the normal frequency range. Post-disturbance
frequency~range is normally determined through an AC/DC system study. For HVDC system
designthe power systems at the sending end and receiving end have different characteristics
of frequency variation if these two systems are asynchronous or split due to some disturbance.
TFhe“fault cases are listed in 6.3.6 a) to f). The frequency variation range should be compatible
with the AC system protection settings, especially for generators and motors.

Normal and post-disturbed frequency range can be represented in the form of the envelope
curve. For a 50 Hz system, one example of this curve is given in Figure 2. In this example, the
frequency can rapidly rise or fall to the extremes of 50,7 Hz or 49,0 Hz during a fault or
serious disturbance, and then recover to 50,5 Hz or 49,5 Hz within 10 min after disturbance
clearance, and gradually recover to 50 Hz £ 0,2 Hz within 40 min following the frequency
versus time response represented by the two envelopes. Figure 2 is to be interpreted as an
envelope encompassing all of the expected transient frequency variations of the AC systems.
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Figure 2 — Example of schematic diagram of AC system frequeney variation range

6.3.8 Pre-existing harmonic and negative sequence voltage

The pre-existing harmonics and fundamental frequency's_ negative sequence component on
the AC bus at converter station are basic inputs for AGIDC filter design, which are usually
expressed as a percentage of fundamental voltage. Modelling of pre-existing harmonics is
discussed in detail in IEC TR 62001-3.

The pre-existing harmonics are generally obtained through on-site harmonic measurement
and harmonic power flow calculation. To_‘%valuate the pre-existing harmonic, continuous
harmonic measurements covering both_‘rélevant substations and AC lines need to be
performed. The measurement should, be* performed on all accessible voltage levels with
harmonic sources and include typical scenarios.

Predictive calculation of pre-existing harmonics can be performed on various typical scenarios
of the AC system besides the:actual test result. The harmonic sources used for the calculation
should consider the load growth and planning of specific harmonic producing loads, for
example, electric railwaysi.power electronic devices, other HYDC converter stations, domestic
and commercial loads.-Based on the calculation of harmonic power flow, and suitable margin,
the pre-existing harmanics of a converter station can be determined.

The negative ssequence voltage from an unbalanced AC system will cause odd triplen
harmonics ,in_the converters. A third harmonic AC filter might be required. The negative
sequence voltage will lead to an increase of the rating of DC side components, particularly the
HV capagitor of DC filters.

Detailed information about pre-existing harmonic influence on the AC filter and DC filter
design can be found in the IEC TR 62001 series and CIGRE TB No. 92.

6.4 Requirements for HVDC systems arising from AC/DC interaction

An HVDC system can help to improve the efficiency, safety and stability of the power system
when it has well designed functions and performances, such as overload capability, dynamic
response requirements, reactive power or voltage control, damping of low-frequency power
oscillation, damping of subsynchronous oscillation, frequency control, emergency power
control, coordination of parallel AC and DC operation and coordination among multiple DC
systems, if applicable. The specification for these functions and performances can arise from
an AC/DC interaction study.
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In some contingencies, for example, one pole failure in a bipolar system, a generator trip or a
loss of parallel AC or DC link, an overload operation is normally expected temporarily, for a
short time or continuously. The duration and amount of overload are decided by the capability
of the AC system to withstand loss of power through a power flow and stability study.

The HVDC system step response and recovery after interruption of power or fault clearing are

crucial to the power system's stability especially for weak AC systems. For example, an
nnnnnnn /Dol (ualiaaa rda alnnor racaovanis aftar AC o

L A da adant ot L H + thao £t
UrJLIIIIIl—UU vooT(vortag’T UUP\JIIUUIIL SurreRt—ofraer IIIIIILI WHTT SO P PUTT T CT o COVvVeTy—artct I_\\J OT

DC system faults. The requirement for HVDC behaviour can be derived and verified through
the power system stability study. Parameters of HVDC controllers should be optimized in the
study under given AC system conditions.

The HVDC system can be utilized for damping low-frequency power oscillation by medulation.
Through eigenvalue analysis, the necessity and sensitivity of DC modulation can_be obtained
and a specific controller can be designed and verified when needed.

The HVDC system can also be used to depress subsynchronous oscillation (SSO) which
might occur when thermal generators directly feed HVDC converters/\I‘he unit interaction
factor (UIF) scanning method is recommended in IEC TR 60919-3)t0 screen for such a
possibility. Additional damping control functions can be designed and ihtegrated in the control
system if needed.

The DC system may be required to limit large frequency changes of the AC systems through
power modulation. This modulation function will be designed and verified by power system
simulation. The parameters of frequency control should be optimized considering factors such
as the AC network capacity and frequency-dependent characteristics of load and generators.
This function can help to stabilize the frequency of'some AC systems.

The AC voltage might change due to thé HVDC system or the AC system itself. The
magnitude and change of the voltage on the AC bus in or near the converter station should
always be in accordance with the power, system grid code during HVDC operation or after trip.
The HVDC system needs to be designed to help maintain the AC voltage at or near the
converter station within an acceptable range mainly through its automatic reactive power
control.

If multiple HVDC transmission systems or AC/DC parallel transmissions are used to transfer
power to and/or from ‘the same region, the dispatching and coordinating of HVDC
transmission needs to-be studied and designed to ensure power system efficiency during
steady operation aswell as safety and stability after serious AC or DC faults.

6.5 AC system'equivalents
6.5.1 General

Simulations and studies should be carried out according to 5.2. Owing to the limitation of the
scale of the simulation tools, an equivalent AC system is usually used instead of the complete
AC system. Different AC system equivalents are used for different studies.

6.5.2 Equivalent for AC/DC system dynamic or transient simulation

The equivalent network for AC/DC system dynamic/transient simulation should have similar
static and dynamic characteristics as the complete network, including:

e power flow of retained network;

e short-circuit current;

e the recovery characteristics of converter station AC bus voltage after disturbance;

e the power swing of retained generators after disturbance;
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e harmonic characteristic.

The equivalent network can be obtained by the static equivalent method more easily than by
the dynamic equivalent method. Although the latter can provide a more realistic AC system
characteristic, it is usually too complicated to apply. When a complicated power system is
simplified, the resistance of mutual impedance in the matrix may appear as negative. The
negative impedance needs to be handled through some appropriate measures which are
acceptable from the project point of view.

This equivalent network is mainly used for the following purposes:

a) evaluation of DC control and protection functions;

b) evaluation of the performance of the AC/DC system for different DC system) eontrol
models;

c) evaluation of DC system performance for DC side disturbances such as converter blocking,
pole blocking, DC line faults and valve winding faults;

d) demonstration of the DC system response in accordance with the‘§pecified response
criteria;

e) demonstration of the DC system transient response for reattive bank and sub-bank
switching;

f) study of the interaction between the DC system and-the local machines during
disturbances;

g) factory testing of actual site controls;

h) evaluation of the performance of the DC system<during severe AC faults and subsequent
fault clearing, when the AC voltages are reducéd and distorted;

i) switching overvoltage study of the AC/DC{system and ferro-resonance study on the AC
side;

j) transient overvoltage study of the DC.system caused by unsymmetrical faults in the AC
system.

6.5.3 Impedance equivalent for AC filter design

The definition of system harmionic impedance is a compromise between the need to avoid
resonance conditions and the*need to minimize excessive over-rating of the filter equipment.
The harmonic impedancetequivalent used for AC filter design can be obtained by scanning
the harmonic impedanee-of the original network. The network scanning is performed using
specific tools. System.elements such as lines, cables, transformers should be represented by
frequency dependent models.

The second-tofiftieth harmonic impedances can be represented by a sector diagram (or even
several subdivided sectors at a single harmonic) or circle diagram or polygons. For low order
harmonics*(below the tenth) and characteristic harmonics, it is usually recommended to use a
separaté diagram to represent system equivalent impedances for each harmonic order.
Figure 3 gives an example of a type of sector diagram for a single harmonic order. The
impedance of several harmonics can be represented by a single impedance circle, as shown
in Figure 4. The impedance circle method tends to result in very conservative and therefore

UAPUIID;VC fl:tcl dUD;yIID, oU It nmray IIUt bU thU IIIUDt uuat-cffcutivc IIIUthUd. Thc pu:yguu
diagram method is an alternative to represent system harmonic impedance. Further
information is available in the IEC TR 62001 series.
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Figure 3 — Sector diagram of system harmonic impedance
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Figure 4 — Circle diagram of system harmonic impedance

The system impedance needs to cover all possible system configurations. The scanning is
usually carried out based on the typical operating scenarios of the AC/DC system. The

following factors need to be considered:
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o different load conditions;

e number of generators in service;
e possible AC lines in service;

e transformers in service;

e nearby filters/shunt capacitor, if applicable.

6.5.4 System equivalent for low order harmonic resonance study

To study the low order harmonic resonance of the AC/DC system, it is necessary to establish
a system equivalent. Only the AC bus at the converter station or a portion of the power\grid
near the converter station may be retained in this equivalent system. This equivalentcsystem
needs to meet the following criteria:

a) the converter station AC bus has the same short-circuit current level aswthe complete
network;

b) as observed from the converter AC bus, the equivalent system has ¢hé same individual
harmonic impedance as the complete network.

The equivalent network may use the structure shown in Figure 5.

|7

g AC bus
L

IEC

.
o=

Figure 5 — Structure of equivalent network for low order harmonic resonance study

This system equivalent may begused for the following studies:

e the impact of the contréD system on the lower order harmonic resonance of the AC system,
including the secondi-third and fifth harmonic resonance;

e low order harmanic' resonance of the DC circuit.
7 Main cireuit design

71 Ratings
7.1.4 Rated power

The nominal power of a project is affected by many aspects as described in 5.1.2 and varies
oOver a wide range. After many years of development, the nominal power of an HVDC system

has increased rapidly up to—10-000-MW a2t 800KV 12 000 MW at 1 100 kV. Besides those
newly developed large power converters, some traditional power ratings are still chosen for
new projects, but some other ratings are no longer chosen.

To date, the highest capacity of a single converter for a back-to-back (BTB) project is
1 000 MW. Higher power rating of BTB is technically feasible but may not be an economical
solution due to the high cost of interconnected AC transmission lines especially if long AC
lines are required. For cable projects, the power rating limits are most likely decided
according to the cable. The two biggest ratings per pole of cable projects are 1 100 MW at
600 kV and 800 MW at 500 kV. These figures relate to a single cable per pole; with parallel
cables, higher ratings can be reached.
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The power rating limits for long distance overhead HVDC projects are mainly decided
according to the converter equipment. Combined with other aspects involved in the
determination of the power level, 1 500 MW per converter at 500 kV is a widely used rating for
long distance overhead HVDC projects. The highest power capacity of a single converter in a
commercial operation is 2 500 MW at present. A higher power rating may require the
combination of several converters in parallel or in series as in some UHVDC projects.
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The minimum transmitted power is typically 0,1 per unit of the rated capacity in order to avoid
intermittent current operation. Lower transmission power is possible with some special-design
considerations.

An HVDC system design based on rated power may have inherent overload’ capability.
Temporary overload for several seconds will impact the converter valye design, and
short-term and continuous overload requirements will impact the design of\equipment such as
converter transformers, bushings, smoothing reactors.

For more details, refer to 5.1 of IEC TR 60919-1:2010.

7.1.2 Rated voltage

Selection of an HVDC system's rated voltage is decided“by the required transmission power
and cost of construction and operation. Unlike HVAC systems, there is no standard rated
voltage series in HVDC applications. The choice of<the transmission voltage depends on a
great many factors which can influence the projectiincluding some non-technical factors such
as the cost of energy and expected asset life of the scheme. It is a result of the system design,
taking into account the following operation scenarios:

a) power flow with high utilization factor;

b) power flow with relatively low utilization factor including high load with limited duration;

c) mainly emergency power exchange;

d) mainly power system quality control operation such as automatic fundamental frequency

control.

In scenario a), higher voltage is preferred compared with scenario b) in order to minimize the
transmission line losses. However, in other scenarios, selection of DC voltage is mainly
determined by AC system requirements.

For a long-diStance bulk power transmission project, a higher rated voltage is desired. Table 2
lists the rated voltage ranges selected under various transmission powers and distances.

Table 2 — Preferred rated voltages for overhead line HVDC power transmission

Rated voltage

Transmitted KV

I MW Transmission distance (km)
< 200 < 500 <1000 <1500 <2000 22 000

< 500 250 400 - - - -
<1000 350 400 500 - — -
<3000 - 500 500 or 600 600 or 800 600 or 800 800
<4000 - 600 600 800 800 800
>4 000 - 800 800 800 800 800 or 1 100
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For an HVDC cable power transmission project the choice of rated voltage is generally
deduced from the required transmission power rating and power capability of the available
cable. A higher rated voltage reduces the current rating of the cable. Table 3 lists the rated
voltage ranges selected for submarine project under various transmission powers and
distances.

Table 3 — Preferred rated voltages for submarine HVDC power transmission

Rated voltage
Transmitted KV
power
MW Transmission distance (km)
<50 <100 <200 < 300 >300
< 300 250 300 300 400 400
<500 250 400 400 or 500 500 500
<1000 500 500 500 500 500
<2000 500 500 500 or 600 500 or 600 -
> 2000 500 500 or 600 500 or 600 500 or, 600 -

For a back-to-back HVDC project the rated voltage is chosén-to maximize the utilization of
current capability of converter valves/thyristors as substation-space saving is a major concern.

7.1.3 Rated current

The choice of rated current is the result of optimization of the transmission capacity demand
and rated voltage for a long distance transmission project.

Depending on converter current rating,~a higher rated current is of particular interest for
back-to-back HVDC applications. For ¢able projects, the rated current is typically determined
by the cable current rating.

The rated current of HVDC gonverters is mainly determined by the power capacity of
thyristors and their cooling-systems. Thyristors in four-inch, five-inch and six-inch silicon
wafer diameter have been(commercially used in HVDC converter valves for different current
ratings from 1 500 A up_to 6 250 A at 8 500 V blocking voltage. For a given silicon wafer
diameter, a higher curtent rating is available at a lower thyristor blocking voltage.

7.2 Configurations
7.21 Pole and return path

TherHVDC transmission system can be built as a monopolar or bipolar system. A bipolar
system is the most widely chosen for long distance projects due to its having less influence on
the environment, lower losses and higher reliability and availability. Various configurations are
shown in IEC TR 60919-1.

When two asymmetric monopolar systems are built together, they can share one common
return path and thus-beceme form a bipolar system. So when the project has several stages
for final completion, an optimal implementation scheme is required. For example, a monopolar
system can be used as the first phase of a bipolar DC system.

Besides bipolar operation, each independent pole of a bipolar system can operate separately.
When a bipolar system operates as a monopole, different pole line configurations can be
designed, for example, by using one pole conductor as a pole circuit or by using two pole
conductors in parallel to reduce the losses. In the latter configuration some additional
switches are needed.
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The return (neutral) circuit can consist of metallic return or ground return. The return (neutral)
circuit is selected based on the system configurations, electrode site conditions and
environmental requirements. For bipolar schemes the design of the return circuit is very
flexible for monopole operation. Different solutions can be adopted depending on the
individual project requirements:

a) metallic return via a dedicated metallic return (DMR) conductor;

h) anrth raotiien v Alactead o
cararrotart via oo ttrotT oy

c) metallic return via the pole conductor when the pole converters are out of operation;
d) using a) and c) in parallel.

Earth return is an economic design but long-term operation in this mode is becoming rare” due
to restrictions on interference with present or future third parties, such as seismic, monitoring
requirements, underground pipeline corrosion, magnetic compass deviation, etc.

Dedicated metallic return needs higher investment, especially when cables, are used. Where
long-term monopole operation with earth current is not permitted or hightground resistivity is
present, or it is not cost effective to build up ground electrodes and electrode lines, a
dedicated metallic return circuit will be employed. The dedicated .metallic return lines are
generally erected on the same towers with the pole transmission lines.

When one pole of a bipolar system with earth return is blocked;the DC system will transfer to
the monopole earth return operation. If monopole earth return operation is permitted only for a
limited duration, earth return mode will be transferred.to ‘monopole metallic return if the DC
line of the other pole is available.

NOTE The change of configuration can lead to a reduction of the total transmitted power capability of the HVDC
system.

7.2.2 Converter topology

Today in HVDC transmission the most\common converter topology used is the twelve-pulse
group. The economical and widely~@pplied topology is one converter per pole. However,
several criteria may lead to the requirement to install more than one converter for one pole,
such as the following:

e transport limitations forylarge equipment to the selected site of one converter station
(e.g. converter transformers);

e increased requirements on power availability also in case of outage of one twelve-pulse
group;
o stage development project;

e more than one AC bus feeding power to a pole or receiving power from a pole.

When{multiple twelve-pulse groups are used in one pole in the converter substation, those
twelve-pulse groups can be either connected in series or in parallel to share the pole power. A
symmetrical split of converters is preferred as it provides maximum flexibility in case of one
twelve-pulse group being out of service. For more details on converter topology, refer to
[EC TR 60919-1.

