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Part 5: Procedures for high-voltage direct current (HVDC)
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IEC 60071-5, which is a technical specification, has been prepared by IEC technical committee
28: Insulation co-ordination.

The text of this technical specification is based on the following documents:

Enquiry draft Report on voting
28/139/CDV 28/144A/RVC

Full information on the voting for the approval of this technical specification can be found in the
report on voting indicated in the above table.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 3.
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INSULATION CO-ORDINATION -

Part 5: Procedures for high-voltage direct current (HVDC)
converter stations

1 General

1.1 |Scope

This part of IEC 60071 provides guidance on the procedures for insula
high-oltage direct current (HVDC) converter stations, without S
insulation levels.

ordination of

rdized

ot for

indusfrial conversion equipment. Principles and gmdance give js ) ination
purpoges only. The requirements for human safety are nc v \ ide.

1.2 |Additional background

The uge of power electronic thyristor

g with

the uhique control and protection , has
ramifications requiring particular consid g i ipment in
convelrter stations compared with substations\ i .0\ systems. This guide outlings the
proceflures for evaluating the overvoltad the converter station equipment
subje¢ted to combined d.¢/ a oW onic and impulse voltages. The driteria
for determining the protective S e parallel combinations of surge arrpsters
used {o ensure optimal/protestion isa S

The bfasic princi "insulation co-ordination of converter statigns, in
so far|as they differfran practice, are described.

Conce this guide deals only with metal-oxide surge arrgsters,
withol in modern HVDC converter stations. The basic afrester

these arresters and the process of evaluating the ma
ay be exposed in service, are presented. Typical af

chara
overv
protegti
for de

This quide includes insulation co-ordination of equipment connected between the convert
bus (ipcldding the a.c. harmonic filters, the converter transformer, the circuit breakers) a

imum
rester

sses of arresters are presented, along with methods to be applied

Br a.c.
hd the

d.c. lime—side—ofthe—smoothing Teactor—Thetime—and——cabte—termimations—im—sofar=s they

influence the insulation co-ordination of converter station equipment are also covered.

Although the main focus of the guide is on conventional HVDC systems where the commutation
voltage bus is at the a.c. filter bus, outlines of insulation co-ordination for the capacitor
commutated converter (CCC) as well as the controlled series compensated converter (CSCC)

and some other special converter configurations are covered in the annexes.
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2 Normative references

The following referenced documents are indispensable for the application 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 60060-1:1989, High-voltage test techniques — Part 1: General definitions and test
requirements

IEC 60071-1:1993, Insulation co-ordination — Part 1. Definitions, principles and rules

IEC 6P071-2:1996, Insulation co-ordination — Part 2: Application guide

IEC 6D099-4:1991, Surge arresters — Part 4: Metal-oxide surge arr¢ g Dr a.c.
systems

IEC 6P633:1998, Terminology for high-voltage direct curren,

IEC 6Pp700-1:1998, Thyristor valves for high-voltage dipé sion —
Part 1|: Electrical testing

IEC 6p815:1986, Guide for the selecti

3 Definitions
For thie purposes of this pé

actual
or to

Many |of the following
arrester parameters.
IEC 6pP099-4, re @>

3.1
d.c. system vo
highegt meaR arag K tation
overshoots

3.2
peak value_of-con ous operating voltage (PCOV)
highest continuously” occurring crest value of the voltage at the equipment on the d.q. side
of the| canverter station including commutation overshoots and commutation notcheg (see

o

figure'6y

3.3

crest value of continuous operating voltage (CCOV)

highest continuously occurring crest value of the voltage at the equipment on the d.c. side of
the converter station excluding commutation overshoots (see figure 6)

3.4

overvoltage

voltage between one phase conductor and earth or between phase conductors having a peak
value exceeding the corresponding peak of the highest voltage of the system on the a.c. side
and the PCOV on the d.c. side of the HVDC converter station
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3.4.1
temporary overvoltage (TOV)
power frequency overvoltage of relatively long duration (IEC 60071-1)

NOTE The overvoltage may be undamped or weakly damped. In some cases its frequency may be several times
smaller or higher than power frequency.

3.4.2

slow-front overvoltage

transient overvoltage, usually unidirectional, with time to peak 20 ps < Tp < 5 000 ps, and tail
duration T2 < 50 ms (IEC 60071-1)

NOTE For the purpose of insulation co-ordination, slow-front overvoltages are classified according to their shape,
regardlESs of their origin. Although considerable deviations from the standard shapes occur on actual systgms, in

this stgndard it is considered sufficient in most cases to describe such overvoltages b classification and
peak value.

3.43
fast-ffont overvoltage
overvopltage at a given location on a system, due to a lightning_di C cause, the
shapdg of which can be regarded, for insulation co-ordinatio 6 Si of the
standard impulse (IEC 60060-1) used for lightning impulse 1
Transjent overvoltage, usually unidirectional, with tiry nd tail
duratipn T2 < 300 us (IEC 60071-1).

NOTE | For the purpose of insulation co-ordination Yaig cording
to theif shape, regardless of their origin. Although\con j cur on
actual pystems, in this standard it is considered i y their
classifipation and peak value.

344
very flast-front overvolt
transignt overvoltage,
< 3 mp,

ration
1-1)

3.4.5
steep
transi
<1,2

NOTE

5 < T1
00-1

3.4.6
combiji
overv of the
two phase€ terminals”of a phase-to-phase (or longitudinal) insulation and earth. It is classified
by thgd cemponent of higher peak value

3.5

representative overvoltages

overvoltages assumed to produce the same dielectric effect on the insulation as overvoltages
of a given class occurring in service due to various origins (IEC 60071-1)

NOTE In this specification it is generally assumed that the representative overvoltages are characterized by their
assumed or obtained maximum values.

3.51

representative slow-front overvoltage (RSLO)

voltage value between terminals of an equipment having the shape of a standard switching
impulse
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3.5.2

representative fast-front overvoltage (RFAO)

voltage value between terminals of an equipment having the shape of a standard lightning
impulse

3.5.3

representative steep-front overvoltage (RSTO)

voltage value with a standard shape having a time to crest less than that of a standard lightning
impulse, but not less than that of a very-fast-front overvoltage as defined by IEC 60071-1

NOTE A steep-front impulse voltage for test purposes is defined in figure 1 of IEC 60700-1. The front time is
decided by means of system studies.

3.6
contihuous operating voltage of an arrester (Ug)
permig
the tef

3.7

r.m.s.
contin

3.8

equiv| d :
r.m.s. i i [ essed
by opgrati - 3 i metal-
oxide i

3.9
residdial voltage of a
peak yalue of voltage

a discharge curr@ C

3.10
co-orfdi
for a
the ar
co-ordi
IEC 6

NOTE

3.1
direct
equip . = S : 3 aYals
neglected and any representatlve overvoltage be conS|dered equal to the correspondlng
protective level

3.12

protective levels of an arrester

for each voltage class, residual voltage that appears between the terminals of an arrester
during the passage of a discharge current corresponding to the co-ordination current

For HVDC converter equipment the following specific definitions 3.12.1 to 3.12.3 apply.
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3.12.1
switching impulse protective level (SIPL)

residual voltage of a surge arrester subjected to a discharge current corresponding to the

co-ordination switching impulse current

3.12.2
lightning impulse protective level (LIPL)

residual voltage of a surge arrester subjected to a discharge current corresponding to the co-

ordination lightning impulse current

3.12.3

steepffront impulse protective level (STIPL)
residdal voltage of a surge arrester subjected to a discharge current ¢ ponding
co-ordination steep-front impulse current

3.13
co-ordination withstand voltage

for each class of voltage, value of the withstand voltag
in actpal service conditions, that meets the performance cri

3.14
required withstand voltage
test voltage that the insulation withstg
insulati ,

3.15

NOTE

NOTE

specified dightning~impulse withstand voltage (SLIWV)
withstand voltage of insulation with the shape of the standard lightning impulse

o the

ation,

at the

-1. For
i up to

res are

impulse

3.15.3
specified steep-front impulse withstand voltage (SSFIWV)
withstand voltage of insulation with the shape specified in IEC 60700-1

3.16
thyristor valve protective firing (PF)

method of protecting the thyristors from excessive voltage in the forward direction by firing

them at a pre-determined voltage
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4 Symbols and abbreviations

The list covers only the most frequently used symbols and abbreviations some of which are
illustrated graphically in the single-line diagram of figure 1 and table 1. For a more complete list
of symbols which has been adopted for HVDC converter stations, and also for insulation co-
ordination, refer to the standards listed in the normative references and to the bibliography.

4.1 Subscripts

0 (zero) at no load (IEC 60633)

d directcurrentorvottage (HEC66633)

i ideal (IEC 60633)

max maximum (IEC 60633)

n pertaining to harmonic component of order n (IEC 6

4.2 |Letter symbols

K, atmospheric correction factor (IEC 6007

K. co-ordination factor (IEC 60071-1)

KS

Uch arrst@nclu g harmonics

Udio

Udim O\ account a.c. voltage measuring
Ug 60071-1 and 60071-2)

Uyo the valve side of converter
a “fiting angle” also used in this standard

B

y

u

4.3

CCC

CSC(C

CCOV crest value of continuous operating voltage

ECOV equivalent continuous operating voltage

LIPL lightning impulse protective level

PCOV peak continuous operating voltage

PF protective firing

RFAO representative fast-front overvoltage (the maximum voltage stress value)
RSLO representative slow-front overvoltage (the maximum voltage stress value)
RSTO representative steep-front overvoltage (the maximum voltage stress value)
RLIWV required lightning impulse withstand voltage

RSIWV required switching impulse withstand voltage

RSFIWV required steep-front impulse withstand voltage

SIPL switching impulse protective level
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STIPL
SLIWV
SSIwV
SSFIWV
TOV

steep-front impulse protective level

specified lightning impulse withstand voltage

specified switching impulse withstand voltage

specified steep-front impulse withstand voltage

temporary overvoltage

4.4 Typical HVDC converter station schemes and associated graphical symbols

Figurgs 1, 2 and 3 show the single line diagrams of typical HVDC converte
with two 12-pulse converter bridges in series. The main differences bg
consigt in the presence, or not, of commutated capacitors (figure
capadjitors (figure 3) on the a.c. side of the HVDC converter station.

NOTE | Figures 1, 2 and 3 show all the possible arresters covered in this standa
eliminated because of specific designs.

Table|1 presents the specific graphical symbols associat
are defined for the purpose of this report. Arrester desi
speciflic roles are presented in clause 9.