For each twelve-pulse group using two winding converter transformers, the line side windings
of Y-Y and Y-Delta transformers are connected in parallel to the converter bus and then to the
AC bus of the station, as shown in Figure 6. Where two or more converters are connected in
series or parallel, each converter should be separately connected to the AC bus.
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b) Three-winding conyerter transformer connection

Figure 6 — Converter transformer connection topology

Earthing switches need to be instalieéd at the valve side of the converter transformer. There
are two alternatives: one is to install the earthing switch on each phase, the other is to install
one earthing switch at the neutral point of star-connected windings and the second one at any
terminal of the delta-connected windings.

7.2.3 DC switchyard:configuration

7.2.3.1 General

For a bipole system which consists of two independent poles, it is recommended to design the
main circuitto-enable:

a)
b)
¢)

isolating and earthing one pole or one twelve-pulse converter for maintenance;
isolating and earthing the DC transmission line in one pole for maintenance;

isolating and earthing the earth electrode(s) and electrode line(s) at one or two converter
station(s) or the dedicated metallic return line for maintenance when operating in

d)

monopotar metathitc Teturm mode;

isolating and earthing the earth electrode(s) and electrode line(s) at one or two converter
station(s) or the dedicated metallic return line for maintenance when operating in bipole
balanced mode. That means bipole balanced operation of the HVDC system with the
earthing mat(s) in one or both converter stations as the temporary earthing point of the DC
transmission system is possible;

clearing of faulted pole or twelve-pulse converter for maintenance without influencing the
power transmission of the remaining healthy pole or twelve-pulse converter;



https://iecnorm.com/api/?name=5da74f0dfc0274d69c3757cfcd260035

IEC TR 63127:2019+AMD1:2024 CSV -31- REDLINE VERSION
© IEC 2024

f) switching between different monopolar configurations without interrupting or reducing DC
power transfer. The time from initiation to completion of the switching is usually not more
than 60 s. Generally, online switching of operation modes is required to increase the
availability of DC systems. If the DC current breaking capacity of the switches is lower
than the rated DC current, the DC control and protection system can be coordinated to
temporarily reduce the DC power and restore it after completion of mode transfer;

g) connecting, isolating and earthing the DC filter branches for maintenance without

b b ! : 4l Bo 4 £ il 1
HICTTuUpuTg ur Teuucing e v powerl udalfisielh Ul e puic.

For this kind of bipole HVDC system, to transfer between various operation configurations and
increase reliability and availability of the whole DC system, it is recommended to use
low-voltage high-speed DC switches, such as a neutral bus switch (NBS). For the ipole
system with earth as return circuit, a metallic return transfer breaker (MRTS) andgan earth
return transfer switch (ERTS) are installed. A neutral bus-greurd earthing switch (NBES) can
further increase the reliability and availability of the DC system.

Figures 7 a) and b) give sketch maps of the DC yard switches for series andxparallel converter
connection in a pole, separately. Figure 7 c¢) provides a sketch map of D€ yard switches when
DMR is applied. The switches actually needed depend on the functional requirement of the
DC system. Figure 7 shows only the switches which operate to build, different configurations.
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a) Sketch map with two twelve-pulse valve converters in series connection per pole
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b) SKetch map with two twelve-pulse valve converters in parallel connection per pole
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Figure 7 — Sketch maps of the DC yard switches of HVDC system

If the commutation current level is beyond the capability ofy'DC switches when switching
between configurations, the DC transmission power can<be temporarily reduced within the
commutation capability of the switches as long as there is no significant disturbance to
system operation, and thereafter increased to the maximum as required.

When there are two or more converters in series_inh one pole, the converters in the different
poles can be switched into parallel connection for special purposes, such as de-icing
operations. To accomplish the above operatioh, additional dis-connectors are needed in the
DC yard shown in Figure 8.
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Figure 8 — Schematic diagram of converter parallel connection

A converter can also be operated with two pole lines in parallel connection as shown in
Figure 9 if earth return operation is permitted and used as a current path. This can reduce the

transmission line losses.
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Figure 9 — Schematic diagram of pole line parallel connection

7.2.3.2 Neutral bus switch (NBS)

A DC commutation switch connected in series with the neutral bus on abipolar HVDC scheme
is designed to commutate current from the pole conductor or neutral'bus to the electrode line
or dedicated metallic return conductor in the event of a pole to earth fault or neutral bus to
earth fault during bipolar operation.

When a grounding fault occurs at a pole bus or line, part‘ef~the DC current of the other pole
will flow to the fault location (1) in Figure 10 through the neutral bus, valve, smoothing reactor
and pole bus/pole line of the faulty pole. When a grounding fault occurs to the neutral bus,
part of the DC current of the other pole will flow tosthe fault location (2) through the neutral
bus of the faulty pole. See Figure 10.
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Figure 10 — Procedure of NBS disconnecting DC fault

7.2.3.3 Metallic return transfer switch (MRTS)

For a bipole system using an earth electrode or DMR as return path, one of the converter
stations can be equipped with an MRTS. For DMR application, the MRTS is also called the
dedicated metallic return transfer switch (DMRTS). The MRTS is used for current transfer
from monopole earth return or DMR return to another return circuit, i.e. a pole line without
interrupting power transfer when it is needed, as shown in Figure 11.
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Figure 11 — Current transfer path of the MRTS

7.2.3.4 Earth return transfer switch (ERTS)

One of the converter stations can be equipped with an ERTS or PMRTS (pole metallic return
transfer switch) in DMR application when it is necessary to transféer the configuration from a
monopole metallic return to an earth return or DMR without~interrupting power transfer, as
shown in Figure 12. An ERTS or PMRTS transfers the DC.current from the pole line return
path to the earth return path or DMR path. As the resistance of the earth return is much
smaller than that of the metallic return, the transfer of(the DC current from the metallic return
to earth return will normally not cause a temporary decrease of DC power.
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Figure 12 — Current transfer path of ERTS

7.2.3.5 Neutral bus earthing switch (NBES)

As for the earth return applied, the NBES is installed on the neutral bus at both ends and is
open in normal operation. NBES can be closed automatically if it is allowed when the earth

electrode Is out of service in the balanced bipole operation mode, as shown in Figure 13. The
switch is not assumed to have a significant current transfer capability, but is capable of
opening during bipolar operation hence transferring the unbalanced current to the earth
electrode.
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Figure 13 — Connection and function of the NBES

As for the DMR line applied, the NBES is installed at the insulated end ©f the neutral circuit
and is open in normal operation. During bipole operation with balanced-current, the NBES can
be closed automatically when the DMR is out of service. When a grounding fault occurs at the
DMR line, especially in monopole operation, part of the DC current/of the DMR line will flow to
the fault location. In order to protect insulators, the NBES is closéd within several hundred
milliseconds to transfer the fault current from the DMR line linsulator surface path to the
converter station grounding mesh, as shown in Figure 14 b)) After the expected time when the
fault current is extinguished and deionized, the NBES is -0pened to commutate the DC current
from the path of the grounding mesh to the original(neutral circuit. In this application, the
NBES is assumed to have a significant current transfet,capability.

\4

=
=

I

5
:

NBs L DMRTS
,_/ %)
NBS / & B
- \

IEC

I >

«
«

[ —

B
Z

o— |

=
i

IEC

b) Current transfer path of DMR after NBES disconnecting grounding fault

Figure 14 — Commutating process of NBES in case of DMR
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7.2.3.6 High speed bypass switch (BPS)

In DC transmission systems with two converters connected in series in each pole, high speed
bypass switches (BPS) can be used to decrease the pole contingency rate and increase the
system availability. As shown in Figure 15, such switches can isolate faulty converters for
maintenance without interrupting DC power transmission when a non-grounding fault occurs
in a converter.
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Figure 15 — High speed bypass switch

7.2.3.7 Converter paralleling switches (CPS)

The switches mentioned in 7.2.3.7 are optional. In DC transmission systems with two
converters connected in parallel in each_pole, converter paralleling switches (CPS) can be
used to increase the system availabilitysvAs shown in Figure 16, such switches can isolate
converters that are faulty or require-maintenance without affecting the normal operation of
other equipment.
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Figure 16 — Converter paralleling switches

7.2.3.8 Smoothing reactors

A smoothing reactor has to be provided in the DC circuit. The smoothing reactor in many
projects is located in the pole bus, and in many others it is split in the pole and neutral bus.
This depends on the system configuration, converter insulation coordination and smoothing
reactor design.
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7.2.3.9 DC circuit resonance suppression equipment

When the DC line is long, the DC system may risk a low-order resonance. Studies should be
performed to check the resonant frequency and impedance to ensure that the HVDC system
has sufficient impedance at the fundamental or second harmonic frequency. This study should
cover all normal operation modes, for example bipolar operation, monopole ground return
operation, and monopole metallic return operation of the DC system.

If the study indicates that the DC system might suffer a fundamental or second harmonic
resonance or both, suitable suppression measures should be adopted. One possible solution
is to adjust the parameters of the smoothing reactor to shift the resonance frequency away
from the fundamental and second harmonic. If this cannot mitigate the resonance conditions,
specific filters should be considered. Insertion of a blocking filter in the neutral bus)could
make an effective fundamental resonance suppression. A shunt filter is usually Jused to
suppress the second harmonic resonance which is designed in combination with4he DC filters.
Filters resonant at the second harmonic are vulnerable to AC system single phase events and
should be rated appropriately.

7.2.4 Reactive power equipment

The reactive power equipment in a converter station is normally designed as switchable shunt
capacitors/reactor sub-banks. Part of the capacitors can be @esigned as AC filters. Those
sub-banks can be grouped into banks and then connectéd to the AC bus, or directly
connected to the AC bus.

A circuit breaker is needed for each sub-bank and bank:"All switching operations are executed
using circuit breakers (or on-load switching devices)."Disconnectors are used only for isolation.
Maintenance of each sub-bank and its circuit ,breaker is possible whilst the remaining sub-
banks are energized.

In some projects embedded in a weak AC system, a static var compensator (SVC) or static
synchronous compensator (STATCOM)\is used for dynamic voltage support. These SVCs or
STATCOMSs are usually designed fera' low voltage level and thus need to be connected to the
AC bus through a transformer.

7.3 Determination of main-circuit parameters
7.3.1 General

The main circuit parameter calculation should be performed for all possible DC system
operation configurations and modes to determine the main equipment parameters and
operating parameters.

The main parameters include DC voltage, ideal no-load DC voltage, DC current, control angle,
shaft-circuit current, inductance of smoothing reactor, and the parameters of the converter
transformer such as short-circuit impedance, capacity, voltage ratio, winding current, range
and step size of tap changer, etc.

To determine the steady-state operating parameters of the HVDC system, calculations need
to cover the full transmission power range from the minimum power up to the overload power
level applicable at different DC operation configurations, e.g. full and reduced DC voltage,
forward and reverse power direction, full AC voltage variation range as well as the DC line
resistance range and combinations thereof.
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7.3.2 Control strategy

The HVDC system operates in two main control modes as constant DC current control and
constant DC power control. For constant DC current control, the DC current reference is
directly set, while for constant DC power control, the reference value of DC current is
determined using Formula (2):

I4 = Ret/ Udmeas (2)

where Uypeas i the measured DC voltage between the pole and the neutral bus at thelline
side of the smoothing reactor in the rectifier station.

P, is the power setting at the line side of the smoothing reactor in the rectifier station.

The DC current is normally controlled by the firing angle « on the rectifier'side. The firing
angle should be maintained close to the normal value «y in steady operation, for example
an * 2,5° by adjustment of the tap changer position of the convertertransformers. If o goes
beyond this range, the converter transformer tap changer control will.6perate to bring it back
within that range.

For long distance transmission projects, the DC voltage is generally controlled on the inverter
side. There are two main DC voltage control designs:one is constant extinction angle y
control, the other is constant DC voltage Uy control. For,back-to-back projects, constant ideal
no-load voltage Uy;, control can be applied.

a) Constant extinction angle control. At steady-state operation, the extinction angle y remains
constant. The DC voltage is maintained within the range through adjustment of converter
transformer taps on the inverter side.

b) During dynamic events, constant alpha control is applied at the inverter side. It shows a
positive slope at the outer characteristic and then helps to enhance the AC/DC system
stability.

c) When there is only one twelve-pulse converter at the inverter side, all converter
transformer taps should \b€ set at the same position. When two serial twelve-pulse
converter connections are applied, the taps of each converter can be adjusted separately.
It is recommended that the difference between the tap positions of the two converters
does not exceed. one step. Symmetry within converters will help to minimize the un-
characteristic harmonic amount.

d) Constant DG, voltage control. DC voltage control is achieved through control of extinction
angle y, which is maintained within the required range through adjustment of converter
transformer taps at the inverter side. If the extinction angle goes beyond this range, the
converter transformer tap control will operate to bring it back within that range.

e) Constant ideal no-load DC voltage Uy, control. The converter transformer taps at the
inverter side are adjusted to keep the no-load DC voltage at the rated value. Meanwhile,
the extinction angle y on the inverter side is also kept constant. In general, the DC voltage

of back-to-back projects does not need to be controlled precisely; therefore, constant ideal
no-load DC \/nlfann U . control _can be used so that adnlc’rmnn’r of the converter

transformer taps is only used to counteract the fluctuations of the AC voltage.

When an HVDC system operates at overload, with the exception of temporary overload,
different control strategies can be adopted. One alternative is to keep the Uy;, at its rated
value and the overload ability is achieved by increasing DC current only. The other is to
increase Uy, under the overload condition. The former strategy needs more current rating,
while the latter will lead to higher voltage ratings.
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7.3.3 Tolerances and errors

To calculate the extreme value of the main circuit parameters for an HVDC system, some
tolerances or errors should be included. Different control strategies described in 7.3.2 will
introduce different control tolerance and errors and different manufacturers may also
guarantee different values. In particular when purchasers carry out the system design by
themselves, it is crucial to choose reasonable values of these tolerances and errors because

thaov, aanll offant A i At oty A oo tha ~oct T mioal vualiiae AFf ~ontral N o atore o d
oy wimoamrc T oqorpTreTT rant g oo oot~ O STy proarr varaC s o c ot o pararcters arta

tolerances adopted in this calculation are listed in Annex A, for reference.

The relative resistive voltage drop Ut and inductive voltage drop d, of the converter valve.are
also needed for the main circuit parameter calculation. They both depend on the size.of the
converter and the specific design of various manufacturers. Proper values should bé)used in
the main circuit's parameter calculations.

7.3.4 Determination of converter transformer impedance

The converter transformer impedance will affect the valve and DC side ‘'short-circuit current,
the reactive power consumption of the converter, the harmonic and losses of the converter
transformer.

The short-circuit current in the converter valve during the firstycycle can be calculated using
Formula (3), while that during the second and third cycles,€an be calculated using Formula (4).

Ik Uy I
Typest = =T —di0_ (13605 o) -2 (3)
2dxtotR 'UdioN 2
Lorost :M-(1+cosa) (4)
2dyir *Udion

The converter transformer impedance is'the main factor for limiting the short-circuit current of
the converter valve. d,;,g contains.pot only the converter transformer impedance, but also the
system impedance converted onto-the valve side. Uy;, is calculated by the formula given
in 7.3.6. k, is an additional cogfficient representing the overvoltage due to load loss of the
converter. It can be estimated\with Formula (5).

Y RS T 9
2x(Ssc —Om) 2x(Ssc —Om)

A converter transformer with a certain power rating and voltage has a certain impedance for a
minimum dimension. When transportation is limited, the minimum dimension is needed, which
will lead to(an-increase of impedance.

Higher/transformer impedance will increase the cost and losses of the converter transformer
aswell as the reactive power compensation. During the system design, the designer has to
discuss with manufacturers to decide on a suitable value of the converter transformer
impedance.

7.3.5 Relative inductive voltage drop (d,y) and relative resistive voltage drop (d,y)

After determining the transformer impedance, the relative inductive voltage drop 4,5 and the
relative resistive voltage drop d,\ can be calculated with Formulas (6) and (7), respectively.

dyy =2 X den (6)
T Ugion
d, = P +2'Rth'ldN (7)

Usgion *1aN Udgion
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In Formula (7), the coefficient2 indicates that there are always two thyristor valves
conducting in a six-pulse converter. The parameters P, and Ry, should be provided by the
manufacturers.

7.3.6 Ideal no-load DC voltage

The relationship between the inductive voltage drop of the converter transformer (short-circuit

Impedance) U and the rated relative inductive DC voltage drop dX IS as Tollows:
U +Upc =~ 2dy (8)

The rated ideal no-load DC voltage on the rectifier side and inverter side can bexcalculated
using Formula (9) and Formula (10) respectively:

U,
anR =Ugionr *(cosay —(dynr +dnr))— Ut (9)

U
=N = Ugiont (€08 7y — (dy — ding)) + 04 (10)

Ugion is the no-load DC voltage of the DC system in pormal operation. At other power level,
Ug4io may differ from Uy, according to different control strategies. When the inverter DC
voltage control is applied, Uy, at the rectifier and”inverter side can be calculated using
Formula (11) and Formula (12):

U 1
7’:R Uy +(dir +drR)']7d'UdioNR
Ugior = oS i (11)
U —Ry-1 I
—dR _—d d " d d_UT +(dx|—dr|)'7ld “Ugioni
dN
Yiol = cosy (12)

The six-pulse rectifiers are taken as the basis for calculation of the main circuit parameters,
so n is the number of six-pulse converters. To calculate the maximum and minimum Uy,,, the
control and measurement errors as well as the manufacturer tolerance need to be included in
Formulas (41) and (12).

7.3.7 DC voltage and DC current

The formula for calculation of the DC voltage through the entire power range across a
six-pulse rectifier is as follows:

U Iy Uy
%:UdioR'(Cosa_(de"'drR)'_d'w]_UT (13)

]dN UdioR

From the perspective of the DC circuit, Uyg under monopole ground return mode may be
calculated as follows:

UdR:UdLR+(ReR+RgR)'1d (14)
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The formula for calculation of DC voltage across a six-pulse inverter is as follows:
Udl [d UdioNI
—= =Ugy, | cOSy—(dy—d) - —— ——~— |+ U 15
2 diol [ 7 —(dy—dy) Ty Udo T (15)
Uy under monopole ground return operation may be calculated as follows:
Ug =Uqui _(Rel +Rg|)'1d (16)
Under bipolar operation:
Udgr =Uqir 17)
Ug =UqLi (18)

The pole line to ground voltage drop between the rectifier and ithe inverter is defined as
follows for a long distance transmission DC system:

AU =Uyr —Uq (19)
or as
AU <Ry 1, (20)
The relationship between Uyg and Ugpunder monopolar ground return operation is as follows:
UdR_UdI:UdLR_UdLI+(ReR+RgR+ReI+RgI)'[d (21)
The relationship between-Uyr and Uy under monopolar metallic return operation is as follows:
Ugr —Uq1 =2-Ry -1 (22)
For bipolaroperation,
Ugr =Uqi =Uqgr =Uqu (23)

To calculate the maximum and minimum DC voltage, the DC voltage control strategy needs to

be considered together with the control and measuring error and the manuracturing tolerances.

DC current can be obtained with Formula (3). To calculate the maximum and minimum
continuous DC currents, the current deviation from the reference value caused by DC voltage
control errors needs to be considered together with the measuring error.

7.3.8 Rated capacity of converter transformer

The rated capacity of a three-phase converter transformer connected to a six-pulse valve
group is calculated as follows:
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T
Sn:‘/g'UvN']szg'UdioN']dN (24)

The rated capacity of a single-phase three-winding converter transformer connected to a
twelve-pulse valve group is calculated as follows:

23 2-n
Sn3w=T'UVN'[VN=?'Udi0N'[dN (29)

The rated capacity of a single-phase two-winding converter transformer connected)to a
twelve-pulse valve group is half of the rated capacity calculated from Formula (25):

_ Pn3w 26
n2w 2 ( )

7.3.9 Converter transformer taps

The rated ratio of the converter transformer at the normal tap position is calculated as follows:

UIN UIN
=—IN ___~IN 4 27
}’lnom UvN UdioN E ( )
V2¢,3

The maximum ratio of the converter transforméris calculated as follows:

— Ulmax . UdiON (28)
UIN Udiomin

nmax

The minimum ratio of the convester transformer is calculated as follows:

. = Uimin . U gion (29)

min —
UIN Udiomax

The number ofisteps of the on-load tap changers is calculated as follows:

-1
TCstep =’7A_77 (30)

For long-distance DC transmission projects, if reduced DC voltage operation is required, more
Steps are needed. The designer can also increase the firing angle. Both methods, increasing

tap range or increasing firing angle have an impact on the cost of equipment and thus
generally a combination is used. When the converter is connected to an AC grid of 500 kV or
lower voltage, the available tap changers can fulfil 80 % of the reduced voltage operation with
rated control angles. If the converter is connected to a higher voltage grid, or there is a lower
reduced voltage operation requirement, the number of calculated steps may be over the limit,
and the designer can increase the firing angle until the target is achieved.
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7.3.10 Inductance of smoothing reactor

The smoothing reactors should be designed to limit the rate of rise of DC current during AC
system faults at the inverter side, commutation failures and DC line faults. They should also
be designed for smoothing the DC current to prevent an intermittent current. When deciding
on the size of the inductance of the reactor, due consideration should also be given to the risk
of resonance with the DC line close to the fundamental frequency or multiples of it.

One recommendation for smoothing reactor inductance selection is the Si factor (current
slope factor). The Si factor describes the rise of the DC current within a millisecond related(to
normal value, when the normal DC voltage is applied to the DC side inductance. The Si factor
is defined as follows.

si=_YaN (31)

Ly-IgN
where
Ld = Ldr +3,5 Ltr

The Si factor is usually between 0,22 to 1,3. The inductance calculated using the Si factor
provides a preliminary value but needs to be further optimized-together with DC filter design.

8 Insulation coordination

The primary objectives of insulation coordination are as follows:

e to establish the maximum steady-state/temporary and transient overvoltage levels to
which the various components of a system”may be subjected in practice;

e to select the insulation strength cand characteristics of the equipment, including the
protective devices used in order to ensure a safe, economic and reliable installation in the
event of overvoltages.

The insulation coordination applied to an HVDC converter station is in principle the same as
that of an AC substation. “However, essential differences exist which warrant particular
consideration when dealing-with HVYDC converter stations, such as the following:

e series connection-of six-pulse and/or twelve-pulse groups which include arresters
connected between terminals but not necessarily to earth;

e series connection of equipment between HV busbar and ground with intermediate voltage
levels;

e no difect exposure to the external overvoltage since the converter circuit is bounded by
thelinductances of the converter transformers and smoothing reactors;

e “the fault and potential for resonance conditions on the DC side;

e various shapes of operating voltages (e.g. DC voltages, harmonics, overshoots) which
might vary during different converter operating conditions;

e existence of a large number of reactive power compensation equipment which can
influence resulting overvoltages (e.g. load rejection of the DC link);

e protection characteristics of power electronics which are typically much faster compared to
mechanical breaker characteristics as used in AC systems;

¢ interaction between the AC system and DC system, particularly where the AC system is
relatively weak;

e the various operation modes such as monopolar, bipolar.

The study of insulation coordination for an HVDC converter station should follow IEC 60071-5.
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9 Filter design
9.1 General

Passive filtering devices are widely used in converter stations. Sometimes the damping of low
order harmonic resonance is integrated into the DC filter system.

[ 9.2 AC filter design

Typically AC filters can consist of single tuned filters, double tuned filters and triple tuned
filters — all with various levels of damping. The factors determining the design include:
a) performance requirements,

b) reactive power requirements,

c) filter sub-bank size,

d) system harmonic impedance,

e) system frequency variation,

f) system voltage,

g) converter and system harmonics,

h) site area,

i) losses,

j) redundancy requirements,

k) environmental issues such as temperature, and

[) manufacturing tolerances.

For details of AC filter design refer to the IEG™TR 62001 series.

9.3 DC filter design

DC filters are generally required where there is a need to protect telecommunication facilities
against interference from overhead DC lines and the associated HVDC harmonics. Unlike AC
filters there is no requirementfor reactive power so the requirement is to reduce the filter size
as much as possible. The~DC filter acts in conjunction with the DC reactor and is closely
associated with the transmission line for which it is required.

As for AC filters, DC’filters can consist of single tuned filters, double tuned filters and triple
tuned filters —«all with various levels of damping, including no damping. The factors
determining thexdesign include:

a) performance requirements,

b) DEC/system characteristics — lines, cables, blocking filters/low frequency filters,

c)-DC system resonance issues,

dY system frequency variation,

<) OyOtUIII vu:tayc,

f) converter harmonics,

g) site area,

h) redundancy requirements,

i) environmental issues such as temperature, and
j)  manufacturing tolerances.
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Generally the DC filters are provided with elements tuned to the characteristic harmonics of
the HVDC converter (twelfth, twenty-fourth and possibly thirty-sixth). Occasionally, for DC
resonance purposes, low order elements tuned to the fundamental, second harmonic or sixth
harmonic may be required to be provided.

Performance requirements are generally expressed in terms of equivalent disturbing current
or induced voltage. More detail is available in CIGRE TB 92 and in IEEE Std 1124-2003.

9.4 Power line carrier (PLC) filters

PLC filters are required to protect the communication facilities, if available, on HVAC \and
HVDC power lines. Today, in many cases PLC communications are superseded by optical
ground wire (OPGW) systems. Although DC PLC filters are rare today, such filters. might be
required on the AC and DC connections to the HVDC converter.

In general, the requirement is to protect a frequency range from as low as 30°kHz to as high
as 500 kHz or in some cases the specific frequency bands in use, forCexample 80 kHz to
100 kHz at the point of coupling to the AC or DC line.

The noise phenomenon being filtered is related to the turn-on characteristics of the thyristor
valve similar to the process for radio interference. This requires a detailed high frequency
model of a converter transformer to ensure the correct level of-fjltering is required.

Parameters that have a major impact include:

Y

thyristor valve turn-on characteristics,

O T

performance requirements, and

o

)
) converter transformer high frequency charaeteristics,
)
)

converter and reactive power restrictions on filter size — both series and shunt elements.
9.5 Radio frequency interference(RFI)

Radiated interference is due te\the turning-on of the thyristor valve. This causes direct
radiation from the valve and also radiation due to high frequency currents imposed on the HV
conductor system including adjacent transmission lines.

In general, suppressiof;is by installation of a mesh in the valve hall. In some very rare cases
filters are required.(Parameters that have a major impact on the design include:

a) thyristor valve turn-on characteristics,
b) converter;transformer high frequency characteristics, and
c) perfermance requirements.

More detail is available in IEC TR 60919-1.
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10 Reactive power compensation and control

10.1 General

Reactive power equipment is installed to balance the reactive power consumed by the
converter in the converter station during the converter operation from minimum to rated power

and overload P:uln:mi’r\/ Switchahle shunt nnlnipmnnf is nnrmnlly used _which includes AC
filters, shunt capacitors/reactors and LV capacitor/reactor. On this occasion, necessary circuit
breakers and supplementary control and protection equipment are treated as part of thé
reactive power equipment. It is preferable that all shunt sub-banks of the same type in the
converter station have the same size to decrease the amount of spare parts. Subclause) 0.3
gives the capacity of the reactive power supply and absorption equipment. Subclause”10.4
describes the control function of the reactive power equipment.

Synchronous condensers, static var compensators (SVC), and static:)'synchronous
compensators (STATCOM) can also be installed in a converter station mdinly for voltage
control under transient disturbance, or to reduce voltage deviation caused)by filter switching
in weak AC system.

SVC is sometimes also used as inductive reactive balance equipment for HVYDC minimum
operation power or during starting. For very weak AC systems, synchronous condensers or
STATCOMs are sometimes installed to increase the voltage stability. The synchronous
condenser can be of bigger capacity and longer voltage support duration time.

The installation of the above equipment needs further investigation on a range of aspects
such as capital expenditure, losses, availability and reliability, and AC switchyard layout.

The reactive power control at both stations(is' usually achieved through control of AC bus
voltage or reactive power exchange with_the AC system. The reactive power controls of the
two converter stations are independent ofreach other or coordinated by agreement for back-
to-back converters. The reactive power.equipment can also contribute to AC system voltage
control even after the HVDC system-blocks.

10.2 Reactive power consumption
10.2.1 Reactive power:consumption calculation

The reactive power_copsumption of converters increases along with the transmission power.
The reactive power_consumed by a rectifier (six-pulse converter) can be calculated using
Formulas (32), (83) and (34) (for inverters, replace «a with »):

2u + sin20 — sin2(a + u)
4(cosa — cos(a + u))

2u+sin2a —sin2(a + p)
4(cosa—cos(a+u))

O. =J T
Zconv s da ~dio

(32)

Oconv = 14 Ugio

3
Ugio =2 -—-U, (33)

7T

U.
= < uw= arccos(cosa—de ta Ydion —a (34)
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10.2.2 Maximum reactive power consumption

Normally the maximum reactive power consumption is calculated at normal DC voltage,
complete configuration and rated or overload transmission power. The calculation should take
into account the manufacturing tolerance, control and measurement errors:

a) measurement errors and control errors, including the dead bands of on-load tap changer

control of the converter transformer:
y

b) the maximum commutation reactance of the converter transformer, at the appropriate
position of the on-load tap changer, considering the manufacturing tolerances;

c) the minimum DC line resistance to make Q4. at the inverter maximum.
For interconnection projects, to determine the maximum reactive power consumption of each

converter station, normal power direction and reverse power direction are~considered
separately.

10.2.3 Minimum reactive power consumption

The minimum reactive power consumption is calculated at minimum tfransmission power for all
possible configurations. The calculation should take into account the manufacturing tolerance,
control and measurement errors:

a) measurement errors and control errors, including the dead-bands of on-load tap changer
control of the converter transformer;

b) the minimum possible commutation reactance, ©of) the converter transformer, at the
appropriate position of the on-load tap changer, considering the manufacturing tolerances;

c¢) the maximum DC line resistance to achieve theyminimum Q. at the inverter station.
10.3 Determination of reactive power equipment capacity
10.3.1  General

The installed capacity of the capacitive reactive power equipment needs to fulfil the maximum
reactive power demand except_the part which can be met by AC network. When HVDC
operates under low power, excessive reactive power will be injected into the AC system
because more filters need te\be switched in than those probably needed for reactive power
balance due to harmonic performance requirements. Thus inductive reactive power equipment
may need to be installedd. The minimum reactive power consumption is used to decide the
inductive reactive power capacity for each converter station.

10.3.2 Capacity of reactive power supply equipment

The total capacity of the reactive power supply equipment is calculated using Formula (35).

Oac +9

ac dc

Qtotal 2 P 2 +st (35)
v

L | 1 LA £, : <l =l loJa L LE o4 4 H ol lo bla 4 H 4 b

T ormura (OJ), Ugp 1o TeatmuanCySuo=oanr— TS ot requrea oy tneSyStem requirement it

can be set to zero. In some cases, the deviation of frequency may also be considered while
calculating Oyota)-

10.3.3 Capacity of reactive power absorption equipment

The capacity of the reactive power absorption equipment is calculated using Formula (36).

O 2 Ofmin _% (36)
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Usually Q4. reaches its minimum value at the minimum DC power. But it is also possible that
O, reaches its maximum value at some other power level due to harmonic performance
requirements. Therefore, at every power level where a filter is switched in, O, calculation
needs to be conducted. In some cases, the deviation of frequency may also be considered
while calculating Q,.

10.3.4 Sizing of reactive power sub-bank

As a widely adopted design, the total amount of reactive power consumption is divided into
sub-banks which are switched on as the DC power is increased. Each sub-bank should be
sized to meet the limits of the dynamic and steady-state AC voltage change. The AC, bus
voltage change caused by the switching of reactive power sub-banks or banks shouldymeet
the requirements of the specific grid code.

a) The dynamic AC bus voltage change caused by sub-bank switching needs to/e evaluated
and controlled to remain below a specific level. It is typically between 4,5% and 2 %,
depending on the AC system requirements. Higher voltage variation will increase the risk
of commutation failure in the inverter side. The steady-state AC voltage change should
generally not exceed ~75 % of one step of the on-load tap changer,“otherwise this will
cause extra tap changer action and increase the difficulties of AC~oltage control.

b) Converters can help to depress voltage variation through changing the control angle. But
this will add extra stress on the converter, and it is difficult to~achieve a satisfactory effect
for dynamic voltage change depression because of the(ecoordination between switching
and converter control. The maximum dynamic change{ef DC voltage and current caused
by converter control should generally not exceed 5 %"

The reactive power sub-bank size can be estimated-by/Formula (37).

Ofiter —~ A04c
AU po mohilter _ —de (37)
he Ssc - Z inlter

When the HVDC system transmits high power, the allowed sub-bank size may be bigger than
that at low DC power due to there being more generators in operation, especially at the
sending end. The filters are always switched in from low DC power, thus the size of filters can
be smaller than shunt capacitors to fulfil the voltage deviation requirements. For the receiving
end, when the HVDC transmits larger power, the short-circuit capacity may decrease due to
there being fewer generators in operation. So this design may not be applicable for the
inverter.

10.3.5 Sizingof reactive power bank

The size of-the reactive power bank is influenced by the equipment ability of AC breakers to
interrupt the“capacitive current as well as the influence on the AC and DC system due to loss
of bankKi:When the AC breaker of a sub-bank fails to open, the breaker of the bank can
operate as a back-up measure to clear the fault, thus protecting the system from suffering
long=term contingency.