AC filter
arrester

)

Fi

twee

tations equipped
theCschemes

series

may be

which

op their design and

DC line / cable
ctor .
arrester DC bus | DC line/cable
arrester | arrester
Converter [DB] [DL]
d.c.bus _1_
arrester
DC filte:@ ) )
arrester
[FD]
Mid-point
d.c. bus
arrester
Neutral bus Electrode line

Neutral bus
[E] arrester
<

ure 1 — Single line diagram of typical converter pole
with two 12-pulse converters in series

IEC 1610/02
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DC line/cable
Valve Ve
a[{/rfster Iﬁ:[IDR]
Bridge | DC reactor DCbus | DCline
i arrester| arrester arrester | arrester
Capacitor
9 arrester ) Bl [CB]
[A] Converter [DB] [DL]
dc.bus 1
g arrester
AC-b ~=DC filter = =
arresltJ:r M arrester
WO AR |
M Mid-point
[CC] . b [M] d.c. tius
T ? A v
ACHfilt AC reactor —]
arrg étgrr I arrester a’@ ] Zgl
(SR] cC ~ Neutral b ElectrodeMipe
:|: A I [CC] eutral bus e
L L L Neutral bus
- - - [E] arrester
ks =
- IEC |611/02
Figure 2 — Single line diagram of typical capacitor c nverter (CCC) pole

= [SC]  [CSC]

P4

Bridge
arrester
[CB]

Converter
d.c. bus
arrester

[ ACfiter |
" arrester

-

compe

L2l 22
-Il—iéMz Z

DC filtef
arrester
[FD]
Mid-point
d.c. bus
arrester

Neutral bus

DR
b
al er

DC line/cab

DC line
arrester

e

DC bus
arrester

[DB] [DL]

Electrode line

Neutral bus
arrester

—_

Single line diagram of typical controlled series
d.converter (CSCC) pole with two 12-pulse converters in series

Table 1 — Symbol description

IEC [1612/02

Description

Valve (commutation group)

Valve (one arm)

Arrester

—{ Resistor

—m— Reactor
— — Capacitor

Transformer with two windings

l

Earth (ground)
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5 P

The p

rinciples of insulation co-ordination

rimary objectives of insulation co-ordination are

— to establish the maximum steady state, temporary and transient overvoltage levels to which
the various components of a system may be subjected in practice,

- to

5.1

In ter

Wi

cdmponent of current flowing when the
 the
« the

* vdltage polaritjneffects of .
ingulation b C
reguirements dnd y

insulation unde

¢ lopg overh ines7and cables without intervening switching stations;

* inferaction E 2. and d.c. systems, particularly where the a.c. syst
rejatjve :

* cdmposite eantinuous/operating voltages which include in some cases direct vd
fuhdamentalfrequency voltage, harmonic voltages and high frequency components;

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

s of the above objectives, insulation co-ordination applied to an HVDC co

, by attracting greater contaminants to th
ity, lead to greater creepage and cleg
and flashover performance compared wit

b variQus opera
rminal.

ing modes of the converter such as monopolar, bipolar, parallel or

verter gtation

ences
tation

ected
olves

Dltage
bthing

. sides;

B side
a d.c.

e d.c.
rance
h a.c.

ltage,

multi-
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5.2 Insulation co-ordination procedure

Table 2 is a flow chart showing the comparison between the insulation co-ordination procedure
for a.c. systems (refer to figure 1 of IEC 60071-1) and for HVDC converter stations.

The general method of investigation is basically the same for an a.c. scheme as it is for an
HVDC converter station. This requires:

e an evaluation of characteristics of the system and the HVDC converter station;

wationin asch aaguinmant:
tooretro - eator-egurpte iy

« the determination of different representative overvoltages;

e cdnsideration of the type of overvoltage protection adopted andQ e rnesses
imposed to surge arresters and determinant on their design

Howeyer, characteristics of insulation and voltage distrib¢ for a.c. and d.c.

S
S
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Table 2 — Comparison of the selection of withstand voltages for three-phase a.c.

equipment with that for HVDC converter station equipment

Flow chart for the
determination of rated or
standard insulation levels

for three-phase a.c.
equipment according to
IEC 60071-1

Deviations from IEC 60071-1

in the selection of withstand

voltages for HVDC converter
station equipment

System analysis

System analysis.
Same approach as for a.c.

v

y

Representative voltages
and overvoltages

/T
Representative voltages %\gvervolt es:
Same approach agfor a.¢
NN

y

LN

Selection of the insulation
meeting the performance
criterion

Sanie approach

Selection of th insw etmgt\hé
pmce critefion.

Wr a.

L AN

Y

Co-ordination
withstand
voltages

VvV

0-0r 'naWtand voltages
ned\inthe same way as for a.c.
with surge arresters

uipment), co-ordination

-ordination currents

' E—

A4

Application of factafs toraccbdunt
for the differences between\type

test conditions\and actual Q

D) pplication of factors to account for the
ifferences between test conditions and
actual service conditions.
Same approach as for a.c.

serviceg conitl

> X

T

v

Required/\vﬁtrétQMO\ltageé

Required withstand voltages.
Same approach as for a.c.

N

e \of tandard
voltages

Selection of standard withstand voltages for
a.c. side equipment only.

The present step is skipped for equipment
on d.c. side because there are no
standardized withstand voltage levels for
such equipment

2Y

A 4

Rated or standard insulation

Set of standard withstand voltages is
applicable only for equipment on the a.c. side.

tevet—setof standard
withstand voltages

For equipment on the d.c. side, specified
insulation levels are rounded up to
convenient practical values
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6 Voltages and overvoltages in service

6.1 Arrangements of arresters

Since the late 1970s, overvoltage protection of HVDC converter stations has been based
exclusively on metal-oxide surge arresters. This is largely due to their superior protection
characteristics compared with the gapped SiC arresters (earlier technology) and their reliable
performance when connected in series or parallel with other arresters. The actual arrangement
of the arresters depends on the configuration of the HVDC converter station and the type of
transmission circuit. The ba3|c criteria used however is that each voItage level and the
equip sired
reliab

lity and equipment withstand capability.

A typilcal arrester arrangement between the a.c. side of the converter bridges-and the d.c.
transmission circuit is shown in figure 4 for a two terminal bipolar H ithnome 12-
pulse|converter per pole. It should be noted however, that some \of h mjay be
deletdd, depending upon the overvoltage withstand capability 8.8 3 onnecfed at

that point, and upon the overvoltage protection afforded b inat siier arrgsters
at the| same point. For example, the d.c. bus can be pre 2 ies combinatjon of
the brjdge (B) and mid-point d.c. bus (M) arresters e
bus afrester (CB).

AC bus

1

2

FA 3

DC line/cahle

10
% FA2
DL
DR

T EM FD1 [ FD2

BAL

8 Electrode ljne

Neutral bus %
it T J_ EL

IEC 1613/02

NOTE This figure shows all the possible arresters covered in this standard. However, some of them may be
eliminated because of specific designs.

Figure 4 —- HVDC converter station diagram with 12-pulse converter bridges

Similar protective arrangements may be used for stations with two 12-pulse converters per pole
or for back-to-back stations. In the latter case, only the valve arresters (V) are normally needed
on the valve side since the operating voltage is much lower than for a line or cable
transmission scheme. However, mid-point bus (M) or bridge (B) arresters are sometimes
included.
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For HVDC converter stations connected directly to d.c. cables, the d.c. line/cable arrester (DB
and DL) may be deleted since the pole may not be exposed to fast-front overvoltages.

On the a.c. side of the HVDC converter station, phase-to-earth arresters (A) are normally
provided to protect the converter a.c. bus and the a.c. filter bus.

Arresters are also normally connected across both a.c. and d.c. harmonic filter reactors or from
the high-voltage terminals of the filter reactors to earth, as shown in figure 4.

In systems involving a combination of d.c. cables and/or overhead lines, arresters may be
needed at the cable terminations to protect them from overvoltages originating from the
overhead line.

More |detailed discussion of the need for and the requirements of the jed in

clausg 9.

The bpsic principles when selecting the arrester arrangement arg that:

« Oyervoltages generated on the a.c. side should, as fa bsters

on the a.c. side. The main protection is given by the acs

e Oyervoltages generated on the d.c. or earth el i he in a similar way, be
limited by d.c. line/cable arresters (DB and D eutral
bus arresters (E).

e Fdr overvoltages within the HVDC i irectly
prptected by arresters connected cl 9 rs (V)
prptecting the thyristor valves and &’c. ’ hgs of
the transformers. Protect 3f the transformers will usually be achieved
by arresters connect 3 -point
arfester (M) and a tation
tra : rotect
th

6.2

Figure tation

overs nother

point
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< AN

bntinuous operating voltage for HVDC arresters differs from that for normal a.c. arr
it ,consists of not simply the fundamental frequency voltage but rather of compons

14/02

bsters
nts of

voltage, fundamental frequency voltage and harmonic voltages, and high freq

uency

cl1LS.

The switching action of the valves produces high frequency turn-on and turn-off commutation
transient voltages which are superimposed on the commutation voltage. The overshoot at turn-
off increases the transformer valve-side winding voltage and in particular the off-state voltage
across the valves and associated valve arresters. The amplitude of the overshoot is
determined by:

the inherent characteristics of the thyristors (particularly the recovery charge);

the damping resistors and capacitors at individual thyristor levels;

the various capacitances and inductances within the valve and commutation circuit;
the firing and overlap angles,

the valve commutation voltage at the instant of turn-off.

the distribution of the recovered charge in a series-connected string of thyristors in a valve;
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Special attention shall to be paid to the commutation overshoots with respect to energy

absorption in the valve arresters and other arresters on the d.c. side.

The continuous operating voltage waveform for the valve and valve arrester (V) is shown in

figure 6. The CCOV (defined in clause 3) is proportional to the Uy, and is given by:

ccov :% x Ugim = 2 x Uyg

Refer to 4.2 for the definition of Uy;,, and U, .

shall pe taken that these do not overstress the arresters.

T/2

\ 4

a+p

ial care

EC 1615/02

6.4

Overvoltage on Sy gy originate from switching, faults, load rejection or lightning.

The dynamic sharactegisti he a.c. network, its impedance and also its effective damping

at domihant™\ra illation frequencies, and the proper modeling of the converter

transfprme nd’synchronous compensators and the filter components, are important

in evd i e overyoltages. If the length of busbars in the a.c. switchyard are significant,
in the

locatipn of.arresters.

they }hall be-taken~into account in the overvoltage evaluation (e.g. distance effects) and

Overvoltages on the d.c. side may originate from either the a.c. system or the d.c. line and/or

cable, or from in-station flashovers or other fault events.

In assessing the overvoltages, the configuration of the a.c. and d.c. systems shall be taken into
account as well as the dynamic performance of the valves and controls, and credible worst
case combinations, as discussed in 6.8. Impacts on arrester requirements are discussed in

clause 9.
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6.4.1 Slow-front and temporary overvoltages on the a.c. side

Slow-front and temporary overvoltages occurring on the a.c. side are important to the study of
arrester applications. Together with the highest a.c. operating voltages (U) they determine the
overvoltage protection and insulation levels of the a.c. side of the HVDC converter station.
They also influence valve insulation co-ordination.

Slow-front overvoltages on the a.c. bus of an HVDC station, can be caused by switching of
transformers, reactors, static var compensators, a.c. filters and capacitor banks connected to
the converter a.c. bus, and by fault initiation and fault clearing as well as by closing and
reclosing of Imes Slow front overvoltages occur W|th high amplitude only for the first half cycle

of th -front
overvpltages which originate at locations in the a.c. network remote from verter
statiop usually have magnitudes which are relatively low in comparisonwith thos€, cauged by
events occurring close to the converter a.c. bus.

Durin : verter
a.c. bus may occur many times. The overvoltages caused by th Y itchi ations
are Z S vever,
switchling-off of a circuit breaker can, in rare cases, produce re d this
gives fise to overvoltage.