10.4 Reactive power control

10.4.1 General

Reactive power equipment in converter stations should be effectively controlled through a
reasonable strategy to meet the requirements of the reactive power exchange and voltage
control. Reactive power control (RPC) is integrated into the HVDC control system.

For switchable devices, some sub-banks are designed as filters, thus filter control is also
included in the RPC. In this case, RPC usually includes the following functions in descending
priority:
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a) Filter rating control guarantees the safety of filters. The rating requirement is given the
highest priority. Even when the RPC is set to manual mode, the minimum filter
combination will be satisfied automatically, while all the other filters can be manually
switched in or out by operators.

b) Voltage limitation aims to maintain AC voltage within the permitted limit which is described
in 10.4.3.

c) Maximum reactive power limitation defines the maximum quantity of switched-in reactive

power sub-banks. It enables the RPC to switch out sub-banks so as to minimize
overvoltage protection operations.

d) Filter performance control can guarantee the harmonic performance on the AC bus. It will
not switch out filters, but it permits or restrains switching out commands requested by
reactive power exchange control/voltage control.

e) Reactive power exchange control/voltage control is the base control function as‘described
in 10.4.2. Reactive power exchange control and voltage control t¢ahnot work
simultaneously.

Switchable shunt reactive power devices can be controlled automaticallyCor manually. As a
good design, each sub-bank is switched in and out only once within\a cycle of DC power,
i.e. from the minimum power to the normal/overload power then backy Switching of two sub-
banks simultaneously or almost at the same time is not allowed under normal control.

10.4.2 Reactive power exchange control/voltage control

The reactive power exchange control should be capablée of regulating the reactive power
interchange with the AC systems at both stations to-the desired schedules within a band
defined by the reactive power supply and absorptionvcapability specified. If the band is less
than the sub-bank size, a deviation exists becaus€)the reactive power control is discontinuous
by switching discrete sub-banks. So a tolerance from the scheduled reactive power should be
decided in the RPC. The tolerance should not.be exceeded for DC power from the minimum to
the maximum power in any specified operating mode.

To avoid hunting, the control tolerance should be greater than half of the largest sub-bank
capacity plus the reactive power changes of all the connected filters caused by the change of
AC voltage in switching. Typically; the value can be set to about 1,5 times the deviation. For a
weak AC system, if permittedi\this tolerance can be enlarged. An active power hysteresis can
also be introduced into the~RPC to decrease switching times. The hysteresis corresponds to
the reactive power change*equal to at least 50 % of the capacity of the maximum sub-bank.

The converter can ‘hélp to achieve the reactive power balance through an increasing control
angle, especially when the AC system has strict limits to reactive power exchange. On this
occasion, the~designer should check the filter design and the coupling of reactive power
control between two stations.

Whend{the converter station operation significantly affects the voltage of nearby AC buses,
voltage control is preferred. The design principle of voltage control is similar to that of reactive
power exchange control.

19 4 3 \‘slfage Iimita‘:‘\—-
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To avoid the AC bus voltage exceeding the specified range, voltage limitation may be required
to prohibit sub-bank switching. In the RPC, there are four voltage levels defined as Ugpsmax:

U U Uabsmin- These values can be set according to system conditions.

max’ ~min’
When the AC bus voltage is higher than Ugpqmax, the RPC will switch out the filter/shunt
capacitor sub-bank. When the AC bus voltage is higher than U, ., the RPC will prohibit the
switching in of the sub-bank. To prevent frequent switching of the reactive sub-bank, U, is
normally set to Uypgmax — 1,9AU,c- Here AU, is the voltage change caused by the switching

of the sub-bank.
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When the AC bus voltage drops below U,psmin, the RPC will switch in the filter/shunt capacitor
sub-bank. If the converter station is accessed to the AC system with high short-circuit current,
Uapsmin €a@n be set to a lower value, for example, the extreme minimum voltage; if the AC
system is weak, it is recommended that U,,smin b€ set to a higher value to help maintain the
voltage stability of the local power grid.

When the AC bus voltage is lower than U,;,, the RPC will prohibit the switching out of the
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drop.

10.5 Temporary overvoltage control

When overvoltage occurs on the AC bus and exceeds the protection setting either due-to AC
system faults or DC load rejection, several AC filter/shunt capacitor sub-banks will be
switched off at the same time. The strategy of switching AC filters needs to be optimized to
guarantee minimum power loss and equipment safety.

The temporary overvoltage control of the converter station should harmonize with the AC
system overvoltage protection, AC lines, transformers and generators‘close to the converter
station (if any).

11 Basic parameters of main equipment

11.1 General

After completion of the design, it is essential to¢spécify the equipment. Requirements and
parameters related to the main equipment of converter stations can be determined after the
single line diagram, main circuit parameters and insulation coordination scheme are finalized.
In this document, attention is only givem“\to converter valves, converter transformers,
smoothing reactors, bushings and filters in_a converter station.

11.2 Converter valves
11.2.1 General

Converter valves are the core equipment of an HVDC system. The thyristor valve is most
widely used in the HVDCysystem. Thyristors of up to six inches diameter are available for
converter valves in terms of current rating in the present state of the art. Converter valves are
usually of the air insulated and water cooled type and installed indoors. These are sometimes
also installed outdoors in a-clesed sealed enclosure-which-is-mounted-on-supported-insulators.
Depending upenthe layout arrangement, a single, double, quadruple or even octuple valve
arrangement(_is" used in various projects. Technical data can be specified according to
Clause B.1\

For both the rectifier and inverter modes, the thyristor firing circuitry should provide firing
pulses to the thyristor gates to safely turn on even under low AC bus voltage conditions or
immediately after a solid ground fault has been cleared. The specific low voltage level and
duration time should be determined based on system studies.

11.2.2 Valve hall environment

In order to avoid pollution problems, the valve hall is completely enclosed with slightly positive
pressure inside. The valve hall air leakage should be controlled to be kept at a minimum.

The indoor temperature is normally controlled within the range from +5 °C to +50 °C, while in
some specific zones, for example near the wall bushing, the maximum temperature may
temporarily reach +60 °C. If the valve hall is accessible to human beings, +40 °C is treated as
the highest temperature.
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For the safe operation of converter valves, avoiding condensation inside the valve hall is
crucial. The critical parameters for condensation are

e valve hall temperature,

e relative humidity, and

e valve inlet coolant temperature.

It is essential to control the valve hall environment. For the external insulation design of the
valve and other equipment inside the valve hall, refer to IEC TR 60919-2 and IEC 60071-5.

11.2.3 Current rating

DC current together with harmonic current will go through each single valve alternately in
HVDC system operation. Converter valves are designed to carry normal current, overload
current, and various transient surge currents of the HVDC system. IEC TR 60949-1 provides
some principles for current rating.

The current rating of the converter valve is mainly decided by the,\power capacity of the
semiconductor device, i.e. thyristor in use. 6 250 A is the state:of‘the-art of the six-inch
thyristor at 8 500 V blocking voltage.

The overload of converter valves includes continuous overload, short time overload (0,5 h
to 2 h), and temporary overload (several seconds).

With respect to transient overcurrent due to faults, the valves have the following capabilities.

a) Short-circuit current withstanding capability with re-applied forward voltage

As to the maximum short-circuit current.Caused by any fault in operation, the valve should
have the capability to withstand a fullybiased asymmetric current wave and maintain a
completely blocked state when.subject to the maximum fundamental frequency
overvoltage immediately after this-short-circuit current, so as to avoid damage to the valve.

For more information, refer to IEC TR 60919 -2.
b) Short-circuit current withstand capability without re-applied forward voltage

As to the maximum shaort-circuit current caused by any fault in operation, the converter
valves should have_the-capability to withstand multiple fault current loops if the converter
valves are not required to block or fail to do so. Meanwhile, converter valves can also
withstand the reverse AC recovery voltage which occurred between two short-circuit
current surges. This recovery voltage is equal to the maximum power-frequency
overvoltage.that appears together with the maximum short-circuit current.

11.2.4 Voltage rating

The converter valve achieves a certain voltage withstanding capability by connecting
thyristors in series. A certain number of extra thyristors need to be added for each valve as
redundancy for possible damage during intervals between scheduled maintenance.

Thao canvartar valva ic dacianad o ha ahla o withotand tha narmal Anaratina voaltaonn and
TTe—Corvyerter—yarve— 4 T tO—wW Tt otarta—trre— o ar—Operatmt v

OO T oTgTIC U to— 0T OoTT 154 1) oTrrog ot

various overvoltages. For long-distance HVDC transmission systems, the maximum DC
voltages can be a few percent, i.e. 1 % to 3 % higher than the normal voltage.

The converter valve is protected directly by the valve arrester as well as by the forward
protective firing and du/d¢ protection during the recovery period. In case the forward protective
firing voltage is lower than the protection level of the valve arrester, attention should be paid
to the possible system disturbance caused by protective firing.

The insulation level across the valve is directly decided by the valve arrestor. When deciding
the insulation level, all the redundant thyristor levels should be excluded.
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For the determination of withstand voltages of single valve and multiple valve units, the typical
ratios of the required impulse withstand voltage to the impulse protective level are as follows:
a) 10 % to 15 % for switching impulses;

b) 10 % to 15 % for lightning impulses;

c) 15 % to 20 % for steep-front impulses.

TT.2Z5 Losses of converter valves

According—to—the—methods—stated-in1EC61803,—1lLosses of converter valves include eight

components, while the conduction loss and turn-off loss of thyristor valves account for a large
proportion in the total loss of converter valves. More detail about valve loss calculation.¢an be
found in IEC 61803.

11.2.6 Testing requirements

Converter valves should be tested according to IEC 60700-1.

11.3 Converter transformers
11.3.1 General

The main function of a converter transformer is to providé commutation voltage for the

converter valve and at the same time to-iselate-AC—voltagesdrom-DCvoltage provide galvanic

isolation between the AC system and the DC system.

The converter transformers should be designed €léctrically and mechanically for operating
conditions consistent with converter operation,‘which include but are not limited to the
following:

a) electrical insulation requirements resulting from the windings being subjected to an
induced AC voltage of distorted sinusoidal wave shape combined with a DC voltage stress
on the valve winding;

b) the cumulative effects of electro-dynamic force produced during valve commutation failure
or short-circuit condition inhgrent in valve design and operation;

c) harmonic currents due_to* converter operation, and the additional stray losses resulting
from these harmonics;

d) DC currents in the converter transformer windings;

e) the minimization-of the generation of non-characteristic harmonics or circulating current by
achieving minimal differences in the impedances between converter transformers;

f) potentialllarge number of tap changer operations which are associated with DC converter
operation;

g) passible large tap changer range;
h) \stresses due to DC voltage polarity reversal;
1)) possible long term operation with full power;

J) audible noise limit

Converter transformers can be designed in different structures such as single-phase two-
winding transformers, single-phase three-winding transformers, and three-phase transformers
based on their capacity, transportation limitation and spare parts concept, etc.

Technical data can be specified according to Clause B.2.
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11.3.2 Current rating

Sinusoidal current will go through converter transformer windings together with large amounts
of harmonic current in HVDC system operation. A converter transformer is designed to carry
normal current, overload current, and various transient surge currents of HVDC systems. The
system design should calculate the harmonic current up to the fiftieth harmonic.

I'ne 1ollowing current ratings are determined through the system design:

a) maximum continuous current under maximum ambient temperature with the tap changersat
the lowest position and the redundant cooling system in service and out of service;

b) short term (0,5 h to 2 h) overload current under maximum ambient temperature_with’ the
tap changer at the lowest position and the redundant cooling system in service and out of
service;

c) transient surge current.
11.3.3 Voltage rating

A converter transformer is designed to withstand the normal operating voltage and various
overvoltages. The insulation levels of a converter transformer’\are decided through an
insulation coordination study. Generally, the insulation levels and’test voltages of line-side
windings are determined based on the AC bus voltage of the.converter station, while those of
the valve side windings are related to the DC arrester configuration.

In some projects, the insulation levels and test voltages)of transformer bushings are required
to be higher than those of windings. For more information, refer to IEC/IEEE 65700-19-03.

11.3.4 Other rating

Besides current and voltage ratings, otheK parameters of the converter transformer should
also be specified as follows.

a) Rated ratio: the ratio of the liné-side voltage to the valve-side voltage when the tap
changer is at zero tap position.

b) Line-side tap changer rangé: including the number of tap steps and step size. Generally,
on-load tap changers are‘required to have a wide regulation range up to 20 % to 30 %,
especially when reduced DC voltage operation mode is employed.

c) Impedance: rated«impedance and tolerance, as well as the maximum difference between
phases and between star and delta.

d) Temperaturenrise: including the temperature rise of winding, top oil, and hot spots
corresponding to the maximum continuous current when the tap changer is at the lowest
position, and hot spot temperature under overload operation.

e) Continuous DC bias current: the converter transformer should withstand DC bias current
calsed by the coupling between DC and AC lines, the unbalance of the converter valve
firing angle, the potential rise of the ground electrode, and the presence of the second
harmonic at the line side of the converter transformer.

f) Creepage distance of bushing: creepage distances refer to those of line-side HV bushings,

line-side neutral point bushings, and valve-side bushings under pollution conditions in a
converter station or in valve hall.

11.3.5 Rated loss

Losses of the converter transformer include no-load losses at rated voltage, operating losses
at rated voltage, rated current, and rated tap position as well as operating losses at rated
voltage, rated current, and lowest tap position. More detail about converter transformer losses
is given in IEC 61803.
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11.3.6 Test requirements

Converter transformers can be tested according to IEC/IEEE 60076-57-129.

11.4 Smoothing reactor

11.4.1 General

Smoothing reactors play an important role in an HVDC system as they:

a) smooth the ripples in the DC current to avoid intermittent current during low DC power
transmission;

b) decrease the incidence of commutation failures by limiting the sudden rise of current of
inverters caused by rapid voltage changes;

c) limit the DC side short-circuit current;

d) mitigate the surge stress on converters caused by lightning surge from DC lines or
outdoor DC yard;

e) work together with the DC filters to form a DC filtering circuit on the{DC side of a converter
station;

f) change the impedance at the fundamental or second harmonjc frequency of DC circuit.

There are two types of smoothing reactors: dry type .and oil-immersed type. Dry-type
smoothing reactors are simpler to maintain. However, the current and inductance for each
single coil are restrained by the manufacturing capability. Where smoothing reactors with
large current and high inductance are required, it is always necessary to connect several coils
in series, which will result in increase of land occupation. The air core reactors need insulated
supporting structures and specific wall bushings)for connection, which will be exposed to
seismic and pollution environments. Attention’ should also be paid to audible noise and
magnetic field issues.

An oil-immersed smoothing reactor is easy to coordinate with a main circuit solution of large
current and high inductance. The_bushings of an oil-immersed smoothing reactor can be
directly penetrated into the valve\hall, thus greatly decreasing the possibility of pollution
flashover of the external insulation. Therefore, in the system design, the decision on a
suitable smoothing reactor type is taken through comprehensive technical and economic
comparison based on the environmental conditions and DC system requirements.

Technical data can be\specified according to Clause B.3.

11.4.2 Currentratings

The DC cufrent and harmonic current will go through the smoothing reactor continuously in an
HVDC system operation. The smoothing reactor is designed to carry the normal current,
overlead* current and various transient surge currents of the HVDC system. The system
design should calculate the harmonic current up to the fiftieth harmonic.

The following current ratings are determined through the system design:

a) maximum continuous current under maximum ambient temperature and with the
redundant cooling system (for oil immersed type only) in service and out of service;

b) short term (0,5 h to 2 h) overload current under maximum ambient temperature and with
the redundant cooling system (for oil immersed type only) in service and out of service;

c) transient surge current.
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11.4.3 Voltage rating

The smoothing reactor is designed to withstand the operating voltage and various
overvoltages. During system design, the test voltages will be determined, including the DC
withstand voltage, fundamental frequency withstand voltage, switching impulse withstand
voltage level, lightning impulse withstand voltage level, and polarity reversal withstand voltage
level.

For the insulation level of the bushing of an oil-immersed smoothing reactor, refer to 10.3.2.
Dry-type smoothing reactors are not subject to the polarity reversal test and AC voltage test.

11.4.4 Other ratings

a) Inductance: including rated inductance, permissible tolerance of induetance, and
incremental inductance.

b) Temperature rise: it is required that the smoothing reactor satisfies the limits on
temperature rise under various load conditions at the maximum ambient temperature. For
oil-immersed smoothing reactors, the temperature rise includes that of windings, top oil,
and hot spots corresponding to the maximum continuous current,and hot spot temperature
under overload operation.

c) Creepage distance of insulator: for the oil-immersed type( the creepage distance refers to
that of line-side bushings and valve-side bushings ufider contaminated conditions in a
converter station. For the dry type, the creepage distance refers to that of the support
insulators under pollution conditions in a converter) station. For the dry type, creepage
distance refers to that of support insulators.

11.4.5 Losses

For the detail about smoothing reactor losses, refer to IEC 61803.