The isting
arrest being
overlg

6.4.1.1

Becayse of the frequency Of ¢ ati i i bsters
used ) ce, in
some|cases, the slow-f . ized by
the uge of circuit brea er i ing ~ nizing
the clpsing and/g ’ ! bsters
acros$ the polesy ertain
overvopltages such as

Energjizati ) 8 causes inrush current, due to saturation effects, contgining
harmani i d>order harmonic and other low order harmonics. If one ol more
of thgse ha i - , in a network with low damping| high
harmani . In an HVDC siation,
reson \ en more severe because of the presence of a.c. filters and capacitor
bankg. These nces lower the resonance frequency and second or third harmonic
resongnces<may be/present. These overvoltages can last for several seconds, sugh as
tempdgrary-oevervoltages.

6.4.1.2 Overvoltages due to faults

When an asymmetric fault occurs in the a.c. network, transient and temporary overvoltages
occur on the healthy phases, influenced by the zero sequence network. In solidly earthed
systems that are typical for networks connected to HVDC stations, the transient overvoltages
(phase-to-earth) normally range between 1,4 p.u. and 1,7 p.u. and the temporary overvoltage
from 1,2 p.u. to 1.4 p.u.

At fault clearance following a single-phase or three-phase fault close to the busbar of the
HVDC station, the saturation of the transformer depends both on the fault instant and on
the fault clearing instant. It is therefore necessary to vary the fault conditions when this
phenomenon is studied. This fault case is discussed further in clause 9.
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The highest temporary overvoltages usually occur in conjunction with sudden three-phase
faults and complete load rejection if the converters are blocked as a consequence of the fault
without simultaneous disconnection of filters. The filters and capacitor banks together with the
a.c. system can result in low resonance frequencies. The temporary overvoltages due to faults
can be more severe both from the overvoltage point of view and with regard to possible
arrester energy stresses. The presence of filters tuned or damped at frequencies between the
second and the fifth harmonic can often be effective in reducing the distortion of the voltage
and thereby the stresses on the arresters but at a very high cost. AC active filters may be used
for this purpose.

6.4.2 Slow-front and temporary overvoltages on the d.c. side

Exceft for the a.c. side overvoltages transmitted through the convertg ansformerg, the
d.c. side insulation co-ordination for slow-front overvoltages and temprary overvoltages is
mainly determined by fault and generated slow-front overvoltages on thg d.c.

Eventg to be considered include d.c. line-to-earth faults, d.c. sid itchi ions; e¢vents
resulting in an open earth electrode line, generation of superlmose axc. ] faults
in the| converter control (e.g. complete loss of control pulse iri ti lures,
earth [faults and short-circuits within the converter unit. T ingenci i sed in

more Mdetail in clause 9.

Energjization of the d.c. line with the remote inverier termi ifi .C. putput
voltage) should also be considered if meg nt.

In HVDC converter stations with series bs by-
pass ¢peration on one converter while e 'second all be

considered, particularly during inverten operation« i i i lation
co-ordination of parallel connected coverid briits. Some information on thesp and
endin

other gpecial converter configuxations is giv

6.4.3 Fast-front, ve

The different se p C tations should be examined in different walys for

fast-fiont and steep-4 ages\ The sections include:

e a.t. i SISY: .c. line entrance up to the line side terminals pf the
converterAra

« d.¢. ! s ¥l the line entrance up to the line side terminal of the smopthing
reactey;

e converter by ection between the valve side terminal of the converter transformers and
th¢ valve'sideMerminal of the smoothing reactor.

The cpnverter bridge section is separated from the other two sections by series reactances, i.e.
at the-ene—end—the—rdustance—oithe—smoothing—+reastor—and—atthe—other—end—theteakage
reactance of the converter transformers. Traveling waves such as those caused by lightning
strokes on the a.c. side of the transformer or on the d.c. line beyond the smoothing reactor, are
attenuated (but may also be capacitively transferred as discussed in 9.4.3) due to
the combination of series reactance and shunt capacitance to earth to a shape similar to
slow-front overvoltages. Consequently they should be considered as part of the slow-front
overvoltage co-ordination.

The a.c. and d.c. switchyard sections have low impedance compared with overhead lines. The
differences from most conventional a.c. switchyards are the presence of a.c. filters, d.c. filters
and possibly large shunt capacitor banks, all of which may have an attenuating effect on the
incoming overvoltages.
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Steep-front overvoltages caused by earth faults in the HVDC converter station, including
locations inside the valve hall, are important for insulation co-ordination, especially for the
valves. These overvoltages typically have a front time of the order 0,5pus to 1,0 us and
durations up to 10 us. The values and waveshapes to be specified should be determined by
digital simulation studies; both peak magnitude and peak rate of change of voltage can be
important.

In the a.c. switchyard section, very fast-front overvoltages with front times of 5 ns to 150 ns
may also be initiated by operation of disconnectors or circuit breakers in gas-insulated
switchgear (GIS). Some further information on the effect of GIS is given in clause C.6.

6.5 |Overvoltage limiting characteristics of arresters

Metalioxide surge arresters without gaps are used for the protection’of eguipmgnt in| most
modefn day HVDC converter stations and are increasingly being used™ 3 bes of
arresters on systems already in service. These arresters prowide i pltage
protegtion for equipment compared with gapped SiC arrestg i namic
impedance and high energy absorption capability. The ability of the metal-oxi blocks
to share arrester discharge energy when connected in p; if o have
closely matched characteristics allows any desired discharge gy gapabiljty to be realized.
Metaljoxide blocks may be connected in several parallel pathscwithil\on& arrester unjt and
several arrester units may be connected in parallel(to achievie¢the~desjred energy capability.
Also, parallel connection of metal-oxide blocks - ge of
the arfester, if required.

For metal-oxide arresters, the variation © - i Dy the
equatfon:

k is a|constant and a i$ rating
range|of the arrests ge 30
to 50{ as comp?@ % ibit a
coeffigient of typically

The protective chs es for
maximum stgep igh rvice.
Typical ¢ Y éd to define the arrester protective levels are 8/20 ps fpr the

SIPL (IEC 60099-4). The STIPL is usually defined for a current

] he resulting voltage waveforms across the arrester differ befcause
ty coefficient of the arrester block material. The amplitude of the durrent
for which the-protestjve level is specified, which is referred to as the co-ordination current, is
usually selected differently for different types of current waveshapes and locations of the
arrestersv/ These co-ordination currents are determined from detailed studies carried out guring
the final stages of the design (see 6.7 below).

The arresters used on the a.c. side are usually specified as for arresters in a normal a.c.
system by their rated voltage and maximum continuous operating voltage. The rated voltage is
the maximum permissible r.m.s. value of power frequency voltage between the terminals at
which the arrester is designed to operate correctly, as established in the operating duty tests.
The maximum continuous operating voltage is used as a reference parameter for the
specification of operating characteristics.

For the arresters on the d.c. side of a HVDC converter station, the rated voltage is not defined
and continuous operating voltage is defined differently because the voltage waveshape which
continuously appears across the arresters consists, in many cases, of superimposed direct,
fundamental and harmonic components and, in some cases, also commutation overshoots.
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The arresters are specified in terms of peak continuous operating voltage (PCOV), crest value
of continuous operating voltage (CCOV), and equivalent continuous operating voltage (ECOV),
as defined in clause 3. This means that the tests specified for these arresters shall be adjusted
for the particular applications, different from standard tests usually applicable for a.c. arresters.
The required energy capability of the arresters shall consider the applicable waveshapes as
well as the amplitudes, duration and the number of respective discharges.

For filter arresters, the higher losses due to harmonics shall be taken into account.

6.6 Valve protection strategy

The mrain—ptrpose—of-the e—arreste s—to—protectthe—thyris V8 sessive
overvltages This arrester and/or the protective firing of thyrlstors in the fo irection
constitute the overvoltage protection of the valve. Since the cost of t so its

g, it is
bW as

possible

Therel are two different strategies used to co-ordinate cti iN ith the
proted i set in
such rward
directjon is afforded by the valve arrester. In this cas ctive_firing level for the valve is

set higher than the protective level of the valve Srs. i aegy, protective| firing
f severe non linear ptress

distrigution of fast transient or steep<front g Withi In the second strptegy,
while the valve arrester limits overvoltag the reyersexdirection, protectlve firing threshold
for th¢ valve is set lower typically 90-95 % of the Vv arrester protective level, thus prgviding
the mpi ion i a ion. Kowever, the second strategy dan be

used [only when the reverse withstand vaoltage P hyristor is higher than the fqrward

withst yri . 3 ouldnormally lead to fewer thyristor leyels in
a valye than with the first st i imreduced costs and improved converter
efficigncy. The protet| shald be set sufficiently high to ensur¢ that
activation of protes t|v 3_ayoi during the highest temporary overvoltages (taking into
account comm i€ voliage imbalance) or during events which |occur
frequently (e.g. sw Thys is to minimize undue interruption of power |trans-

missign and facilit e ery following faults which occur with the converter rempining
in opdration.

6.7 S ervoltage and surge arrester characteristic studies

This ‘ iScusses) the overall methods and tools required to fix the overvpltage
charagteri fect an HVDC converter station and to derive the required afrester
charag ‘ jective of these studies, as further detailed in clause 7, are as follows:

. djtermine stresses and protective levels of arresters in an HVDC converter station;
° fo - ’

« derive the specification of all the arresters involved.
6.7.1 General considerations, study approach and study tools
In order to carry out the studies, the following information is required, as further detailed in 6.8:

« configuration of the HVDC station, as well as a.c. and d.c. system data;
» data of equipment connected on both a.c. and d.c. side (e.g. transformers, lines, etc.);
« arrester characteristics;

» converter control and valve protection strategies, including response and/or delay in valve
protecting firing circuit;

e operating conditions;
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« valve protective strategies (response of valve protective firing).

The o

vervoltage study approach may consist of the following steps:

Step 1: Define preliminary arrester configuration and determine preliminary arrester

parameters such as U, U.,, PCOV and/or CCOV for each arrester.

Step 2: Study the cases producing the highest current and energy stresses. At this stage, the
minimum number of arrester columns and their ratings are defined, considering the
arrester stresses and contingencies.

Step 3: Check for fast-front and steep-front overvoltages to ensure that with the arrester

arrangement defined in steps 1 and 2, the whole HVDC station is adequately

protecied. AddItonal arresters may be required due 1o aistance erects.

Step 4: Establish the arrester duties (co-ordination current/voltage/en

Step $: Establish the maximum overvoltages and withstand voltage

7.3).

study

5 (see

For afrester duties, general principles consist to consider mipim eristic
for energy consumption and to consider maximum V-l pre ection
level.

Althoygh there are many tools available for the i € voltages and a:lrester
stresdes, it is important to consider the 3 e proper representafion of

powell system components to obtain ¢he 5.0f the models for the|study
underfaken. To obtain meaningful res p s_nheed to be properly modelefd with
regard to the frequency range of interest-a istics of the network compohents.
(For jguidance on model z y Typically digital computer
programs employing numerical transient an athods are used for these calculationy. TNA

with H

New 9
the p

esent conditions
time dtep limitati

tudy tools using echniques are available. These tools

under

o study the high-frequency overvoltages due to

6.7.2

Subclauses 6 e continuous, temporary, slow-front, fast-front and steep-front
stresges that\arres an expgrience in HVDC converter station. These events and stresses
are sym i [ and 4 (source: tables 4.1 and 4.2 of [4]1).

Table|3 relate ious contingencies and the affected arresters. Table 4 gives flurther
informationsconcerning the type of stresses the different arresters experience, and whether the
current or.energy stresses can be of significance for particular contingencies and arrgsters.
This information can be used to decide on the relevant system model for detailed studies.