11.4.6 Test requirements

Smoothing reactors can be tested according to IEC 60076-6.
11.5 Wall bushings
11.5.1 General

The system design should specify the wall bushings. Non-oil design is preferred for bushings
intruding into-the valve hall.

11.5.2 _Current rating
Theeurrent rating of wall bushings should accommodate that of the smoothing reactor.

11.5.3 Voltage rating

The wall bushing is designed to withstand the operating voltage and various overvoltages.
The operating voltage should be the arithmetic sum of the maximum continuous DC voltage
and the RMS voltage of various orders of harmonics. During system design, the test voltages
will be determined, including the DC withstand voltage, switching impulse withstand voltage
level, and lightning impulse withstand voltage level.

11.5.4 Testing requirement

Wall bushing can be tested according to IEC/IEEE 65700-19-03.
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11.6 AC and DC filter equipment

Typically, this consists of high voltage capacitors, dry-type reactors and air insulated air
cooled resistors. This equipment is described in more detail in the IEC TR 62001 series.

11.7 PLC filter equipment

PLC filters may consist of shunt and series elements.

Shunt elements, where used, appear as low MVAr high frequency filters. The HV capacitor
consists of either a coupling capacitor or a conventional HV capacitor. The tuning elements
are generally very small and may be contained in a kiosk.

Series elements, where used, consist of a large wideband tuned line trap.
11.8 Other equipment in DC yard

For other equipment in the DC yard, such as DC switches and(disconnectors, refer to
IEC TR 63014-1 for details.
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Typical control, measurement and equipment
manufacturing tolerance in HVDC systems

T O oY

Parameter Description Typical value

Maximum manufacturing tolerance of relative inductive

od, voltagg drop of converter transformer (dx) within normal £5 %,dyN?
operation DC voltage range

oU, o .e Measurement tolerance of Uy 5 % U4RrN

ol ... Measurement tolerance of /4 10,3 %lyN

Jy Measurement tolerance of y +1,00

J, Measurement tolerance of a +0,5°
Capacitor voltage transformer measurement tolerance of

9Ujio Ui £1,0'% Ugion

a8 The tolerance can be bigger in the reduced voltage range for the converter transformer.

The control parameters depend on the control strategy ‘and the design. Different control
strategies apply, and different control parameters and yvariation ranges exist. Typical values of
the control parameters used in an HVDC system are<iven in Table A.2.

Table A.2 — Control parameters for main circuit calculation

Parameter Description Typical range
o*Aa Firing angle and steady-state variation range 15° £ 2,5°
%min Minimum limiting angle,of.control system 5°
Y Extinction angle range 19° + 2°
U, change corresponding to one ste
DC voltage variation range on the rectifier dNR_ g P 9 . P
) ) operation of on-load tap changer of single
AUd side corresponding to one step change of the
twelve-pulse converter for constant y
taps or-DC voltage control error. control
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Annex B
(informative)

Technical parameters for equipment specification

B.1 Converter valve

Item Unit Rectifier Inverter
1. Current rating A
1.1 normal DC current (/)
1.2 minimum continuous operating DC current
1.3 maximum continuous operating DC current
1.4 temporary overload current and duration
1.5 short time overload current and duration
2. Voltage rating kV
2.1 normal DC voltage, pole to neutral bus (Uygy)
2.2 maximum DC voltage, pole to neutral bus
2.3 maximum DC voltage on neutral bus

2.4 no-load DC voltage

— normal ideal no-load DC voltage (U )

— maximum no-load DC voltage

— minimum no-load DC voltage

2.5 load rejection factor at temporary overvoltage
3. Firing/extinction angle at rectifier/inverter operating (a/y) Deg.
3.1 normal firing angle (ay /%)
3.2 minimum firing angle in continuous operation
3.3 maximum firing angle in contindous operation
3.4 minimum firing angle in temporary condition
3.5 maximum firing anglexat.reduced DC voltage operation
4. Inductive voltage drop, dg %
4.1 normal value
4.2 minimum Value
4.3 maximum value
5. Peak valug”of short-circuit current kA
5.1 peak value of short-circuit current together with re-applied forward
voltage
5.2 peak value of short-circuit current and loops without re-applied
forward voltage
6—stiationtevetandtest-vroltage o
6.1 DC voltage

— between valve terminals

— across multiple valve units

— to the earth

6.2 AC voltage

— between valve terminals

— to the earth
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Item Unit Rectifier Inverter

6.3 switching impulse

— between valve terminals

— across multiple valve units

— to the earth

6.4 lighting impulse

— between valve terminals

— across multiple valve units

— to the earth

6.5 steep front impulse

— between valve terminals

— across multiple valve units

— to the earth
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B.2 Converter transformer

REDLINE VERSION

Unit Line side Y1 A1

1. Normal capacity

MVA

2. Current rating A
2.1 normal current
2.2 current under long-term overload (tap changer at lowest
position)
2.3 current under short-term (tap changer at lowest position)
2.4 harmonic current up to forty-ninth harmonic
3. Voltage rating kV
3.1 normal voltage (tap changer at principal tap)
3.2 maximum steady-state voltage (tap changer at principal tap) kV
4. Short-circuit impedance and tolerance %
4.1 at normal position
4.2 at lowest position
4.3 at highest position
4.4 maximum difference between phases
5. DC biasing current A
6. Insulation level and test voltage kV
6.1 lightning impulse, full wave terminal 1
terminal 2
6.2 lightning impulse, chopped terminal 1
terminal 2
6.3 switching impulse terminal 1
terminal 2
6.4 applied AC voltage, short term (terminal 1+2)
6.5 induced AC voltage, short term terminal 1
terminal 2
6.6 induced AC voltagé,.long term + PD terminal 1
terminal 2
6.7 applied AC voltage, long term + PD (terminal 1+2)
6.8 applied, DC voltage, long term + PD (terminal 1+2)
6.9 DC._polarity reverse + PD (terminal 1+2)
7. Cooling-type /
8..0n-load tap changer
- range
— step size %
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B.3 Smoothing reactor
Unit Parameters
1. Type
2. Normal inductance and tolerance mH
3. Current rating
3.1 normal current (/) A, DC
3.2 maximum continuous current A, DC
3.3 short-term overload current and duration A, DC
3.4 transient fault current (peak) and wave shape kA
3.5 harmonic current spectrum (up to forty-ninth harmonic) A
4. Voltage rating
4.1 normal voltage (Uy,) kv, DC
4.2 maximum voltage kV, DC
5. Insulation level and test voltage
5.1 switching impulse between terminals kV
terminal to the earth
5.2 lightning impulse between terminals kV
terminal to the earth
5.3 chopped lightning impulse between terminals kV
terminal to'thé earth
5.4 DC voltage terminalto the earth kV
5.5 AC voltage (for oil type only) términal to the earth kV
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dimensioning — Part 2: The DC Case

CIGRE TB No. 563, Modelling and Simulation Studies to be performed during the lifecycle of
HVDC Systems
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FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comptrising
all national electrotechnical committees (IEC National Committees). The object of IEC is to_promote
international co-operation on all questions concerning standardization in the electrical and electronie,fields. To
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as "IEC
Publication(s)"). Their preparation is entrusted to technical committees; any IEC National Committee interested
in the subject dealt with may participate in this preparatory work. International, goverimental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC ‘collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

The formal decisions or agreements of IEC on technical matters express, as nearly)as possible, an international
consensus of opinion on the relevant subjects since each technical committee "has representation from all
interested IEC National Committees.

IEC Publications have the form of recommendations for international useyand are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to_ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the_way in which they are used or for any
misinterpretation by any end user.

In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access)to’I[EC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

All users should ensure that they have the latest edition of this publication.

No liability shall attach to IEC or its ditecters, employees, servants or agents including individual experts and
members of its technical committees and' IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

Attention is drawn to the Nérmative references cited in this publication. Use of the referenced publications is
indispensable for the corteet application of this publication.

IEC draws attention~tothe possibility that the implementation of this document may involve the use of (a)
patent(s). IEC takes“ao position concerning the evidence, validity or applicability of any claimed patent rights in
respect thereofqAs-of the date of publication of this document, IEC had not received notice of (a) patent(s),
which may beSrequired to implement this document. However, implementers are cautioned that this may not
represent _the latest information, which may be obtained from the patent database available at
https://patents.iec.ch. IEC shall not be held responsible for identifying any or all such patent rights.

This €consolidated version of the official IEC Standard and its amendment has been
prepared for user convenience.

IEC TR 63127 edition 1.1 contains the first edition (2019-06) [documents 115/195/DTR
L~ and 115/203/RVDTR] -and its amendment 1 (2024-04) [documents 115/361/DTR and

115/364/RVDTR].

This Final version does not show where the technical content is modified by
amendment 1. A separate Redline version with all changes highlighted is available in
this publication.
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The main task of IEC technical committees is to prepare International Standards. However, a
technical committee may propose the publication of a technical report when it has collected
data of a different kind from that which is normally published as an International Standard, for
example "state of the art".

IEC TR 63127, which is a Technical Report, has been prepared by IEC technical
committee 115: High Voltage Direct Current (HVDC) transmission for DC voltages above

100 kV.
This document has been drafted in accordance with the ISO/IEC Directives, Part 2.

The committee has decided that the contents of this document and its amendment will\remain
unchanged until the stability date indicated on the IEC website under webstore.iec.ch in the
data related to the specific document. At this date, the document will be

e reconfirmed,

e withdrawn, or

e revised.
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INTRODUCTION

HVDC is an established technology that has been in commercial use for more than 60 years.
With the changes in demands due to evolving environmental needs, installation of HVDC
systems has increased dramatically in the last 30 years and more than half of HVDC projects
were commissioned after the year 2000. HVDC has become a common tool in the design of
future global transmission systems.

HVDC systems transmit more electrical power over longer distances than a similar alternating
current (AC) transmission system, which means fewer transmission lines are needed, saving
both money and land and simplifying permissions. In addition to significantly lowering
electrical losses over long distances, HVDC transmission is also very stable and-easily
controlled, and can stabilize and interconnect AC power networks that are .Otherwise
incompatible. Typically line-commutated converter (LCC) HVDC systems provide “unique or
superior capabilities in the following aspects:

e |ong distance bulk power transmission;
e asynchronous interconnections;

¢ long distance cable;

e controllability;

e lower losses;

e environmental concerns;

e limitation of short-circuit currents.

Simply due to these technical merits, the market-demand for HVDC transmission technology
is spreading widely over the world. There are many HVDC power transmission systems with a
DC voltage from 50 kV up to 1 100 kV in différent countries.

The fast development of the HVDC power transmission and distribution industry has been
accompanied by IEC standardizationcwork. More than 40 IEC documents, from DC equipment
to DC systems, have been published. Among these, the IEC TR 60919 series, |IEC 60633,
IEC 60071-5, the IEC TR 62001.series and the IEC 60700 series provide essential information
for the design and operation of \HVDC power transmission systems.

However, this document provides only a basic guide and refers to typical numbers and
examples. Other pointsyand values may also be valid in particular cases and should also be
considered accordingly.



https://iecnorm.com/api/?name=5da74f0dfc0274d69c3757cfcd260035

IEC TR 63127:2019+AMD1:2024 CSV -9- FINAL VERSION
© IEC 2024

GUIDELINE FOR THE SYSTEM DESIGN OF HVDC CONVERTER
STATIONS WITH LINE-COMMUTATED CONVERTERS

1 _Scope

System design is the basis of construction and operation of HVDC systems. It defines the
overall philosophy for the HVDC transmission system and enables the ratings ,and
specifications for the equipment integrated in the project.

This document focuses on the system design of converter stations. It is applicable 'to ‘point-to-
point and back-to-back HVDC systems based on line-commutated converter (LGC)/technology.

This document provides guidance and supporting information on the prec¢edure for system
design and the technical issues involved in the system design of HVDC transmission projects
for both purchaser and potential suppliers. It can be used as the-basis for drafting a
procurement specification and as a guide during project implementation.

2 Normative references

The following documents are referred to in the text in such a way that some or all of their
content constitutes requirements of this document{For dated references, only the edition
cited applies. For undated references, the latest edition of the referenced document (including
any amendments) applies.

IEC 60633, High-voltage direct current (HVRC) transmission — Vocabulary

3 Terms and definitions
For the purposes of this document, the terms and definitions given in IEC 60633 apply.

ISO and IEC maintain terminological databases for use in standardization at the following
addresses:

e |EC Electropedia’available at http://www.electropedia.org/

e |SO Onlinetbrowsing platform: available at http://www.iso.org/obp
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4 Symbols

4.1 Letter symbols for variables

Uy DC voltage between the pole and the neutral bus at the line side of the smoothing
reactor

UqL DC voltage of pole line to ground at the measuring point

1y DC current

Ugmeas Measured DC voltage

Pt power setting at the line side of the smoothing reactor in the rectifier station

Xi commutation reactance, including converter transformer reactance and other
reactance in the commutation circuit that will affect the commutation process

P, on-load losses of converter transformer and smoothing reactor when asix-pulse
converter is operating at rated capacity

Rin equivalent resistance of the voltage drop of the thyristor valve (curfent dependent
resistance of the thyristors)

Udgio ideal no-load DC voltage of six-pulse converter

Ux relative converter transformer inductive voltage drop (shart-circuit reactance)

Upic relative voltage drop of AC PLC filter reactors

dy relative inductive DC voltage drop of converter

d, relative resistance DC voltage drop of converter

Ut forward voltage drop of converter valve under conducting state

dytotR total relative inductive DC voltage drop ©f converter — contains both commutation
circuit reactance and the system impedance converted onto valve side

Pyc active power of converters

Oconv reactive power consumption ofindividual converter

Os reactive power supplied by filters

Ssc short-circuit capacity of°\AC bus

Ry total resistance of DE€-transmission line at each pole

Rg resistance of electrode

Ry resistance ofelectrode line

Sh rated capacity of a three-phase converter transformer connected to a six-pulse
valve group

Sn3w rated capacity of a single-phase three-winding converter transformer connected
to_a 12-pulse valve group

Snow rated capacity of a single-phase two-winding converter transformer connected to
a 12-pulse valve group

b, valve side line voltage of converter transformer

I, valve side line current of converter transformer

U, line voltage of line side of converter transformer

Mrom rated ratio of converter transformer at normal tap position

n needed OLTC range of converter transformer

An step size of converter transformer OLTC

Ly total inductance from DC side

Ly, smoothing reactor inductance

Ly converter transformer inductance per phase

overlap angle
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o delay angle

y extinction angle

Oiotal total reactive power supplied by AC filters and shunt capacitors at normal voltage

Osp reactive power supplied by the largest AC filter or shunt capacitor sub-bank at
normal voltage

Oac reactive power supplied by AC system (negative value means the capability to
supply reactive power by AC system)

Odc reactive power consumption of converters

K, voltage correction factor, normally 0,95 to 1,05

O, total reactive power absorbed by the shunt reactors of converter station at nérmal
AC voltage

Ofmin capacity of the minimum filter combination which shall be switched in to.meet the

harmonic performance requirement at normal AC voltage
AUpc dynamic voltage change because of sub-bank switching
Orilter reactive power capacity of the filter or shunt capacitor sub-bank'to be switched

Y Osniter Feactive power capacity of the filter or shunt capacitor subtbanks in operation
after switching

AQqc change of reactive power consumption of converters.due to sub-bank switching,
which sometimes can be ignored

4.2 Subscripts

N normal value of the variables

R value of rectifier side

I value of inverter side

max maximum value of the variable

min minimum value of the variable

5 Overview of HVDC system design

5.1 General

In implementing HVDE ‘projects, the purchaser or the supplier will do preliminary system
design work to prepare the various required documents needed by the project. Specific
studies and simulations are conducted during the system design to find the optimal project
schemes and to\demonstrate performance. As a minimum, the following main system features
should be determined:

e HVDC'system ratings;

o HVDC system operation configurations and control modes;

e~ \reactive power compensation and control;

¢ harmonic filtering;

e AC/DC interaction and control;
e insulation coordination;

e environmental impacts, such as audible noise, electromagnetic fields, etc.

The system design may be conducted in several phases by different parties, such as
purchaser or supplier, during planning, bidding, detailed design stages, for example, as
shown in Figure 1. Different tools and models may be introduced in the system design
because of different targets or designs at each stage. One should be very careful to adopt the
tools and models in a coordinated manner.
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A functional specification for the project is usually prepared by the purchaser before the
detailed design. It may consist of project objectives and conditions, grid codes, targeted
system performance requirements and operation regulations, etc. This functional specification
should be treated as both providing inputs and the guide for the system design of an HVDC
project. Because the final technology solution is undefined before the detail design stage, it is
always necessary to reserve adequate space in the functional specification for further
optimization. The owner will issue the specification as a document for bidding if this is a turn-
key project. After evaluation of bidding for the specific technology solution. especially for

HVDC control, the owner may choose the appropriate solution. Thus, the system features
listed above will be studied in more detail based on the chosen technology solution and somé
additional studies and surveys usually need to be performed to finalize the system design/
Finally, all the equipment ratings and specifications will be prepared.

The flowchart of an HVDC system design is summarized in Figure 1.

AC system conditions:
Voltage variation range
Frequency variation range
Short circuit current
Pre-existing harmonic, etc.
Referto 6.2, 6.3

<— | HVDC System Planning |Systefm-design Phase |

System requirements:
Overload capability
Voltage control
Frequency control, etc.
Refer to 6.4

Y

f

Functional Specification| System design Phase Il

A

Detail Design <

Environmental conditions:
Onsite temperature
Seismic condition
Pollution condition, etc.
Refer to 6.1

Y

\

Stage Output
Main circuit diagram
Main circuit parameters -
Insulation coordination Evaluation of Study
Reactive power balance and control Resu[ts apd
AC/DC filter design Determination
Control and protection system design
Refer to Table 1

y

\

Final Design

Y

Design Output
Main circuit equipment technical
specifications
Dynamic performance study of DC

system
DC system design, etc.
Refer to Table 1

IEC

Figure 1 — System design in an HVDC project
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5.2 Formulation of system design
5.21 HVDC system ratings

HVDC system ratings are defined by transmission capacity, DC voltage and DC current.
These ratings are evaluated and selected according to considerations such as the exploitation
and the market of energy, the conditions and requirements of power grids, the grid code, the
transmission distance, the transportation of bulk equipment, the amount and payback of

investment together with the environmental conditions, etc.

The capacity is the first item which the purchaser decides on in the planning stage as well ‘as
the DC voltage for a long-distance transmission project. Other ratings can be optimized\and
finalized in the following design stages.

5.2.2 HVDC system configuration

The HVDC system configuration is normally chosen according to the function and rating of the
HVDC system, the environmental requirements, the reliability and availability requirements
and other similar high-level functional requirements. A preliminap_configuration will be
suggested prior to other system design work and the final single line‘diagram of the converter
station will be finalized by the detail design.

5.2.3 Reactive power compensation and control

The converter consumes reactive power in operation( 1t is necessary to design the reactive
power compensation scheme along with the HVDC\équipment and control strategy to align
with the AC system conditions and requirements. This compensation scheme will be
estimated and proposed during planning andthen formulated and verified during the detail
design together with the related control strategy:

Although most of the reactive power to .be'compensated is inside the converter station, there
will still be some reactive power exchange with the AC system. The capability of the AC
system to exchange reactive powerneeds to be specified in the planning.

5.2.4 AC/DC interaction and control

The AC/DC interaction.study should be conducted in different phases to demonstrate stable
operation and performance of the power grid after integrating the HVDC link. The power flow
and stability study should include at least

e starting and:stopping of HVDC system,

o steady-<state operation,

e AC-system faults, and

e . DC 'system faults.

Especially when the short-circuit ratio (SCR) is low, the commutation failure and recovery
procedure of the HVDC system after faults should also be carefully studied. The use of

capacitor commutated converters (CCC) or controlled series compensated capacitors (CSCC)
may be considered as an option for improvement of HVDC operational performance under low
SCR condition. For multi-infeed systems, those converters which will impact the study result
should be represented in the studies.

AC/DC interaction is normally studied by digital simulation. In the planning stage a simplified
HVDC model may be used when the detailed model is unavailable. This simplified model
should have enough precision and the study result should cover all the possible situations in
practice. The stable operation and performance of the power grid will be demonstrated and
proved by detailed modelling with the actual control in the detailed design. The IEC TR 60919
series provides guidance on specifying the requirements.
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Besides the normal power flow and stability study, some special studies may be needed such
as a sub-synchronous resonance study, frequency control study, low frequency oscillation
damping control study and other such studies. In most cases, mitigation of these resonances
or oscillations can be achieved by HVDC control. Therefore, in the planning stage, some
scanning studies may be conducted to check the necessity for further study and solution
formulation in the detailed design.

T LIA AL

Insulation coordination is closely related to the safety and cost of HVDC projects. Thus, it(is
necessary to predict the insulation level for a HVDC system even in the planning stage.\The
detail design will formulate the final arrester protection scheme and verify that the predicted
insulation level can be achieved by simulations such as

o fundamental frequency overvoltage,
e overvoltage caused by resonance,

e temporary overvoltage, and

e transient overvoltage.

5.2.6 AC/DC harmonic filtering

The converter will produce harmonics on both the AC and the DC sides during operation.
These harmonics vary in different operation modes, incldding different configurations, control
modes and transmission powers, etc. AC side harmoniCs, should be mitigated to levels agreed
with the connected utilities. DC side harmonics should,also be mitigated to levels agreed with
the affected telecommunication companies.

The complete filtering solution and component specifications will be provided by AC/DC
harmonic filtering study and design. For further information, refer to IEC TR 60919-1 and the
IEC TR 62001 series.

5.2.7 Environmental considerations

The HVDC system can impactthe environment and vice versa. Audible noise, electromagnetic
field, earth current (in seme operation configurations) and radio interference are major
environmental impacts.from the HVDC system. Pollution, earthquake, temperature, etc. are
major impacts from thé environment. Surveys on environmental effects should be conducted
before the system design.

5.3 System-studies and simulations

In order\to evaluate and determine the system characteristics, applicable quantitative
specification and system performances, various kinds of system study and simulation are
required during the system design.

A summary of studies and simulations is listed in Table 1.
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Table 1 — Studies and simulations in HVDC system design
No. Study/Simulation Input Output

Main Circuit Parameter
calculation

Capacity and topology of HVDC system,

Basic control strategy,

DC transmission line and cable parameters,

Steady state characteristics
and ratings

Eicutluulc dlluI cicbtluu'c ;;IIU paIaIIIUtUID (das
applicable),
Normal voltage and its steady-state range of
AC bus
2 Reactive Power Main circuit parameter calculation, Total amount of compensation,
Compensation . . . \
AC network condition Permissible reactive units and
their capacity
3 AC system equivalent AC network data Equivalents for.relevant
simulations sueh as AC/DC
transient/dyhamic simulation
and fundamental overvoltage
studyefc.
4 Temporary overvoltage | Main circuit parameters, @vervoltage and depression
and ferro-resonance ) . strategy
Reactive power compensation,
HVDC equipment characteristics,
Control & Protection characteristics,
AC network data or equivalent
5 DC Resonance Study Main circuit parameters, Evidence to determine:
Reactive power compensation, size of smoothing reactors,
AC/DC parallel line intetraction, size of DC filters,
HVDC equipment‘eharacteristics, equipment ratings
Control & Pretection characteristics,
AC network/data or equivalent
6 Insulation Coordination | Main circuit parameters, Arrester protection scheme,
\ ) LIPL/LIWV and SIPL/SIWV
Reactive power compensation,
AC/DC harmonic filtering,
HVDC equipment characteristics,
Control & Protection characteristics
AC system equivalent
7 AC systemharmonic AC network data AC system harmonic
impedance scan impedance
8 AC/DC Harmonic AC system harmonic impedance, AC/DC filter scheme,
Filterin
9 Main circuit parameters, Component ratings
Reactive power compensation,
HVDC equipment characteristics,
Control & Protection characteristics
9 Dynamic performance AC system equivalent, Control & Protection
simulation and L characteristics
verification Main circuit parameters,
Reactive power compensation,
Control & Protection characteristics
10 Power flow and AC network data, Power flow and stability,

stability study

Main circuit parameters,
Reactive power compensation,

Control & Protection characteristics

Required additional control
function, such as frequency
control, damping control, etc.
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No. Study/Simulation Input Output
11 Subsynchronous Main circuit parameters, Confirmation of
Torsional Interaction . ) subsynchronous oscillation
between HVDC & Reactive power compensation, (SSO),
Generator Control & Protection characteristics,

Subsynchronous damping
AC network data control (SSDC) specifications?

Detailed generator characteristics

12 AC/DC parallel line AC and DC line parameters, Induced fundamental frequency
interaction study, if . voltage and current on the DC
applicable Main circuit parameters, side and influence on the

DC harmonic filtering converter transformers

13 Transient current Main circuit parameters, Transient current ratings.

Reactive power compensation

14 AC Breaker /DC Main circuit parameters, Ratings of breaker

Switch study . )
Reactive power compensation,

AC/DC harmonic filtering,

HVDC equipment characteristics,

Control & Protection characteristics,

AC system equivalent

15 Availability & Main circuit arrangement, reactive power Control & protection
Reliability study compensation and connection schemey redundancy requirement,
Control & Protection characteristics, Mandatory spare

auxiliary system, etc. and design-target of
force outage, rate and schedule/outage

a8 SSDC specifications can been designed later if some,input is not clear.

6 Determination of design conditions and requirements

6.1 Environmental conditions and requirements

The meteorological data, such.@s ambient temperature, atmospheric pressure, humidity, wind
direction and velocity, rainfall'and snow, and solar radiation intensity, are always needed for
HVDC system design. The above data and their intended utilizations are listed in detail in
IEC TR 60919-1.

Seismic requirements should be specified for the design of converter station buildings
including valyethalls as well as for equipment design.

The deposition of contamination particles over insulator surfaces could be more severe under
DC valtage than under AC voltage. The pollution condition is ordinarily specified in equivalent
salt(déposit density (ESDD, mg/cm?) for the creepage design of HVDC equipment. ESDD will
differ according to meteorological conditions, contamination content, type of insulators and
other such factors. It is crucial to adopt a reasonable ESDD for an optimized design.
Increasingly composite insulators are used in converter stations where the ESDD is very high,

for example higher than 0,1 mg/cm2. Another alternative in a heavy pollution area is to use an
indoor DC switchyard especially for ultrahigh-voltage direct current (UHVDC) projects. For
more information the designer can refer to IEC TR 60919-2 and CIGRE TB 518.

Altitude correction is needed for the external insulation design of converter station equipment
when the station is located at higher than 1 000 m above sea level. Guidance for altitude
correction is given in IEC 60060-1, IEC 60071-1 and IEC 60071-5.

The effect of an HVDC system on the environment or surroundings will also influence the
scheme of HVDC links, which includes earth current, audible noise, radio interference, etc.
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In some countries and states, earth current is strictly limited or prohibited because of risk of
interference with underground installations. Thus, the choice of HVDC system configurations
and operation modes will be limited.

Audible noise is one of the main concerns in many countries. Audible noise reduction
measures might be required for converter transformers, smoothing reactors, AC filters and
other noise sources. Further details are given in IEC 61973.

In the case of radio interference and telecommunication interference, RI/PLC filters and DC
filter are often designed and installed. An AC filter could diminish the interference to the
telephone systems.

6.2 DC transmission line (cable) and earth electrode
6.2.1 Parameters of DC overhead transmission line
The data required for modelling the HVDC transmission line include the following:

a) conductor type;

b) conductor structure, including the respective numbers and diafneters (mm) of aluminium
and steel strands in pole conductors;

c) cross section (mm2) of conductor, including respective cross sections of aluminium and
steel strands;

d) outer diameter (mm) of conductor;

e) DC resistance of conductor per kilometre at 20 °C(£2/km);

f) length of transmission line;

g) number of conductor bundles per pole and spacing between bundles;

h) attaching height, horizontal distance andisag of conductors and ground wire on tower.
Owing to the uncertainties of the right of way at system design stage, transmission power and
temperature, among others, the total*DC resistance of the transmission line can be various.
The variation in DC resistance \caused by temperature can be calculated for aluminium

conductors using Formula (1).cFor other conductor materials, the resistance calculation can
refer to specific specifications\

AR = 0,004 1x Ryy x (T —20 °C)

where

T is the ¢onductor temperature in °C;

R,y is the-eonductor resistance at 20 °C.

Differeqit DC resistances are used in the calculation of main circuit parameters of the HVDC
system to define the worst-case scenario. It should be noted that different causes may alter

the: DC resistance in different directions. For example, the minimum DC resistance at low
power and at maximum power may differ substantially for a long HVDC line. The reasonable
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To carry out the DC filter design and the DC system resonance study, detailed DC line
parameters as listed above are required, including shielding wire configuration. For a
long-distance DC transmission project, the geographical conditions vary along the line
corridor resulting in different towers and earth parameters. It can be difficult to model all the
cases one by one. A practical way is to summarize the proportion of each geographical
condition along the whole line, such as plains, hills and mountains, and then to calculate the
average parameters.
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The soil resistivity varies along the HVDC transmission line and the electrode line corridors,
which is typically within several hundred Q-m.

6.2.2 Parameters of DC cable

Historically, several types of cables, including polyethylene (PE), ethylene propylene rubber
(EPR), paper-insulated oil filled cables and mass-impregnated cables, have been used in

submarine HV/DC prnjnn+e The choice of cable fypn is_determined h‘,’ the transmission power

and length.

Regardless of the type, the following cable electrical parameters are needed as a minimum_for
an HVDC system design:

a) inner radius of each conducting layer;

b) outer radius of each conducting layer;

c) resistivity of each conducting layer;

d) relative permeability of each conducting layer;

e) outer radius of each insulation layer;

f) relative permittivity of each insulation layer;

g) relative permeability of each insulation layer.

The IEC 60287 series provides more information.

6.2.3 Parameters of electrode line and ground electrode

When the DC system is allowed to use the ground return operation, the parameters of the
ground electrode lines and ground electrodes are an integral part of the DC circuit and
therefore are a necessary input for the relevant studies and simulations, such as the main
circuit parameter calculation, DC filter design and control and protection system. For specific
parameter requirements, refer to 6.24\Jand 6.2.2. IEC TS 62344 provides relevant details
about the design of electrode stations; Where several projects share one common electrode,
the main circuit arrangement, rated.parameters and operation mode of the other projects need
to be provided for ground systenmiiprotection purposes.

6.3 AC system conditiohs
6.3.1 Operating scenarios of AC/DC system

The operating scenarios of the AC/DC system are defined by the combination of DC
transmission pewers, generator(s) in service and loads.

The typical.operating scenarios of the AC/DC system need to be defined for the project in the
system) "design and study. Some additional scenarios such as emergency operation,
commissioning operation or stage operation also need to be considered because they may
cause higher stresses on the HVDC equipment if the design of the equipment is based on
them. Since these additional scenarios appear just in the early stage of the project or very
rarely through the project life, an alternative option for the customer is to design the HVDC

system for normal operaling conditions and laier on verify the design under special scenarios
to avoid additional investment. In this case, reduced power or other degradation in
performance of the DC system may be acceptable for operation.

6.3.2 AC system modelling

AC system data should generally be provided by the purchaser, which includes all the data
necessary for system modelling such as:

a) lines, transformers, reactive power compensators;

b) generators and their regulators such as excitation regulator, prime mover, governor, PSS;
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c) unit commitment and load model;

d) configuration, parameters and control model for power electronics based devices (e.g.
HVDC, FACTS, STATCOM, SVC, etc.).

AC system modelling should follow the guidance in CIGRE TB 563.

Some special studies, such as the subsynchronous oscillation study, also need the spring

mass parameters of the generators.

The configuration of AC lines at various voltage levels in the vicinity of the DC transmission
line is needed while performing interaction studies with parallel AC lines.

6.3.3 Relevant AC system protection

The AC system protection scheme is needed for DC system design, including the fault
clearing time for normal and backup protection, and the time sequence fortsingle-phase or
three-phase auto-reclosing.

The HVDC system design needs to be properly coordinated with thé ‘overvoltage protection of
AC components. The DC system normally remains in opgration and withstands the
overvoltages during AC system faults. The overvoltage caused by the sudden loss of
complete or partial DC power due to DC faults needs to.be depressed to below the level
where the AC component overvoltage protection will nofcoperate, by switching sub-banks or
other effective methods. Switching banks can also~be' adopted if it is allowed by the
interrupting capability of bank breakers.

The parameters of nearby AC arresters are needed in the insulation coordination study of the
converter station, including rated voltage (kV;"RMS value), continuous operating voltage (kV,
RMS value), and switching impulse protective‘level (kV, peak value).

6.3.4 Reactive power supply and_absorption

Converter stations balance the reactive power demand mainly by on site self-compensation.
However nearby generators orldeactive power equipment installed in connected grid can also
supply or absorb reactive power and the same should also be considered, as appropriate, to
reduce the amount of reactive compensation to be provided in the converter station.

The reactive power flow may vary with AC system conditions, which can be determined
through power flow, studies. The following information needs to be provided:

o permitted steady-state voltage range under different load levels;

e reactive power demand from other nearby loads;

e number of generators in service;

e <-maintenance of important AC line(s) to power station;

e power factor of feeding unit;

e minimum active power limit of generator;

e self-excitation limit.

Typically the rated power factor of a generator is 0,85 to 0,9. When calculating the reactive
power supply of the AC system, a higher power factor for the generator (0,92 to 0,95) is
recommended in a more conservative way.

The HVDC power normally remains unchanged after slight AC network contingencies but can
run back under emergency conditions to improve network stability. If HYDC power runs back
under AC system contingencies, the reactive power supply can be decided according to the
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conditions before the contingencies, otherwise the conditions after the contingencies should
be adopted.