1 Figures in square brackets refer to the bibliography.
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Table 3 — Events stressing the different arresters

NOTE Some events may not need to be considered due to a too low probability occurrence.

Event Arresters ( refer to figure 4 for arrester designation)
Faz[A e | ™ |C|E|oR |0 o
Earth fault d.c. pole X X X X
Lightning from d.c. line X X X X
Slow-front overvoltages from d.c. line X X X
Lighting from earth electrode Iine X
Earth[fault a.c.-phase on valve side X X x( X
Current extinction three-pulse commutation group X A A (\
Currept extinction six-pulse bridge X X <
Loss ¢f return path, monopolar operation or
commutation failure \X \
Earth[faults and switching operation, a.c. side X X x 4. x x\ X \x X
Lightrling from a.c. system X X /\ N
Station shielding failure (if applicable)
Table 4 — Types of stmgsuzﬁzent events
&-fro t W Slow-front and temporgry
Contingency Q /TN resses overvoltage stresses
N Cu}e\\m\ Energy Current Energy
Earth {ault, d.c. pole [ r&\F 1 F\D{ —E,FD1,FD2 | DB, DL, DR, E E
Lightn|ng from d.c. K \2\%’2, L, ,D1
Slow-ffont overvoltage @\ \/» DB, DL, E, FD1,
line FD2
Lightn|ng from W\Qct\\de ne E
Earth {ault on t}ikdge a ha\s\e V,B DR, V, B, E, M V,B, &, M
Currert @Mthwlse&oup V, B V, B
Current extin}n’&&\(-pbl%Mp M, V, B M, V| B
Loss df return pathWolar _ E E
operatjon and/or commutation failure
V, M, CB, A, FA1,
E;étrgtions onac side FA1, FA2 FALFA2 | b0y EDo DR, FD1. I;\DE
C,B
Lightning from a.c. system A, FA1, FA2
Sl sitan e V.o,

Converter contingencies such as commutation failures or inverter blocking without by-pass
pairs are not critical for determining protective levels and energy requirements of the HVDC

converter station arresters. However, inverter blocking with current interruption is important for

determining arrester energy requirements. Some cases of commutation failures may be critical
(e.g. giving rise to resonances, or in a situation involving the combination of the low neutral
arrester protective level (E) and high impedance of a d.c. current return path).
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6.8 Necessary system details
6.8.1 Modeling and system general representation

For insulation co-ordination studies, models of network components valid in the range d.c. to
50 MHz may be required. A representation valid for the complete frequency range is difficult to
achieve for all network components. Various parameters have different influences on the
correct representation of components within the frequency range of interest at which the model
should be representative of the system characteristics.

Models shall be regarded as incomplete. If a design by experience has proved to be
satisfactory, this may be used. Transformer modeling has limited accuracy

Transjent phenomena appear during transitions from one steady statesg¢ondition te-another.

The primary causes of such disturbances in a system are closing or em ker or
another switching equipment, short circuits, earth faults or lightning 8S. aquential
electrpomagnetic phenomena are traveling waves on lines, cah ighs and

oscillgtions between inductances and capacitances of the sy . jles of
oscillgtions are determined by the surge impedances and tra

Table|5 gives an overview on the various origins of su
Thesq frequency ranges are needed for modeling.

Table 5 — Origin of overv<ﬂt§es<z@l}sso ia@ fre
Gropp Frequency range for epr}s\ey\}\%t::\ﬁ\ \/ Origin
representation main

* Transf. energization (ferroresopance)
* Load rejection
| 0,1 Hz — 3kHz orar er oIt es ! ) o ]
. Fault clearing or initiation, line
[\ energization

. Terminal faults

I @— 0 kHz Show- overvoltages +  Short line faults
e  Closing/reclosing

N

* Fast-front overvoltages
I 1Q kHx —3 M ast-front overvoltages |+  Circuit breaker restrikes
/\ - Faults in substations

\ . Disconnector switching
IV < 1 - 50 MHz Steep-front overvoltages |+  Faults in GIS - substations

. Flashover

nges.

ency ranges

The gverall )system configuration is schematically represented in figure 7. From an insylation
co-ordindtion point of view, it is convenient to divide an HVDC converter station, including the
connected—a.cand—d T times, imto differentparts—withTegard—tothe—overvottages generated.
These parts or subsystems comprise:

a) the a.c. network;

b) the a.c. part of the HVDC converter station including the a.c. filters and any other reactive
power source, circuit breakers and line side of converter transformer;

c) the converter bridges, the valve side of the converter transformer, the d.c. reactor, the
d.c. filter and the neutral bus;

d) the d.c. line/cable and earth electrode line/cable.

These parts or subsystems should be considered in defining the study model, which could be
either detailed or suitably simplified without losing the validity of the study results.
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DC side of
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con

er station

P Details for fast-front and steep-front overvoltages

d)

IEC 1616/02

atioh of\a.c”’bus and filter arrester characteristics in the frequency range of

HVDC

their
to the
5 and

ation.
ion of

some

a) An adequate high frequency parameter model should be used for a.c. lines, busbars etc.

b) AC filter components shall be represented including stray inductance and capacitance.

c) AC lines of length such that the traveling time exceeds the time frame of the studied event
can be represented by their surge impedance.

d) All stray capacitances of equipment made up of windings can be represented by lumped
equivalents, both to earth and across the equipment.

e) Arrester characteristics shall be considered for the appropriate frequency range as given

in

table 5.

f) There shall be an adequate model for the earthing system, the earth connection and
flashover arc.
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6.8.3 DC overhead line/cable and earth electrode line

6.8.3.1 Details for slow-front and temporary overvoltages

a) DC and earth electrode lines shall be represented from d.c. up to about 20 kHz frequency
range according to table 5.

b) Representation of d.c. and neutral bus arresters characteristics in the frequency range of
some hundreds of Hz.

6.8.3.2 Details for fast-front and steep-front overvoltages

a) Adequate high-frequency parameters should be used for d.c. and earth electrode lines as
well as buses. Also short lines can be represented by their surge impedances as Igng as
thg reflection from their far end does not intercept with the studied ent. The| 50 %
flgshover voltage levels of the line insulators are decisive for the max|

b) DC and neutral bus arresters characteristics should be considgeke ) priate
frequency range as given in table 5.

c) THere shall be an adequate model for the earth connection g

6.8.4 DC side of HVDC converter station

6.8.4.11

a) D
cdpacitor, etc.) are represented.

s and

c) |
oVervoltages.

-

borary

6.8.4.2 Details for fast
a) DC side equipmen

stfay inductan
b) All stray capé}
eduivalents, bo

c) Arr
d) Cl i ons do not need to be considered since they will not resppnd to
th i

uding

ade up of windings can be represented by Iymped
2quipment.

Becayse, of the essential differences between a.c. and d.c. systems leading to some devigtions
in the|ptocess of insulation co-ordination as discussed in 5.1, it is useful in this clause to fdefine
clearly_the design objectives to be achieved as a result or following the co-ordination
procedures of the subsequent clauses. This applies to some extent to the a.c. side of the
HVDC converter station but to a greater extent to the d.c. side, particularly because several
valve groups are normally connected in series. The valves and other equipment entirely
separate from earth are therefore arranged to be protected by means of appropriate surge
arresters as illustrated in figure 4.

The first design objective is thus to make a suitable choice of locations of various arresters
based on all the available or assembled necessary system details discussed in 6.8 not only for
the d.c. converter scheme but also for the a.c. network, the d.c. and earth electrode lines and
cables (if any), and the a.c. side of the HVDC converter station. The next important design
objective is to plan and conduct studies for determining surge arrester requirements in
sufficient detail as illustrated in 7.1. The studies are generally, but not necessarily, based on
assessment and evaluation of various transient events affecting the stresses on different
arresters using the methods and tools such as those discussed in 6.7.
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The main objective is the determination of the requested and specified withstand voltages to
achieve the desired reliability.

The following subclauses suggest some illustrative tables suitable both for itemizing the
quantities which are to be the design objectives in a clear manner and as a possible means of
presenting the design results.

71 Arrester requirements

Table 6 suggests for each of the arresters, such as referenced on figure 4, the various
requirements which should be the objectives of the insulation co-ordination design. The
:"ea"; o rororotpsof-arresters—and-ndividaatiterms—shoutd—faciitate clear
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Table 6 — Table for arrester requirements

Arrester Arrester protective levels at co-ordi n currents
identification — Continuou$ opérating voltages NOTE Definitions and abbreviations for arr ve levelb are given Energy
reference *° in clauses 3 and 4, respectively. Subclau ral information absorption
on corresponding current)'m\fg
\) c Duty of
UC’ Uch CCcov PCOY, ECOV SIPL /N.%\\ STIPL arrester
. KV K KV KV KV KA R KV KA
(See figure 4) (r.m.s.) (crest) (peak) *=/m.s.) (peak) (peak) (é/\a%\ Wak) (peak) (peak) kJ
. AC section \ \
A N.A. (1O )
FA1, FA2 N.A. (\WY/ )\
N \
Il. Converter circuit & & Q \
V1 N.A. /—‘
V2 N.A. \ N )
B N.A. < 2N N\ N
NA AN TSN 7
cB N.A. N NN N
DB N.A. RS
lll. DC section AL
DL N.A. N.A.C N/
: o RN
\ \
DR N
FD1, FD2 N.A. N )
EL N.A. N\A\

a
b

Cc

N.A. = not applicable.

Refer to clause 4 for abbreviations and

See figure 4 for arrester references
different schemes.

STIPL for valve arresters.

to clause 3 for definitions.
n a typical modern HVDC converter station. Arresters may be added, or they may be unnecessTy, depending on particular

(2)2002:031 0 G-12009 S1
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7.2 Characteristics of insulation

As in a.c. substations there are two types of insulation used in HVDC converter stations, self-
restoring, which applies to air, and non self-restoring which applies to e.g. oil and paper.
However, gases that may be used can fall under both types of insulation. In d.c. applications
the composite effect of d.c., a.c. and impulse (also polarity reversal) voltages on the
characteristics of the insulation shall be considered. The characteristics of the individual
insulation is outside the scope of this standard.

7.3 Representative overvoltages

The re¢presentativeovervottageasdefimed—mtEC 6007 =1+tsequat-tothemaximunrovervpltage

of eafh class of overvoltages determined from these examinations. THis generak cancept
appligs to both a.c. and d.c. systems, but a particular applicatiop\lof this\¢oncept for

d.c.s els of
arrest

7.3.1

7.3.1.

The npaximum overvoltage between points directly protected by, thej s (for
exam in i [ wined from the afrester
chara 2 3

7.3.1.

For in 5 he protection can be achieved by a
numb i imum
voltages, corresponding t¢ z t, are
addeag 2

7.3.1.

For sl tral is
the s mined
in table 7.

7.3.1.4 of
Slow- verter

transfprmers,sstressing the air clearance between conductors in the switchyard. Usually, this is
not a problem for the lower system voltages, but in the case of high a.c. system voltages|and a

number Of series connected valve bridges, the maximum voltage shall be evaluated apd air
clearammmmmmy—l.

The inter-winding voltages may stress different points inside the converter transformer
depending on its construction (two- or three-winding, single- or three-phase transformer).