Generators can absorb reactive power in leading phase operation. However the leading phase
operation with a lower power factor may result in overheating of the exciting winding, and
even destabilize the AC system; therefore it is not recommended unless the generator is
specifically designed for such operation. When using generators to absorb excessive reactive
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exceed -0,95.
6.3.5 Short-circuit current or capacity

The interconnected AC system strength impacts the HVDC system design. A weak AC system
will give rise to special requirements and extra costs for HVDC projects, such, as special
control strategies, need for multiple small reactive power sub-banks .and” additional
synchronous condensers or other static reactive power devices, Ilike> synchronous
compensator (STATCOM), static var compensator (SVC), TCSC, SCC, etct The increase in
the number of connections of renewable energy sources nowadays is leading to a decrease in
system strength.

The short circuit ratio (SCR) is used to evaluate the strength of\an AC system terminated to
the HVDC link especially in planning stage. Considering the negative contribution of AC filter /
shunt capacitor banks on the short-circuit current/capacity, the effective short-circuit ratio
(ESCR) is usually given.

A STATCOM installed inside or near the converterstation could improve the adaptability of
the HVDC system to the AC system. In order to optain enough ESCR, the capacity of installed
STATCOM can be evaluated by the formula ESCR = (S; + 204441) / Pycn» Where Qg is the
capacity of STATCOM. The performance of. STATCOM should be demonstrated by simulation
with real control in detail design.

A capacitor commutated converter (€CC) HVDC converter could improve the adaptability of
the HVDC system to a weak AC system, too, as an alternative to STATCOM. This solution can
be used to adapt the HVDC system to a weak AC system with an effective short-circuit ratio
down to 1.0, as per 5.1.2 of CIGRE TB No. 352.

Both the maximum and,the minimum three-phase short-circuit current can be specified for
HVDC system design.and study. Which short-circuit current will be used for a specific design
or study can be decided on a case-by-case basis in order to derive maximum equipment
stresses. For example, the maximum short-circuit current is usually used to determine the
surge currentSrating of equipment such as valves and smoothing reactors. The minimum
short-circuit-'eurrent is normally used in studies such as fundamental frequency overvoltage
study and A€ side transient overvoltage study.

For (phojects constructed in stages, the short-circuit currents and HVDC power can vary from
stage to stage. The SCR can be identified in each stage and scenario.

The calculation of the short-circuit current can be carried out using conventional system

stability programs.
6.3.6 AC bus voltage

The steady-state voltage range and short-term voltage range are determined through an
AC/DC system study. The steady-state voltage range can be decided through a load flow
study on typical operating scenarios and a normal voltage should be defined within this range
for HVDC system design. The normal voltage is the most probable voltage on all typical
operation scenarios.
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A stability study on typical operating scenarios is recommended to decide the short-term
voltage range. Generally, the following operation scenarios need to be considered while
determining the short-term voltage range:

a) tripping a faulted AC line in the vicinity of the converter station;

b) loss of the maximum generator/load in the vicinity of the converter station;

c) blocking of a monopole in a bipolar HVDC system or blocking of one converter unit or

more Iin a back-to-back station containing several such units;

d) blocking of some or all converters of another HVYDC system connected to the same AC
system,;

e) DC line fault and recovery;

f) commutation failure and response.

The steady-state voltage range is used to determine the tap changer steps of\the converter
transformer. The normal voltage of the converter station AC bus voltage is»mainly used to
determine the voltage of the principal tap of the converter transformer~and also the rated
capacity of the AC filter/shunt capacitor sub-bank. When the converter AC-bus voltage varies
beyond the steady-state voltage range but is still within the short-term‘voltage range, the DC
system is normally required to start safely and operate reliably, bt the requirements of the
DC system performance could be lower, for example, operation with-reduced power.

6.3.7 AC system frequency

The frequency variation range of the converter stationfAC bus is an important input condition
for the DC side resonance study and the design of main"equipment, especially the filters.

The power system operation regulation defines’ the normal frequency range. Post-disturbance
frequency range is normally determined threaugh an AC/DC system study. For HVDC system
design, the power systems at the sending énd and receiving end have different characteristics
of frequency variation if these two systems*are asynchronous or split due to some disturbance.
The fault cases are listed in 6.3.6 a) to f). The frequency variation range should be compatible
with the AC system protection settings; especially for generators and motors.

Normal and post-disturbed frequency range can be represented in the form of the envelope
curve. For a 50 Hz system, one example of this curve is given in Figure 2. In this example, the
frequency can rapidly rise~or fall to the extremes of 50,7 Hz or 49,0 Hz during a fault or
serious disturbance, and-then recover to 50,5 Hz or 49,5 Hz within 10 min after disturbance
clearance, and gradually recover to 50 Hz £ 0,2 Hz within 40 min following the frequency
versus time response represented by the two envelopes. Figure 2 is to be interpreted as an
envelope encompassing all of the expected transient frequency variations of the AC systems.
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Figure 2 — Example of schematic diagram of AC system frequeney variation range

6.3.8 Pre-existing harmonic and negative sequence voltage

The pre-existing harmonics and fundamental frequency's_ negative sequence component on
the AC bus at converter station are basic inputs for AGIDC filter design, which are usually
expressed as a percentage of fundamental voltage. Modelling of pre-existing harmonics is
discussed in detail in IEC TR 62001-3.

The pre-existing harmonics are generally obtained through on-site harmonic measurement
and harmonic power flow calculation. To_‘%valuate the pre-existing harmonic, continuous
harmonic measurements covering both_‘rélevant substations and AC lines need to be
performed. The measurement should, be* performed on all accessible voltage levels with
harmonic sources and include typical scenarios.

Predictive calculation of pre-existing harmonics can be performed on various typical scenarios
of the AC system besides the:actual test result. The harmonic sources used for the calculation
should consider the load growth and planning of specific harmonic producing loads, for
example, electric railwaysi.power electronic devices, other HYDC converter stations, domestic
and commercial loads.-Based on the calculation of harmonic power flow, and suitable margin,
the pre-existing harmanics of a converter station can be determined.

The negative ssequence voltage from an unbalanced AC system will cause odd triplen
harmonics ,in_the converters. A third harmonic AC filter might be required. The negative
sequence voltage will lead to an increase of the rating of DC side components, particularly the
HV capagitor of DC filters.

Detailed information about pre-existing harmonic influence on the AC filter and DC filter
design can be found in the IEC TR 62001 series and CIGRE TB No. 92.

6.4 Requirements for HVDC systems arising from AC/DC interaction

An HVDC system can help to improve the efficiency, safety and stability of the power system
when it has well designed functions and performances, such as overload capability, dynamic
response requirements, reactive power or voltage control, damping of low-frequency power
oscillation, damping of subsynchronous oscillation, frequency control, emergency power
control, coordination of parallel AC and DC operation and coordination among multiple DC
systems, if applicable. The specification for these functions and performances can arise from
an AC/DC interaction study.
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In some contingencies, for example, one pole failure in a bipolar system, a generator trip or a
loss of parallel AC or DC link, an overload operation is normally expected temporarily, for a
short time or continuously. The duration and amount of overload are decided by the capability
of the AC system to withstand loss of power through a power flow and stability study.

The HVDC system step response and recovery after interruption of power or fault clearing are

crucial to the power system's stability especially for weak AC systems. For example, an
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DC system faults. The requirement for HVDC behaviour can be derived and verified through
the power system stability study. Parameters of HVDC controllers should be optimized in the
study under given AC system conditions.

The HVDC system can be utilized for damping low-frequency power oscillation by medulation.
Through eigenvalue analysis, the necessity and sensitivity of DC modulation can_be obtained
and a specific controller can be designed and verified when needed.

The HVDC system can also be used to depress subsynchronous oscillation (SSO) which
might occur when thermal generators directly feed HVDC converters.\I'he unit interaction
factor (UIF) scanning method is recommended in IEC TR 60919-3)t0 screen for such a
possibility. Additional damping control functions can be designed and ihtegrated in the control
system if needed.

The DC system may be required to limit large frequency changes of the AC systems through
power modulation. This modulation function will be designed and verified by power system
simulation. The parameters of frequency control should be optimized considering factors such
as the AC network capacity and frequency-dependent characteristics of load and generators.
This function can help to stabilize the frequency of'some AC systems.

The AC voltage might change due to thé HVDC system or the AC system itself. The
magnitude and change of the voltage on the AC bus in or near the converter station should
always be in accordance with the power, system grid code during HVDC operation or after trip.
The HVDC system needs to be designed to help maintain the AC voltage at or near the
converter station within an acceptable range mainly through its automatic reactive power
control.

If multiple HVDC transmission systems or AC/DC parallel transmissions are used to transfer
power to and/or from ‘the same region, the dispatching and coordinating of HVDC
transmission needs to-be studied and designed to ensure power system efficiency during
steady operation aswell as safety and stability after serious AC or DC faults.

6.5 AC system'equivalents
6.5.1 General

Simulations and studies should be carried out according to 5.2. Owing to the limitation of the
scale of the simulation tools, an equivalent AC system is usually used instead of the complete
AC system. Different AC system equivalents are used for different studies.

6.5.2 Equivalent for AC/DC system dynamic or transient simulation

The equivalent network for AC/DC system dynamic/transient simulation should have similar
static and dynamic characteristics as the complete network, including:

e power flow of retained network;

e short-circuit current;

e the recovery characteristics of converter station AC bus voltage after disturbance;

e the power swing of retained generators after disturbance;
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e harmonic characteristic.

The equivalent network can be obtained by the static equivalent method more easily than by
the dynamic equivalent method. Although the latter can provide a more realistic AC system
characteristic, it is usually too complicated to apply. When a complicated power system is
simplified, the resistance of mutual impedance in the matrix may appear as negative. The
negative impedance needs to be handled through some appropriate measures which are
acceptable from the project point of view.

This equivalent network is mainly used for the following purposes:

a) evaluation of DC control and protection functions;

b) evaluation of the performance of the AC/DC system for different DC system) eontrol
models;

c) evaluation of DC system performance for DC side disturbances such as converter blocking,
pole blocking, DC line faults and valve winding faults;

d) demonstration of the DC system response in accordance with the'specified response
criteria;

e) demonstration of the DC system transient response for reattive bank and sub-bank
switching;

f) study of the interaction between the DC system and-the local machines during
disturbances;

g) factory testing of actual site controls;

h) evaluation of the performance of the DC system<during severe AC faults and subsequent
fault clearing, when the AC voltages are reducéd and distorted;

i) switching overvoltage study of the AC/DC{system and ferro-resonance study on the AC
side;

j) transient overvoltage study of the DC.system caused by unsymmetrical faults in the AC
system.

6.5.3 Impedance equivalent for AC filter design

The definition of system harmionic impedance is a compromise between the need to avoid
resonance conditions and the*need to minimize excessive over-rating of the filter equipment.
The harmonic impedancetequivalent used for AC filter design can be obtained by scanning
the harmonic impedanee-of the original network. The network scanning is performed using
specific tools. System.elements such as lines, cables, transformers should be represented by
frequency dependent' models.

The second-to fiftieth harmonic impedances can be represented by a sector diagram (or even
several subdivided sectors at a single harmonic) or circle diagram or polygons. For low order
harmonics*(below the tenth) and characteristic harmonics, it is usually recommended to use a
separaté diagram to represent system equivalent impedances for each harmonic order.
Figure 3 gives an example of a type of sector diagram for a single harmonic order. The
impedance of several harmonics can be represented by a single impedance circle, as shown
in Figure 4. The impedance circle method tends to result in very conservative and therefore

UApUIID;VC fl:tcl dUD;yIID, oU It nray IIUt bU thU IIIUDt buat-cffcut;vc IIIUthUd. Thc PU:yyUII
diagram method is an alternative to represent system harmonic impedance. Further
information is available in the IEC TR 62001 series.
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Figure 3 — Sector diagram of system harmonic impedance
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Figure 4 — Circle diagram of system harmonic impedance

The system impedance needs to cover all possible system configurations. The scanning is
usually carried out based on the typical operating scenarios of the AC/DC system. The

following factors need to be considered:
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o different load conditions;

e number of generators in service;
e possible AC lines in service;

e transformers in service;

e nearby filters/shunt capacitor, if applicable.

6.5.4 System equivalent for low order harmonic resonance study

To study the low order harmonic resonance of the AC/DC system, it is necessary to establish
a system equivalent. Only the AC bus at the converter station or a portion of the power\grid
near the converter station may be retained in this equivalent system. This equivalentcsystem
needs to meet the following criteria:

a) the converter station AC bus has the same short-circuit current level aswthe complete
network;

b) as observed from the converter AC bus, the equivalent system has hé same individual
harmonic impedance as the complete network.

The equivalent network may use the structure shown in Figure 5.

|7

g AC bus
L

IEC

.
o=

Figure 5 — Structure of equivalent network for low order harmonic resonance study

This system equivalent may begused for the following studies:

e the impact of the contréD system on the lower order harmonic resonance of the AC system,
including the secondi-third and fifth harmonic resonance;

e low order harmanic' resonance of the DC circuit.
7 Main cireuit design

71 Ratings
7.1.4 Rated power

The nominal power of a project is affected by many aspects as described in 5.1.2 and varies
oOver a wide range. After many years of development, the nominal power of an HVDC system

has increased rapidly up to 12 000 MW at 1 100 kV. Besides those newly developed large
power converters, some traditional power ratings are still chosen for new projects, but some
other ratings are no longer chosen.

To date, the highest capacity of a single converter for a back-to-back (BTB) project is
1 000 MW. Higher power rating of BTB is technically feasible but may not be an economical
solution due to the high cost of interconnected AC transmission lines especially if long AC
lines are required. For cable projects, the power rating limits are most likely decided
according to the cable. The two biggest ratings per pole of cable projects are 1 100 MW at
600 kV and 800 MW at 500 kV. These figures relate to a single cable per pole; with parallel
cables, higher ratings can be reached.
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The power rating limits for long distance overhead HVDC projects are mainly decided
according to the converter equipment. Combined with other aspects involved in the
determination of the power level, 1 500 MW per converter at 500 kV is a widely used rating for
long distance overhead HVDC projects. The highest power capacity of a single converter in a
commercial operation is 2 500 MW at present. A higher power rating may require the
combination of several converters in parallel or in series as in some UHVDC projects.
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for the connected AC systems.

The minimum transmitted power is typically 0,1 per unit of the rated capacity in order to avoid
intermittent current operation. Lower transmission power is possible with some special-design
considerations.

An HVDC system design based on rated power may have inherent overload’ capability.
Temporary overload for several seconds will impact the converter valye design, and
short-term and continuous overload requirements will impact the design of\equipment such as
converter transformers, bushings, smoothing reactors.

For more details, refer to 5.1 of IEC TR 60919-1:2010.

7.1.2 Rated voltage

Selection of an HVDC system's rated voltage is decided“by the required transmission power
and cost of construction and operation. Unlike HVAC systems, there is no standard rated
voltage series in HVDC applications. The choice of<the transmission voltage depends on a
great many factors which can influence the projectiincluding some non-technical factors such
as the cost of energy and expected asset life of the scheme. It is a result of the system design,
taking into account the following operation scenarios:

a) power flow with high utilization factor;

b) power flow with relatively low utilization factor including high load with limited duration;

c) mainly emergency power exchange;

d) mainly power system quality control operation such as automatic fundamental frequency

control.

In scenario a), higher voltage is preferred compared with scenario b) in order to minimize the
transmission line losses. However, in other scenarios, selection of DC voltage is mainly
determined by AC system requirements.

For a long-diStance bulk power transmission project, a higher rated voltage is desired. Table 2
lists the rated voltage ranges selected under various transmission powers and distances.

Table 2 — Preferred rated voltages for overhead line HVDC power transmission

Rated voltage

Transmitted KV

I MW Transmission distance (km)
< 200 < 500 <1000 <1500 <2000 22 000

< 500 250 400 - - - -
<1000 350 400 500 - — -
<3000 - 500 500 or 600 600 or 800 600 or 800 800
<4000 - 600 600 800 800 800
>4 000 - 800 800 800 800 800 or 1 100
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For an HVDC cable power transmission project the choice of rated voltage is generally
deduced from the required transmission power rating and power capability of the available
cable. A higher rated voltage reduces the current rating of the cable. Table 3 lists the rated
voltage ranges selected for submarine project under various transmission powers and
distances.

Table 3 — Preferred rated voltages for submarine HVDC power transmission

Rated voltage
Transmitted KV
power
MW Transmission distance (km)
<50 <100 <200 < 300 >300
< 300 250 300 300 400 400
<500 250 400 400 or 500 500 500
<1000 500 500 500 500 500
<2000 500 500 500 or 600 500 or 600 -
> 2000 500 500 or 600 500 or 600 500 or, 600 -

For a back-to-back HVDC project the rated voltage is chosén-to maximize the utilization of
current capability of converter valves/thyristors as substation-space saving is a major concern.