7.3.1.5 Summary table

Table 7 is an example based on figure 4. In real life such a table should be established in light
of the specific design.
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Table 7 — Arrester protection of d.c. side of an HVDC converter station

Protected item

Arrester protection identification

Comments

Between terminals of
a valve

Valve arrester (V)

Between terminals
of a converter

(1) Converter unit arrester (C)

(2) Mid-point d.c. bus arrester (M) and neutral

bus arrester (E)

For lower converter

Different alternatives are
possible

Mid-point d.c. bus

Mid-point d.c. bus arrester (M)

(1) DC bus arrester (CB)

(1) May give lower protective

DC bds, valve side of

Ievel.

2) Converter unit arrester (C) and mid-point .
d.c. rgactor (2) G0 bus arester (M) (€) P (2) May/give Tower afrester
e ses
Neutral bus Neutral bus arrester (E)

DC bys line side of reactor

DC line arrester (DL)

A\
N

Betwden terminals of
d.c. rgactor

DC reactor arrester (DR)

O

Valve
to ear

side a.c. phase
h

Lowerl transformer — lower

Valve arrester (V) and neutral bé ar@er (

R
)

convefter
>) With deblocked convdrter.
Uppell transformer —
lower [converter
(2) With blocked convertgr
Lower transformer — upper Mid-point arres‘ir (mwr W)
convefter
1) d{point atxe er( ndnw (1) With deblocked convdrter.
Upper transformer — valve arrester
upper|converter
rr (2) With blocked convertgr
7.3.2 Repres
The representati whjch may be presented as in table 8, are determined by
considering retevant it the
repregentative typ pe of
overvoltage ted to
take |nto~co D71-2,
claus¢ 2. This ad ors to

the pr|

ptective\levels obarresters as per 7.4.
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Table 8 — Table gathering representative overvoltage levels and
required withstand voltage levels

Between terminal and earth, unless stated

Insulation location

as from one terminal to another terminal.

Refer to figures 4 and 7, and to
table 7 for illustrations and references

Representative
overvoltage levels for
appropriate type of surge

Required withstand
voltage levels
(Urw as per IEC 60071-1)

SIPL | LIPL | sTIPL® L . Steep
RSLO | RFAO | RsTo?® | Switching | Lightning | o
KV KV KV KV KV KV

AC switchyard section

AC

busbars and conventional equipment, 1

Filtgr capacitors
(a) HV side, 1-2
(b) LV or neutral side, 3

AN

R

Filtgr reactors

(a) HV side, 2

(b) LV or neutral side, 3

(c) across the reactor, 2-3, 3

Corjverter indoor equipment

Acr¢ss a valve, 5-9, 7-5, 6-7, 6-8

Acrgss lower valve group, 7-8

Acrgss upper valve group, 9-7

Onqg phase valve to another phase valve,
5 ph-ph and 6 ph-ph

M

dtpoint to earth, 7

Each converter unit HV side,

<)

Each converter unit LV sLde,\S\ \(

O

HVIDC bus (indoor), 9 |
2

DC heutral bus, y\ x

DC side equipme

Acr¢ss d.c. reacto/‘i\bQ

Filtgr capacitors
(a) HV side,
(b)

LV or ne

Filtg
(a)
(b)
(c)

AN
ey,

DC pus, (outdoor), 10

DC Jine310

Earth electrode line, 8

v

Other equipment such as transformer,
valve, windings (e.g. in oil)

Star winding

(a) phase-to-neutral, 5-n

(b) phase to another phase, 5 ph-ph
(c) neutral to earth, n

(d) phase-to-earth, 5

Delta winding
(a) phase-to-earth, 6
(b) phase-to-phase, 6 ph-ph

Star-winding to delta winding, 5-6

STIPL and RSTO for valve arresters.
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7.4 Determination of the required withstand voltage

As with a.c. systems, equipment is classified into equipment with self-restoring and non-
self-restoring insulation according to IEC 60071-1. Self-restoring insulation consists primarily of
air gaps and porcelain external insulation while non self-restoring insulation consists primarily
of oil and cellulose dielectric materials as used in converters and reactors. Under certain
circumstances the thyristor valve is self-restoring. Redundant thyristor levels are provided to
maintain the required withstand voltage even in the event of random failures of thyristor levels
within the valve between maintenance periods.

Arresters 8 i i j 3S—i pplications; r, the
arrest Cross
equipinent elevated from earth potential. For thyristor valves the arreste bse to
the v
The aplie s the
insulation is stressed by composite a.c., d.c. and impulse voltag ife Pquire
consideration of both resistive and capacitive voltage disfriblition arg g in| high-
voltage stresses. These high-voltage stresses are, howevér, ta ; lesign
and t
The ; plying
the corresponding maximum overvoltages with @& y n the
withst g equi ng to
respeftive equipment standards. In ale, Equip-
ment withstand voltages. However, in the rdized
withstand voltage levels.
The insulation co-ordinatiop™procedu i ion of
a co-¢rdination factor (K S oltages (Urp) to obtain the co-ordipation
withstand voltages (U ) e X U, (refer to 4.3 of IEC 60071-1) For
equipient on the d.c.|[side e jristi od (refer to 3.3 of IEC 60071-2) is a¢tually
used [so that for/Swch [ is\the>deterministic co-ordination factor K.4 (rgfer to
3.3.2.[l of IEC 6 ich ed instead of K. The co-ordination factor K 4 applied|to the
representative overvg :

o all nd for
th rester
ch

o all

Referyi rough

a further step-0 e co-

ordingtion(withstand Voltage the atmospheric correction factor K, for external insulation, |and a

safety| factor K whose value depends on the type of insulation, internal or external. The safety

factorks-retudes:
» allowance for ageing of insulation;
- allowance for changes in arrester characteristics;

« allowance for dispersion in the product quality.

For HVDC converter stations, the deterministic method is applied and, for altitudes up to
1 000 m, experience has shown that the required withstand voltages of equipment can be
obtained by applying a factor to the corresponding protective level of the arrester. Such a factor
includes all the preceding ones discussed at the beginning of this clause. Table 9 provides a
set of indicative values for this factor which may be used as design objectives if not specified
by the user or the relevant apparatus committees. In table 9, all equipment is considered to be
directly protected by an arrester. If this is not the case, e.g. for some of the equipment on the
a.c. side, distance effect for fast and very-fast transients shall be taken into account and
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indicative ratios should be raised in consequence (refer to IEC 60071-1 and IEC 60071-2:
co-ordination factor and co-ordination withstand voltages).

Table 9 — Indicative values of ratios of required impulse withstand
voltage to impulse protective level

Indicative values of ratios of required impulse withstand

Type of equipment voltage/Impulse protective level * ©

RSIWV/SIPL RLIWV/LIPL RSFIWV/STIPL °
AC switchyard — busbars, outdoor
insulators, and other conventional 1,20 1,25 1,25
equigmrent
AC filter components 1,15 1,25 / 1,25

Trangformers (in oil)

Line side 1,20 1,25 < 172
V4lve side 1,15 1,20 25
Convgrter valves 1,15 1,1/(\ \1\2Y
DC vhlve hall equipment 1,15 1,13\ ‘\ \ ,25
DC spitchyard equipment (outdoor)

(incldding d.c. filters etc and d.c. reactor) 1,15 1,20 1,25

@ Irldicated values are stated for general design objectives only. Approphiate fihal ratigs (higher or lower) can
be selected according to the chosen performance criteria.

® S[TIPL for valve arresters. ®
¢ Indicative ratios are on the basis that an)éq\mgm t is‘'dinectly firotested wi

7.5 |Determination of the specified

surge arrester.

Itage

The gpecified withstand stand

voltages. For a.c. equipm alues
as stdted in IEC 6007 bltage
value$ and the specifi

7.6 Creepag@ e

For insulation locz gn the
minimum creepa e considerations described in clause 8, generally pased
on thg conti ati ages (a.c. or d.c.).

7.7

For all insulatjegilocations in air (outdoor and indoor), it is necessary to determine the minimum
cleargdnce distance._inair using the considerations described in clause 8, generally based on
the repguired)switching impulse withstand voltage.

8 Creepage distances and clearances in air

The creepage distance on the insulators is one of the factors that dictates the performance of
external insulations at continuous operating voltages (a.c. or d.c.). Contamination on the
insulators reduces their ability to support the operating voltages, particularly during wet
conditions. When wet weather conditions concentrate the pollution on some parts of the
surface of the insulators, the non uniform distribution of pollution and increase in leakage
current creates dry zones resulting in uneven voltage stresses and this can initiate the process
of flashover. Rain, snow, dew or fog are some of the weather conditions that can initiate this
process. The withstand capability of contaminated insulators is also affected by other factors
such as the shed profile, the orientation angle and the diameter of the insulators. In the case of
bushings, d.c. current measuring devices, d.c. voltage dividers and other similar equipment the
internal construction of the core impacts on both the internal and external voltage distribution.
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All these factors should be considered in determining the type and shape of the insulators
suitable for the applications.

There have been cases of bushing flashover on various operating d.c. schemes where
contamination deposits have been lightly wetted by dew, fog or rain. In addition, flashovers
have occurred due to unequal wetting of external insulators, such as horizontally mounted
bushings, although this phenomenon is independent of the creepage distance.

The base voltage used together with the specific creepage distance is as follows:

« for the insulation on the a.c. side of the converter (a.c. equipment): the highest value of

' L ol tlo L lo, & o VAT il S aYaVo W, N =AY
(0] cratinmty vulldyt® TAPITOSOTU as UIT T.11T.5. VUIAaytT PITasT=lU=pPTITdstT (T-L UUO0 TJ),

« fof the insulation on the d.c. side of the converter (d.c. equipment): the d.c. system, vpltage
aq defined in 3.1 for the insulation to earth, or a corresponding aver, e of\the vpltage
adross the insulation for insulations between two energized parts

8.1 [Creepage distance for outdoor insulation under d.c.

The tgend in the industry for several years has been to us epage distances
in HVPC applications. For example, creepage distances Wk¥ have beer| used
in HYDC systems. However, such an increase in/the speci ge distance d|d not
eliminate the external flashovers. phagized that fordL. system voltages of
500 kY, an increase in the outdoor specmc creépage digtafiee did not eliminate the external
flashdvers due to pollution or unequal x @

NOTE | Because of the different base voltages used i e detertpination.of the creepage distance (refer to the end
of clauge 7), i i S arth insulation, a specific creepage distance of
60 mmjkV in a d.c. system corresponds to about 35 mm/kV

Severpl mitigation technjque ; usey on\existing HVDC systems to solvg both
problgms. The application\of gy ierature vulcanized rubber (RTV) agn the
surfage of the insulatots ha n avoiding flashovers. The frequerncy of
reapplying the grease ti il depend onthe pollution conditions at the site. Frequengies of
18 mqgnths to 3 * 3 as been quoted in the industry. The application
of bogster sheds

Recently, the us
in solving the
distances.

irigs for bushings and other devices has been successful
stations, even those with smaller specific cregpage

8.2 |[Creepage\distance for indoor insulation under d.c. voltage

For ap indoor-elean ehvironment, a minimum specific creepage distance of about 14 mm/kV
(basefl on"the appropriate d.c. voltage) has been widely used and has not experiencgd any
flashgver:, The creepage path, in any case, may not be an especially suitable paramgter to

deﬂn the-convertervahre-internalinsation-and-the-arcing-distance—-mav-be-more-appropriate
3 e aretHteaHistHatHoR—ahRa+hRe—-acHig-aistah Ray-be-ofre—app+ I .