7.1.3 Rated current

The choice of rated current is the result of optimization of the transmission capacity demand
and rated voltage for a long distance transmission project.

Depending on converter current rating,~a higher rated current is of particular interest for
back-to-back HVDC applications. For ¢able projects, the rated current is typically determined
by the cable current rating.

The rated current of HVDC gonverters is mainly determined by the power capacity of
thyristors and their cooling-systems. Thyristors in four-inch, five-inch and six-inch silicon
wafer diameter have been(commercially used in HVDC converter valves for different current
ratings from 1 500 A up_to 6 250 A at 8 500 V blocking voltage. For a given silicon wafer
diameter, a higher curtent rating is available at a lower thyristor blocking voltage.

7.2 Configurations
7.21 Pole and return path

TherHVDC transmission system can be built as a monopolar or bipolar system. A bipolar
system is the most widely chosen for long distance projects due to its having less influence on
the environment, lower losses and higher reliability and availability. Various configurations are
shown in IEC TR 60919-1.

When two asymmetric monopolar systems are built together, they can share one common
return path and thus form a bipolar system. So when the project has several stages for final
completion, an optimal implementation scheme is required. For example, a monopolar system
can be used as the first phase of a bipolar DC system.

Besides bipolar operation, each independent pole of a bipolar system can operate separately.
When a bipolar system operates as a monopole, different pole line configurations can be
designed, for example, by using one pole conductor as a pole circuit or by using two pole
conductors in parallel to reduce the losses. In the latter configuration some additional
switches are needed.
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The return (neutral) circuit can consist of metallic return or ground return. The return (neutral)
circuit is selected based on the system configurations, electrode site conditions and
environmental requirements. For bipolar schemes the design of the return circuit is very
flexible for monopole operation. Different solutions can be adopted depending on the
individual project requirements:

a) metallic return via a dedicated metallic return (DMR) conductor;

h) anrth rotiien 1o o
cararrotarirvia ©

c) metallic return via the pole conductor when the pole converters are out of operation;
d) using a) and c) in parallel.

Earth return is an economic design but long-term operation in this mode is becoming rare” due
to restrictions on interference with present or future third parties, such as seismic, monitoring
requirements, underground pipeline corrosion, magnetic compass deviation, etc.

Dedicated metallic return needs higher investment, especially when cables_ are used. Where
long-term monopole operation with earth current is not permitted or hightground resistivity is
present, or it is not cost effective to build up ground electrodes and electrode lines, a
dedicated metallic return circuit will be employed. The dedicated .metallic return lines are
generally erected on the same towers with the pole transmission lines.

When one pole of a bipolar system with earth return is blockedythe DC system will transfer to
the monopole earth return operation. If monopole earth return operation is permitted only for a
limited duration, earth return mode will be transferred._to“monopole metallic return if the DC
line of the other pole is available.

NOTE The change of configuration can lead to a reduction of the total transmitted power capability of the HVDC
system.

7.2.2 Converter topology

Today in HVDC transmission the most\common converter topology used is the twelve-pulse
group. The economical and widely~@pplied topology is one converter per pole. However,
several criteria may lead to the requirement to install more than one converter for one pole,
such as the following:

e transport limitations forylarge equipment to the selected site of one converter station
(e.g. converter transformers);

e increased requirements on power availability also in case of outage of one twelve-pulse
group;
o stage development project;

e more than one AC bus feeding power to a pole or receiving power from a pole.

When{multiple twelve-pulse groups are used in one pole in the converter substation, those
twelve-pulse groups can be either connected in series or in parallel to share the pole power. A
symmetrical split of converters is preferred as it provides maximum flexibility in case of one
twelve-pulse group being out of service. For more details on converter topology, refer to
[EC TR 60919-1.

For each twelve-pulse group using two winding converter transformers, the line side windings
of Y-Y and Y-Delta transformers are connected in parallel to the converter bus and then to the
AC bus of the station, as shown in Figure 6. Where two or more converters are connected in
series or parallel, each converter should be separately connected to the AC bus.
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Figure 6 — Converter transformer connection topology

Earthing switches need to be instalieéd at the valve side of the converter transformer. There
are two alternatives: one is to install the earthing switch on each phase, the other is to install
one earthing switch at the neutral point of star-connected windings and the second one at any
terminal of the delta-connected windings.

7.2.3 DC switchyard:configuration

7.2.3.1 General

For a bipole system which consists of two independent poles, it is recommended to design the
main circuitto-enable:

a)
b)
¢)

isolating and earthing one pole or one twelve-pulse converter for maintenance;
isolating and earthing the DC transmission line in one pole for maintenance;

isolating and earthing the earth electrode(s) and electrode line(s) at one or two converter
station(s) or the dedicated metallic return line for maintenance when operating in

d)

monopotar metathitc Teturm mode;

isolating and earthing the earth electrode(s) and electrode line(s) at one or two converter
station(s) or the dedicated metallic return line for maintenance when operating in bipole
balanced mode. That means bipole balanced operation of the HVDC system with the
earthing mat(s) in one or both converter stations as the temporary earthing point of the DC
transmission system is possible;

clearing of faulted pole or twelve-pulse converter for maintenance without influencing the
power transmission of the remaining healthy pole or twelve-pulse converter;
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f) switching between different monopolar configurations without interrupting or reducing DC
power transfer. The time from initiation to completion of the switching is usually not more
than 60 s. Generally, online switching of operation modes is required to increase the
availability of DC systems. If the DC current breaking capacity of the switches is lower
than the rated DC current, the DC control and protection system can be coordinated to
temporarily reduce the DC power and restore it after completion of mode transfer;

g) connecting, isolating and earthing the DC filter branches for maintenance without

b b ! : 4l Bo 4 £ il 1
HICTTupnTyg ur Teuucinyg uic o puoweTr udalrisielh U e puic.

For this kind of bipole HVDC system, to transfer between various operation configurations and
increase reliability and availability of the whole DC system, it is recommended to use
low-voltage high-speed DC switches, such as a neutral bus switch (NBS). For the (bipole
system with earth as return circuit, a metallic return transfer breaker (MRTS) andgan earth
return transfer switch (ERTS) are installed. A neutral bus earthing switch (NBES) ican further
increase the reliability and availability of the DC system.

Figures 7 a) and b) give sketch maps of the DC yard switches for series andxparallel converter
connection in a pole, separately. Figure 7 ¢) provides a sketch map of D€ yard switches when
DMR is applied. The switches actually needed depend on the functional requirement of the
DC system. Figure 7 shows only the switches which operate to build, different configurations.
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a) Sketch map with two twelve-pulse valve converters in series connection per pole
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b) SKetch map with two twelve-pulse valve converters in parallel connection per pole
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c) Sketch map with dedicated metallic return line as return path
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NOTE Permanent earthing is shown in the inverter station, but it can be in either station,

Figure 7 — Sketch maps of the DC yard switches of HVDC system

If the commutation current level is beyond the capability ofy'DC switches when switching
between configurations, the DC transmission power can<be temporarily reduced within the
commutation capability of the switches as long as there is no significant disturbance to
system operation, and thereafter increased to the maximum as required.

When there are two or more converters in series_inh one pole, the converters in the different
poles can be switched into parallel connection for special purposes, such as de-icing
operations. To accomplish the above operatioh, additional dis-connectors are needed in the
DC yard shown in Figure 8.
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Figure 8 — Schematic diagram of converter parallel connection

A converter can also be operated with two pole lines in parallel connection as shown in
Figure 9 if earth return operation is permitted and used as a current path. This can reduce the

transmission line losses.
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Figure 9 — Schematic diagram of pole line parallel connection

7.2.3.2 Neutral bus switch (NBS)

A DC commutation switch connected in series with the neutral bus on abipolar HVDC scheme
is designed to commutate current from the pole conductor or neutral'bus to the electrode line
or dedicated metallic return conductor in the event of a pole to earth fault or neutral bus to
earth fault during bipolar operation.

When a grounding fault occurs at a pole bus or line, part‘ef~the DC current of the other pole
will flow to the fault location (1) in Figure 10 through the neutral bus, valve, smoothing reactor
and pole bus/pole line of the faulty pole. When a grounding fault occurs to the neutral bus,
part of the DC current of the other pole will flow tosthe fault location (2) through the neutral
bus of the faulty pole. See Figure 10.
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Figure 10 — Procedure of NBS disconnecting DC fault

7.2.3.3 Metallic return transfer switch (MRTS)

For a bipole system using an earth electrode or DMR as return path, one of the converter
stations can be equipped with an MRTS. For DMR application, the MRTS is also called the
dedicated metallic return transfer switch (DMRTS). The MRTS is used for current transfer
from monopole earth return or DMR return to another return circuit, i.e. a pole line without
interrupting power transfer when it is needed, as shown in Figure 11.
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Figure 11 — Current transfer path of the MRTS

7.2.3.4 Earth return transfer switch (ERTS)

One of the converter stations can be equipped with an ERTS or PMRTS (pole metallic return
transfer switch) in DMR application when it is necessary to transféer the configuration from a
monopole metallic return to an earth return or DMR without~interrupting power transfer, as
shown in Figure 12. An ERTS or PMRTS transfers the DC.current from the pole line return
path to the earth return path or DMR path. As the resistance of the earth return is much
smaller than that of the metallic return, the transfer of(the DC current from the metallic return
to earth return will normally not cause a temporary decrease of DC power.
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Figure 12 — Current transfer path of ERTS

7.2.3.5 Neutral bus earthing switch (NBES)

As for the earth return applied, the NBES is installed on the neutral bus at both ends and is
open in normal operation. NBES can be closed automatically if it is allowed when the earth

electrode Is out of service in the balanced bipole operation mode, as shown in Figure 13. The
switch is not assumed to have a significant current transfer capability, but is capable of
opening during bipolar operation hence transferring the unbalanced current to the earth
electrode.
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Figure 13 — Connection and function of the NBES

As for the DMR line applied, the NBES is installed at the insulated end ©f the neutral circuit
and is open in normal operation. During bipole operation with balanced-current, the NBES can
be closed automatically when the DMR is out of service. When a grounding fault occurs at the
DMR line, especially in monopole operation, part of the DC current/of the DMR line will flow to
the fault location. In order to protect insulators, the NBES is closéd within several hundred
milliseconds to transfer the fault current from the DMR line linsulator surface path to the
converter station grounding mesh, as shown in Figure 14 b)) After the expected time when the
fault current is extinguished and deionized, the NBES is -0pened to commutate the DC current
from the path of the grounding mesh to the original(neutral circuit. In this application, the
NBES is assumed to have a significant current transfet,capability.
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b) Current transfer path of DMR after NBES disconnecting grounding fault

Figure 14 — Commutating process of NBES in case of DMR
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7.2.3.6 High speed bypass switch (BPS)

In DC transmission systems with two converters connected in series in each pole, high speed
bypass switches (BPS) can be used to decrease the pole contingency rate and increase the
system availability. As shown in Figure 15, such switches can isolate faulty converters for
maintenance without interrupting DC power transmission when a non-grounding fault occurs
in a converter.
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Figure 15 — High speed bypass switch

7.2.3.7 Converter paralleling switches (CPS)

The switches mentioned in 7.2.3.7 are optional. In DC transmission systems with two
converters connected in parallel in each_pole, converter paralleling switches (CPS) can be
used to increase the system availabilitysvAs shown in Figure 16, such switches can isolate
converters that are faulty or require-maintenance without affecting the normal operation of
other equipment.
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Figure 16 — Converter paralleling switches

7.2.3.8 Smoothing reactors

A smoothing reactor has to be provided in the DC circuit. The smoothing reactor in many
projects is located in the pole bus, and in many others it is split in the pole and neutral bus.
This depends on the system configuration, converter insulation coordination and smoothing
reactor design.
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7.2.3.9 DC circuit resonance suppression equipment

When the DC line is long, the DC system may risk a low-order resonance. Studies should be
performed to check the resonant frequency and impedance to ensure that the HVDC system
has sufficient impedance at the fundamental or second harmonic frequency. This study should
cover all normal operation modes, for example bipolar operation, monopole ground return
operation, and monopole metallic return operation of the DC system.

If the study indicates that the DC system might suffer a fundamental or second harmonic
resonance or both, suitable suppression measures should be adopted. One possible solution
is to adjust the parameters of the smoothing reactor to shift the resonance frequency away
from the fundamental and second harmonic. If this cannot mitigate the resonance conditions,
specific filters should be considered. Insertion of a blocking filter in the neutral bus)could
make an effective fundamental resonance suppression. A shunt filter is usually Used to
suppress the second harmonic resonance which is designed in combination with4he DC filters.
Filters resonant at the second harmonic are vulnerable to AC system single phase events and
should be rated appropriately.

7.2.4 Reactive power equipment

The reactive power equipment in a converter station is normally designed as switchable shunt
capacitors/reactor sub-banks. Part of the capacitors can be @esigned as AC filters. Those
sub-banks can be grouped into banks and then connectéd to the AC bus, or directly
connected to the AC bus.

A circuit breaker is needed for each sub-bank and bank:"All switching operations are executed
using circuit breakers (or on-load switching devices)."Disconnectors are used only for isolation.
Maintenance of each sub-bank and its circuit ,breaker is possible whilst the remaining sub-
banks are energized.

In some projects embedded in a weak AC system, a static var compensator (SVC) or static
synchronous compensator (STATCOM)\is used for dynamic voltage support. These SVCs or
STATCOMSs are usually designed fera' low voltage level and thus need to be connected to the
AC bus through a transformer.

7.3 Determination of main-circuit parameters
7.3.1 General

The main circuit parameter calculation should be performed for all possible DC system
operation configurations and modes to determine the main equipment parameters and
operating parameters.

The main parameters include DC voltage, ideal no-load DC voltage, DC current, control angle,
shaft-circuit current, inductance of smoothing reactor, and the parameters of the converter
transformer such as short-circuit impedance, capacity, voltage ratio, winding current, range
and step size of tap changer, etc.

To determine the steady-state operating parameters of the HVDC system, calculations need
to cover the full transmission power range from the minimum power up to the overload power
level applicable at different DC operation configurations, e.g. full and reduced DC voltage,
forward and reverse power direction, full AC voltage variation range as well as the DC line
resistance range and combinations thereof.
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7.3.2 Control strategy

The HVDC system operates in two main control modes as constant DC current control and
constant DC power control. For constant DC current control, the DC current reference is
directly set, while for constant DC power control, the reference value of DC current is
determined using Formula (2):

I4 = Ret/ Udmeas (2)

where Uypeas i the measured DC voltage between the pole and the neutral bus at thelline
side of the smoothing reactor in the rectifier station.

P, is the power setting at the line side of the smoothing reactor in the rectifier station.

The DC current is normally controlled by the firing angle « on the rectifier'side. The firing
angle should be maintained close to the normal value «y in steady operation, for example
an * 2,5° by adjustment of the tap changer position of the convertertransformers. If o goes
beyond this range, the converter transformer tap changer control will.6perate to bring it back
within that range.

For long distance transmission projects, the DC voltage is generally controlled on the inverter
side. There are two main DC voltage control designs:one is constant extinction angle y
control, the other is constant DC voltage Uy control. For,back-to-back projects, constant ideal
no-load voltage Uy;, control can be applied.

a) Constant extinction angle control. At steady-state operation, the extinction angle y remains
constant. The DC voltage is maintained within the range through adjustment of converter
transformer taps on the inverter side.

b) During dynamic events, constant alpha control is applied at the inverter side. It shows a
positive slope at the outer characteristic and then helps to enhance the AC/DC system
stability.

c) When there is only one twelve-pulse converter at the inverter side, all converter
transformer taps should \b€ set at the same position. When two serial twelve-pulse
converter connections are applied, the taps of each converter can be adjusted separately.
It is recommended that the difference between the tap positions of the two converters
does not exceed. one step. Symmetry within converters will help to minimize the un-
characteristic harmonic amount.

d) Constant DG, voltage control. DC voltage control is achieved through control of extinction
angle y, which is maintained within the required range through adjustment of converter
transformer taps at the inverter side. If the extinction angle goes beyond this range, the
converter transformer tap control will operate to bring it back within that range.

e) Constant ideal no-load DC voltage Uy, control. The converter transformer taps at the
inverter side are adjusted to keep the no-load DC voltage at the rated value. Meanwhile,
the extinction angle y on the inverter side is also kept constant. In general, the DC voltage

of back-to-back projects does not need to be controlled precisely; therefore, constant ideal
no-load DC \/nlfann U . control _can be used so that adnlc’rmnn’r of the converter

transformer taps is only used to counteract the fluctuations of the AC voltage.

When an HVDC system operates at overload, with the exception of temporary overload,
different control strategies can be adopted. One alternative is to keep the Uy;, at its rated
value and the overload ability is achieved by increasing DC current only. The other is to
increase Uy, under the overload condition. The former strategy needs more current rating,
while the latter will lead to higher voltage ratings.
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