8.3 Creepage distance of a.c. insulators (external)

For standardization purposes, four qualitative levels of pollution are described in IEC 60071-2,
table 1, and IEC 60815 specifies corresponding pollution test severities and minimum specific
creepage distances for overhead line insulators in a.c. systems. Insulators shall withstand the
pollution level at the highest voltage system operation. The co-ordination withstand voltages
are taken equal to the maximum voltage of the system (Ug) and the minimum recommended
creepage distances are defined in terms of mm per kV (phase-phase). Typically the range is
between 16 mm to 31 mm/kV.
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8.4 Clearances in air

Details concerning required clearances in air to assure a specified impulse voltage insulation
for a.c. applications are presented in IEC 60071-2, while annex A of this standard gives the
correlations between impulse withstand voltages and minimum air clearances. In HVDC
applications the presence of composite a.c., d.c. and impulse voltages shall be considered [7].

Depending upon then d.c. voltage level, the switching criterion, rather than lightning, is
considered to be the governing factor in determination of air-gap requirements. Typically for
a given gap spacing, the positive lightning impulse breakdown voltage will be at least 30 %
higher than the positive switching impulse breakdown voltage.

a VO

ltage thzlin the
e\equral o the

For bpth d.c. and impulse voltages the positive polarity has lower withstza
negat|ve polarity. The result of tests with switching impulse alone, of

total Joltage, can generally be used for composite slow-front and d.c. i priate
corregtions for earth electrode shape, this will give conservative” values € iigns of
positiye slow-front voltage superimposed on positive polarity d. € v verter
statiop clearances which are selected relative to surge arreste{ protecti .Nhis applies
particularly to practical gaps behaving in similar fashion to rod<pla

9 Arrester requirements

9.1 Arrester specification

The r¢sidual voltage of an arrester is t als of
an arfester during passage of a dischs The—afrester currents for whidh the

maximum residual voltages are specifi so-ordination currents as illustrgted in

table 6.

The vplues of co-ordination\curre stermined” by system studies, usually carried put by

the sdpplier. The proc i i gunt the energy duty in arresters, the number
of columns of arregster\n para current in each arrester which depends ¢n the
number of arre ve-final ‘ehoice for peak current in the arresters is the co-
ordingtion current™Mor S onding residual voltage leads to the representative
overvopltage for dirg iprient. What is looked for is the “best balance” between
overall arrester s i ion esign and HVDC converter equipment voltage withstand
requirements and \desi is\process resting on the choice of co-ordination currents. For
arrester testing p 9 potection levels assessment, standard shapes defined in IEC
60099-4 £ witchi ightning and steep current impulse are applied to the co-ordipation

currents:

For the sections~qf the HVDC converter station exposed to atmospheric overvoltagep, the
determination of the” arrester co-ordination current for lightning stresses shall consider the
of .the station shielding (particularly for outdoor valves). The maximum current at

Arrester discharge currents during contingencies may be of various durations. In specifying the
arrester energy capability, consideration shall be given to both the amplitude and duration of
the discharges, including repetitive stresses due to the relevant operating sequence. Repetitive
current impulses occurring over several cycles of fundamental frequency are considered as
one single discharge, having an equivalent energy content and duration as the accumulated
values of the actual energy impulses, and taking into account current amplitudes and durations
of the combined impulses. From a stability point of view, repetitive current impulses shall be
considered over a longer period of time. When determining the equivalent energy, it shall also
be taken into account that the energy withstand capability of metal-oxide arresters is reduced
with shorter pulse duration [4].

In specifying the arrester capability, the calculated arrester energy value from the studies
should consider a reasonable safety factor. This safety factor is in the range of 0 % to 20 %,
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depending on allowances for tolerances in the input data, the model used, and the probability
of the decisive fault sequence giving higher stresses than the cases which have been studied.
The life time of an arrester depends on three factors:

a) peak current of the surge;

b) pulse width;

c) pulse cycle.

9.2 AC bus arrester (A)

The a.c. side of an HVDC converter station is protected by arresters at the converter
transfprmers—and—at-othertocations dcpclldilly or—the—station uunfigmatiun (acc for—ex mple

figure|4). These arresters are designed according to the criteria for a.c. applications-ang they

limit the overvoltages on both the line side and the valve side of the mers,
taking into account the slow-front overvoltages transferred from the |j e side
of the|transformers. The arresters are designed for the worst case «f ed by
the rgcovery, including transformer saturation overvoltages and load

rejectlon, as well as possible restrike of circuit breakers during

9.3 |AC filter arrester (FA)

The dontinuous operating voltage of the a.c. filter/arr, uency
voltage with superimposed harmonic voltages correspo 3 ies of

the filter branch. The ratings of these a i sient
event$. Since the harmonic voltage Il be
considered at the rating of arresters.

The e borary

overv capacitors during earth faults ¢on the

filter { ) and the latter the LIPL and the g¢nergy
disch PN rgy discharge duties may also resulf from
condi i & e to low order non-characteristic harnponics
gener

9.4

9.4.1

The i g operating voltage consists of sine wave sectiond with
commutati tation
overs st valueyof the continuous operating voltage (CCOV) is proportional t¢ Ug;,
and, ¢

ccov :% xUgim = 72 x Uyg

The peak continuous operating voltage (PCOV), which includes the commutation overshoot
shall be considered when the reference voltage of the arrester is determined. The commutation
overshoot is dependent on the firing angle a and accordingly special attention shall be given to
operation with large firing angles.

9.4.2 Temporary and slow-front overvoltages

The maximum temporary overvoltages are transferred from the a.c. side, normally, during fault
clearances combined with load rejections close to the HVDC converter station. However, it
shall be noted that only contingencies without blocking or with partial blocking of the converters
need be considered, since the valve arresters are relieved from stress when the valve is
blocked and the by-pass pair is extinguished.

The events producing significant valve arrester currents of switching character are as follows:
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a) earth fault between the converter transformer and the valve in the commutating group at

highest potential;
b) clearing of an a.c. fault close to the HVDC converter station;
c) current extinction in only one commutating group (if applicable).

A phase to earth fault on the valve side of the converter transformer of the bridge at the h

ighest

d.c. potential will give significant stresses on the valve arresters in the upper commutation
group. The discharges through the arresters are composed in principle of two current peaks.
Firstly, the stray and the damping capacitances of the converter are discharged giving steep-
front surge stresses on the valve connected to the faulty phase (see 9.4.3). Secondly, the d.c.
pole and line/cable capacitances are discharged through the d.c. reactor and the transformer

leaka@e Teactance g latter
discharge might expose one of the arresters connected to the other ph ghest
current and energy. The parameters such as the d.c. voltage at the fau mstan pactor
inducfance, transformer leakage inductance and line/cable paramete of the
three Jupper arresters will be the most stressed and the magnitude r d.c.
schenpes having parallel connected converters, this phase to ear itional
stresges since the unfaulted converter will continue to feed currg some
time before the protection trips the converters. Depending ystem
dyna . h fault
case upper
three palves.

In thel above phase to earth fault caseg n the
value |of the d.c. bus voltage. It is reck gn last
for a humber of seconds. It should be S ith very
high e¢nergy discharge capability. The should consider the probability fpr the
occurrence of voltages higher than the ing voltage in combination wjth an
earth fault.

At faylt clearing in the[q.c. N ive ovgrvoltages on the a.c. side arise only|if the
convelrters are blocked. e G tinae to operate after the fault, this will damp out
the oVervoltages i Py will be much smaller. Often the case thaf gives
the mpximum ar e cohverter is permanently blocked with by-pass|pairs.
The Qlocking might ‘ efter transformer breakers are opened a few gycles
later. is i ; esters are not exposed to any operating voltage after the fault is
clearg ic te \ gition for a relevant load flow shall be used whgn the
transf, ‘ Q e line side are calculated. Unfavourable system conditions can
result|i > v the a.c. filter/shunt capacitor and the converter transformer
togetHherwith . ork impedance. The fault inception and the instant of fault clegrance
instants shaquldp i order to cover the variations in transformer saturation

A curfent _extinction_in all three valves of one commutating group, while the valves jn the
commutating groups in series still conduct current, might be decisive for the arrester g@nergy
rating| Thé current is then forced to commutate to one of the arresters connected in parallel
with the non-conducting valves. The energy dissipated in this arrester can be substantial if the

current is not quickly reduced to zero.

Possible contingencies which may result in current extinction in the valves in only one

commutating group include:

« firing failure in a valve, e.g. due to a failure in the valve control unit;

e blocking of all the valves in a converter without a deblocking of the by-pass pairs.

This

contingency may give a converter current close to zero, during some transient conditions
such that the current is only extinguished in one of the commutating groups connected in

series. This case is often most stringent during inverter operation.
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If current extinction is considered inconceivable then this event is excluded. Whether the
current extinction is conceivable or not depends very much on the degree of redundancy and
type of control/protection system.

9.4.3 Fast-front and steep-front overvoltages

The valves and the valve arresters within the converter area are separated from the a.c.
switchyard and the d.c. switchyard by large series reactances, i.e. the converter transformers
and the smoothing reactors. Traveling waves, caused by lightning strokes on the a.c. side of
the transformers or on the d.c. line outside of the smoothing reactor, are attenuated by the
combination of series reactances and earth capamtances to a smaller magmtude or a shape
back-
to-bagk stations) the capacitive coupling is more predominant and may ideration.

The onted
overvpltages at back-flashovers and earth faults within the converte a~Di ightning
strokgs shall be considered only if the lightning passes the shielding gystem. Rires s and

back-flashovers can often be excluded in high-voltage HVDC conveKer j quate

e side
deled
on of

The most critical case for steep-front overvoltages is nor
of the|converter transformer of the bridge with the highge
in delail with its stray capacitances and bus induc
this case.

A contingency to be recognized in the design « ' i i essed
is n the

immediate commutation of the arreste * e arrester to the valve. It shodld be
stresded that the arrester current to b S| is commutation is not necessarjly the
specified co-ordination currg ; ich normally refers to an overvoltage in
the rejversed direction. Fo - i e ard direction, it is adequate to assyume a

co-ordination current of switchi stef corresponding to the protective firing level across

e haracteristics and redundant thyristors may
be copsidered when t astimated. If the protective firing level is chosen
aboveg SIPL of t ; q 3 current corresponding the overvoltage leyel for
selecfion of prote e described in 9.4.4 can be used to define a realistic durrent

for thip case.

94.4

Proteg¢tive ficing may\Iimit\the forward overvoltage across the valve by triggering the thyrjstors.
The lg¢ve 1RV ective) firing shall be co-ordinated with the overvoltages during different
operali Wit AWhen the level of the protective firing is greater than the protective level

of the|valve arresters, this should be specified.

Possibledadverse effects of the protective firing on the transmission performance need ohly be
considered dwillg extermatfautts—whenthe puic renTaims—in upclaﬁun and—ther—in paltCU|al',
during inverter operation.

Protective firing in rectifier operation during transients in the a.c. network does not give rise to
any significant disturbance of the link. On the other hand, if a valve is fired earlier due to a
protective firing during inverter operation, the result could be a commutation failure and the
recovery time for the transmission after a fault clearing may be increased. In order not to affect
the recovery of the link, the protective firing should not be activated during the highest
overvoltage that may occur without permanent blocking of the converter acting as inverter.

9.5 Bridge arrester (B)

A bridge arrester may be connected between the d.c. terminals of a six-pulse bridge.
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The maximum operating voltage will be the same as for the above-mentioned valve arrester
(9.4). The following events may produce arrester currents of switching character:

a) clearing of an a.c. fault close to the HVDC converter station;
b) current extinction in the corresponding six-pulse bridge (if applicable, see 9.4.2).

The switching overvoltages transferred from the a.c. side normally results in low arrester
currents since the bridge arrester is then connected in parallel with a valve arrester.

9.6 Converter unit arrester (C)
A vartar tnit arractar mav ha caonnactad hathwoan tha d o taorminAale ~Af A 19 Anlcon b d
conperter—uhit—arrester—may-be—sonnectedbetween—the—d-e—terminals—efa—12-p jridge,

arrester (C) in figure 4.

The maximum operating voltage is composed of the maximum h one
convefrter unit plus the 12-pulse ripple. The voltage CCOV, excluding co i hoots,
can nprmally be estimated as:

The theoretical maximum operating voltage for small values ®© g, and overlap angle is
given |by the following expression:

The cpmmutation overshoots should b f'e same way as for the valve afrester
when the arrester is specifi

The cpnverter unit arresters d to high discharge currents of swifching
charagter. For series ¢o { S e—closure of a by-pass switch during opgration

will sfress this arrester. S limit overvoltages due to lightning stresses
propapating into ( 3 q ese stresses are not decisive for the arrester.

9.7 |Mid-point d’¢,

A midrpoint d/c: S s.sometimes used to reduce the insulation on the valve gide of
convefrter transfor -point arrester may be connected across a six-pulsg or a
12-pu|sebridge, iny ¢ of Series connected converters (arrester (M) in figure 1).

The operating™wgltage\is similar to that for the bridge arrester or the converter unit arrester with
the aqdition-ef the™oltage drop in the earth electrode line.

An eviehi“producing significant arrester stresses of switching character, when applicabl¢ (see
9.4.2 above), is current extinction in the lower six-pulse bridge. Also, operation of bypass
switches will give rise to stresses, in the case of series connected converter units. Lightning
stresses may result from shielding failures.

9.8 Converter unit d.c. bus arrester (CB)

A converter unit d.c. bus arrester may be connected between the bus and earth, arrester (CB)
in figure 4.

The operating voltage is similar to that for the converter unit arrester with the addition of the
voltage drop in the earth electrode line.
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Due to the high protective level, the arrester will normally not be exposed to high discharge
currents from slow-front overvoltages. Lightning stresses of moderate amplitude may result
from shielding failures.

9.9 DC bus and d.c. line/cable arrester (DB and DL)

The maximum operating voltage is almost a pure d.c. voltage with a magnitude dependent on
the converter and tap-changer control and possible measurement errors.

These arresters are mainly subjected to lightning stresses. Critical slow-front overvoltages can
often be avoided by suitable selection of the parameters in the main circuit, thus avoiding

A

an indquced overvoltage on the healthy pole. The magnitude of these ov

When|the HVDC line comprises overhead line sections as well as sidgration
should be given to the application of surge arresters at the erfiead\line junction to
prevept excessive overvoltages on the cable due to refleg ¢ i HVDC
links Wwith very long cables, the energy rating of the cable a is-deci isdharge
of the|cable from the highest voltage it may attain during a i . S ults in
comparably low discharge currents. Contingencies/to be corside e and
complete loss of firing pulses in one of the stations ig rs are
in this e

9.10 |Neutral bus arrester (E)

The o . ration
it will|be practically zero. i ' t will consist mainly of a sma]l d.c.
voltage corresponding to<the rth electrode line or the metallic return
conductor.

Thesq arresters i ect equjpment from fast-front overvoltages entering the
neutrgl bus and t 3 ies during the following contingencies:

An eg
arrest
fault v
fast d
of rise
electr
impedance in parallel with the arrester is the entire d.c. line impedance.

. Yus will cause the d.c. filter to discharge through the neutral bus
but short current peak. The most essential assumption is thg pre-
. The

is.mainly limited by the d.c. reactor. The fault current will be shared between the| earth
i ' ion, the

At an earth fault on a phase between the valve and the converter transformer, the a.c. driving
voltage will be shared between the converter transformer impedance and the earth electrode
line impedance. The decisive case can be found for the terminal which has the longest earth
electrode line and, in the case of metallic return operation, in the unearthed terminal. The worst
case occurs when the station is operating as rectifier, because of the polarity of the driving
voltage.

Metallic return operation usually gives such high requirements on the neutral bus arrester, that
it becomes advantageous to select a higher arrester rating in the unearthed station than in the
station that is earthed during metallic return operation. This is also applicable for long electrode
lines (normally for distances above 50 km).
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Neutral bus capacitors have been included in recent schemes, mainly due to harmonic filtering
requirements and due to suppression of overvoltages on the neutral bus, although they will
influence the neutral bus arrester stresses and shall be included in the study model. The
stresses on the neutral bus arrester will also depend on the converter control and protective
actions taken during the fault. When the energy rating results in an excessive design a
sacrificial arrester may be used. In particular, this is the preferred design when the
replacement of the arrester does not significantly influence the outage time. In bipolar systems
sacrificial arresters shall be located so that bipolar outages are avoided.

9.11 DC reactor arrester (DR)

The ripple
voltage from the converter. The arrester will be subjected to lightning overyo posite
polarity to the converter d.c. bus operating voltage (which may be termed i ightning
impulges). . o the
thyrisfor bridge shall be considered.

In many schemes the d.c. reactor arrester can be dispensed lation
level meets the voltage requirement from the d.c. line arreste imum
operaling voltage of opposite polarity.

9.12 |DC filter arrester (FD)

The normal operating voltage of the d.&. fi p sts of
one of more harmonic voltages corresq ingd hch in
quest : all be
consig

Arresfer duties are mainly, a from
earth faults on the d.c. pofe

9.13 |Earth electrode| sta

The gquipment s and
meastlring equipmen n from overvoltages entering via the earth elegtrode
line. A e line entrance. The continuous operating voltage is
insign ed for lightning stresses entering via the overhead line.
The the earth electrode station during unsymmetrical faults and
com 0 be considered for short earth electrode lines.
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Annex A
(informative)

Example of insulation co-ordination for conventional HVDC converters

List of contents

A.1 Introductory remarks

A.2 Arrastar nrotactiva schemaea
.4 s 8P+ HV

A.3 Determination of arrester stresses, protection and insulation levelg
A.4 Determination of withstand voltages for converter transformers

A.83 Determination of withstand voltages for air-insulated smoot
A.@ Tables and computer results

A.1 [Introductory remarks

This gnnex gives a description and method of calc n of a
conventional HVDC converter station with a d. a Wi S éturn. This example is
intended to be informative and tutori j steps
leading to chosen arrester ratings dures
explained in the main text.

The fesults presented in this anne
proceflures in 6.7.1 as well/as in
HVDJd, calculated value f
practical values.

A2 Arrester

Figurg¢ A.1 showsthg a kel b ye schemes for the HVDC converter station. All arrgsters
are of{the metal-oxid

bhe study approach and desgribed
ere are no standard withstand levels for
SSFIWV are rounded up to convgnient

A.3 |De i arrester stresses, protection and insulation levels
The fgllowing ain data are used for the basic design of the HVDC converter station:

AC sidei(strong a.c. system

DC side:

DC voltage KV 500 (rectifier)
DC current A 1500

Smoothing reactor MH 225

Firing angles Deg 15/17 (rectifier/inverter)
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Converter transformer

Rating (three-phase, six-pulse) MVA 459
Short circuit impedance Pu 0,12
Sec. voltage (valve side) kV r.m.s. 204
Tap-changer range 5%
Inductance per phase (valve side) MH 35

AC bus arrester (A)

The following data are given for the HVDC converters:

Paraneters Bus 1 (A)
Nominal system voltage KVims 400
Highept system voltage (Uy) KVims 420 A
Continuous operating voltage, phase-to-earth KVims 243 <
SIPL {at 1,5 kKA) kV 632
LIPL (at 10 kA) kV N3
Maxinjum slow-front overvoltage transferred to kV 34&&
valve side (between two phases)

Numbier of parallel arrester columns ,4 A 2 >
Arresier energy capability I\ MJ) . 3\2

Valve[arrester type (V1) and (V2)
The fgllowing values are valid for both cogverterstations:

CCOV kv
Numbier of parallel columng onrarrester (V1
or arrester (V2
for arrester (V1

for arrester (V2

Energy capability

~— N ~— ~—

etermined by computer studies for the following ¢ases:

cetled if the transferred slow-front overvoltage appears between
xand S), where only one valve is conducting (figure A.2). The value jof the
Oh{ overyvoltage is dependent on the maximum protective level of the a.c. bus

Figurg¢ Ac3-show the results for the HVDC converters if only one arrester in the cirguit is
conducting. This fault case is decisive for the design of all lower valve arresters type (V2)

Results (valid for valve arrester (V2)):
The switching impulse protective level (SIPL) of the valve arrester (V2) is given by

SIPL
RSIWV

500 kV at 1 027 A (see A.3)
1,15 x 500 kV = 575kV  => [SSIWV=575kV
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A.3.2 Earth fault between valve and HV bushing of converter transformer

This fault case gives the highest stresses for the valve arresters protecting the three-pulse
commutating group on the highest potential. The equivalent circuit for this case is shown
in figure A.4. The stresses for the upper valve arresters are also dependent on the fault
insertion time. To determine the maximum values, the fault insertion time is varied from zero to
360 electrical degrees.

The results of the maximum stresses are shown in figure A.5.

This fault case is decisive for the design of all upper valve arresters (V1) if the slow-front
overvpltage (case a) does not result in higher arrester stresses.

Results (valid for valve arrester (V1)):

The spitching impulse protective level (SIPL) of the valve arrestep(V

SIPL
RSIWNV

499,8 kV at 4 230 A (see figurgrA. .
1,15 x 499,8 kV = 575kV  => S [SSIWVSGT5KRY |
A

Conveérter group arrester (C)

The fgllowing values are valid for both converter

CCOV:
Numbier of parallel columns:
Energy capability:

The sfresses of the group ggre i puter studies transferred slow-front
overvpltages from the a ; q the transferred slow-front overvpltage
voltage is twice the v resters. It is assumed that during rormal
operalion, when four onducting, a slow-front overvoltage will be
transferred betwe

For tHe design of ¢ ester (C) the following values for the co-ordipation
currents are chosemn

SIPL at 0,5 kA
LIPL at 2,5 kA
RSIWNV = 1070kvV => SSIWV =1 175 kV
RLIWYV = 1258kvV => SLIWV =1 300 kV

DC bys arrester
The fgllowing values are valid for both converter stations:

CCOV: 515 kV
Number of parallel columns: 1
Energy capability: 2,2MJ

For the design of the d.c. bus arrester (DB) the following values for the co-ordination currents
are chosen:

SIPL = 866 kV at 1 kKA
LIPL = 977 kV at 5 kKA
RSIWV = 1,15 x 866 kV = 996 kV SSIWV =1 050 kV
RLIWV = 1,2 x977 kV = 1173kV => SLIWV =1 300 kV
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DC line/cable arrester (DL)
The following values are valid for both ends of the d.c. line/cable arrester (DL):

CCOV: 515 kV
Number of parallel columns: 8
Energy capability: 17,0 MJ

For the design of the d.c. line/cable arresters (DL) the following values for the co-ordination
currents are chosen:

SIPL = 807 kV at 1 kA

LIPL = 872kV at 5 kA

RSIWN = 1,15 x 807 kV = 928 kv => SSIWV :,960 kV

RLIW)M = 1,20 x 872 kV = 1046 kV => SLIW\/A<1“05(O\I\V

Neutral bus arrester (E)

The fgllowing values are valid for both converter stations ¢ ising neutral bus arresfers:
CCOV:

Numbier of parallel columns:

Energy capability:

For the design of all neutral bus arres rrents

are chjosen:

SIPL = 78 kV
LIPL = 88kV
RSIWN = 1,15x78Kk
RLIWV = 1,20x 8

AC filter arrester @

The operating voltage foithe arreste
The rating of th€ axres
recovery over )

AC filterrr
Uegh:
Numbler of para

Energy capability:
For thefdesign of the arrester (FA1)

SSIWV = 125 kV
SLIWV = 125 kV

60 kV
2
1,0 MJ

the following values for the co-ordination curren

ed by

s are

chosén:

SIPL = 158 kV

LIPL = 192 kV
RSIWV = 1,15 x 158 kV
RLIWV = 1,20 x 192 kV
AC filter arrester (FA2)

Uch:

Number of parallel columns:
Energy capability:

at 2 kKA
at 40 kA
182 kV
230 kV

= =>

SSIWV =200 kV
SLIWYV = 250 kV

=>

30 kV
2
0,5 MJ
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For the design of the arrester (FA2) the following values for the co-ordination currents are

chosen:

SIPL = 104 kV at 2 kA

LIPL = 120 kV at 10 kA

RSIWV = 1,15 x 104 kV = 120 kV => SSIWV = 150 kV
RLIWYV = 1,20 x 120 kV = 144 kV => SLIWV =150 kV

D.C. filter arrester (FD)
The operating voltage for the arresters consists mainly of harmonic voltages.

The fating of the arresters is determined by the stresses during tr
overvpltage with a subsequent earth fault on the d.c. bus.

D.C. fijlter arrester (FD1)

Uch: 5 kV
Numbier of parallel columns: 2
Energy capability: 0,8 MJ

red slov

For the design of the arrester (FD1) the following values~o Qrdiration curren

chosén:

SIPL = 136 kV
LIPL = 184 kV

RSIWNM = 1,15 x 136 kV | S5IWV = 200 kV

RLIWY = 1,20 x 184 kV SLIWYV = 250 kV

D.C. fijlter arrester (FD2)
Uch:
Numbier of parallel colyr
Energy capability:

For the design @ :

chosén:

SIPL
LIPL

at 2 kKA
at 10 kA

oflowing values for the co-ordination curren

RSIWNV = 120 kV => SSIWV = 150 kV

RLIWYV

144 kV => SLIWV = 150 kV

A.4 |Determination of withstand voltages for converter transformers (valve

A.4.1| Phase-to-phase

-front

s are

s are

side)

Since the converter transformer valve windings are not directly protected by a single arrester,

the following two cases are considered:

« when the valves are conducting, the phase-to-phase insulation of the converter transformer

valve side is protected by one valve arrester (V);

« when the valves are blocked, two valve arresters (V) are connected in series, phase-
to-phase. During this event, the full transferred slow-front overvoltage will determine the

maximum slow-front overvoltage.
SIPL = 550 kV

RSIWL = 1,15 x SIPL SSIWV = 650 kV

The selected specified lightning withstand voltage is: SLIWV = 750 kV
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If the two phases are in separate transformer units (single-phase, three-winding transformers),
and under the assumption that the voltages are not equally shared, the specified insulation
levels for the star-winding have been selected to be:

SSIWYV = 550 kV
SLIWV = 650 kV

A.4.2 Upper transformer phase-to-earth (star)

The phase-to-earth insulation of the transformer and converters are determined by additive
slow-front overvoltages between the transformer phases during the conducting status. These
slow-front overvoltages originating from the a.c. side are limited by the arrester (A) on the
primafy Sid€ of the converter transformer. This additive method 1S not possible In tha non-
conducting status of the thyristor valves. Therefore only the 'conducting/ sta needs|to be

considlered.
SIPL = 1000 kV (2*SIPL of arrester (V2) af 1

assuming no current i eewrakarreste
RSIWV = 1,15 x SIPL =>  (SSIWR\zH175 kY
The sglected specified lightning withstand voltage is: éLIV\@(Q 1 3@0 KV

A.4.3| Lower transformer phase-to-earth (delta)

The ipsulation levels are the same as phase-to-
arrester.

as ssuming current in the neutral

SIWV = 650 kV
The s SLIWV = 750 kV
A.5 [Determination of wi 3 nsulated smoothing reactars

The worst case
slow-front overv

the>terminals of smoothing reactors is given by the
Which is limited by the arrester (DL). Assuming

oppodite polarity to al voltage will be:

SIPL : 866 kV

Maxinpum d.¢ : 500 kV

Sum ¢ 1 366 kV

Smoo 225 mH

Trans ) 140 mH (4 x 35 mH)

Total 365 mH

Voltag 1 366 kV x ( 225 mH/365 mH ) = 842 kV
SIPL

RSIW = 1,15 x 842 kV = 968 kV => SSIWV =1 175 kV

The maximum fast-front overvoltages between terminals are
determined by the relative ratio of the capacitance across
the reactor to the capacitance to earth on the valve side
of the reactor. The specified lightning withstand voltage is: SLIWV =1 300 kV

A.5.2 Terminal-to-earth

The insulation levels are the same as for the arresters (C) or (DL).

SSIWV = 1175 kV
SLIWV =1 300 kV
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A.6 Tables and computer results
~——o—o 9 gD oo
Z?ﬁ. Z:Sﬁ, Z:Sj, V1 DB pL  DCline/cable
5 < < T
n { 1
! 11
T 4 e 12
————— = .
, 2 AR AQ AR V2 o &
7 ] vt
11_ H ‘H‘ T 6 1 < [
7 unye | ER
FA2 =N
- = = == _— Zi Zi Zi V2
= - - & Y # e
Neutral bus ]
/\ 1617/02
Arrester type A V1 V2 C Dé §D)_ FD2 FA1 FA2
243 294 2 55 5 15< 30 p 5 5 60 30
{cn or CCOV kV r.m.s. [ peak eak d.g/\\ d%s. g.c. d.}\./ d.c d.c. |r.m.s.|[rm.s
Lightning: _/
- prgtection level KV | 713 3 1048 XV7\ 72 88 184 120 192 120
- at purrent KA 1/0\ @5\\6\ 5 10 40 10 40 10
Swifching: \( S
- prgtection level KV[ 632 499,8( 00 66 807 78 136 104 158 04
- at purrent KA\ 1,5 \\2\3 \1\0 \0§ 1,0 1,0 6,0 2,0 2,0 2,0 P,0
No. pf columns \ - xz/\x\z? 1 1 8 2 2 2 2 2
Enefgy capability @\\QZ 105 2,5 2,2 17,0 0,4 0,8 0,5 1,0 D,5
Protection \\ NP 5 6 7 8 9 | 10 | 11 | p2
Iocatlof(\
Ueh %V)\m3 &}v 30 243 558 | 294 | 294 30 558 [ 515 15 15
LIPY = REAO 3 192 120 | 713 - - - 88 | 1048 977 184 20
Read W N |5
SIPL = RSLO kW) &2 158 104 | 632 [1000| 550 | 550 78 930 | 866 136 04
SLIWWV (kV) \1425 250 150 |1425(1300| 750 | 750 125 | 1300|1300 250 50
SSIWY. (kV) [1050| 200 150 |1 050 (1175 | 650 | 650 125 |1175|1175( 200 50
. Valves
Protection 1-2 | 2-3 Sand6| 55 | g9 | 910 | 10-11 | 11412 [V1 and
location ph-ph
V2
LIPL = RFAO (kV) 825 192 - - 1048 - 977 184 -
SIPL = RSLO (kV) 747 158 550 1000 930 842 866 136 550
SLIwWV (kV) 1 300 250 750 1300 | 1300 | 1300 [ 1300 250 -
SSIWV (kV) 1050 200 650 1175 | 1175 | 1175 | 1175 200 575
NOTE Specified withstand voltages on the a.c. side are in line with recommended standard withstand values
in IEC 60071-1 for 420 kV a.c. standard voltage class.

Figure A.1 — AC and DC arresters (400 kV a.c. side for
conventional HVDC converters)
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Phase R Lk

o.—/WV\
\Y \Y
V
LN
Phase S Lk
O_JWVL

NOTE| The stray capacitances are not shown, but they are design dependent;

Stresses on arrester:

Umax. = 500 kV Imz Energy = 698 kJ

rrester voltage
= 600 kV
L
= 400 kv
vervgltage >y ...
. 500 ps) )
TKA -f ¢
< ; = 200 kV
. /-Arrester current
T T T
1 ms 2 ms 3 ms
TEC_1619/02

Figure A.3 — Stresses on valve arrester V2 at slow-front overvoltage
from a.c. side ( conventional HVDC converter)
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AV A'AN F'y

AN A ! ! DL  DC line/cable
'5 ‘ﬁ, V1 DBE J E

" ‘ n;;; /
S— . / ZLSE. Z'ﬁ Zm vz o E%: FD1
3 P2l £ T

I I AN S|
M

]
172

4 L L = IEQ 1620/02

NOTE | The stray capacitances are not shown, and are design de

arrester at earth fault on

Higure A.4 — Circuit configuration for stre S e
p i C.conhverters)

Stresses on arrester:

Umax. = 500 Energy = 16 189 kJ

Arrester voltage =600 kV
AKA - [
=400 kV
2AKA =
=200 kV
T T — T
5 ms / 10 ms 15 ms \
\os ]

IEC 1621/02

Figure A.5 — Stresses on valve arrester V1 during earth fault on HV bushing
of converter transformer (conventional HVDC converter)
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Annex B
(informative)

Example of insulation co-ordination for controlled series capacitor
converters (CSCC) and capacitor commutated converters (CCC)

List of contents

B.1__ Introductory remarks

B.2 Arrester protective scheme

B.3 Determination of arrester stresses, protection and insulation leg

B.4 Determination of protection and insulation levels for conver

B.§ Determination of protection and insulation levels for sm

B.§ Tables and computer results
B.1 | Introductory remarks
This @annex gives a description and method of g tlion of
CSC(d and CCC converter stations wi 1 return. This exampple is
intended to be informative and tutorial a mainly summarizes [steps
leading to chosen arrester ratings and on _Adevels, based on procgdures
explained in the main text.
The rgsults presented are based on roah nd procedures described in 6.7{1 and
claus¢ 9. Because there withstand levels for HVDC, calculated valugs for
SSIW), SLIWV and S p{o convenient practical values.
B.2 Arreste@
Figurgs B.1a and/B.1b r protective schemes for the CSCC and CCC converter

statiop. All arrestexs axe

B.3 on of arrester stresses, protection and insulation levels
The fgllowing n data are used for the basic design of the converter station:

AC side/ strong a.c. system

DC side:

DC voltage 500 kV (rectifier)

DC current 1590 A

Smoothing reactor 225 mH

Firing angles 15/17 deg. (rectifier/inverter)
CCC/CSCC-capacitors CCC converter CSCC converter
Capacitance pF 118 43

Ueh kVrm.s. 45 136
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Converter transformer

Rating (three-phase, six-pulse) MVA 419 459
Short circuit impedance pu 0,12 0,12
Secondary voltage (valve side) kV 186,4 204
tap-changer range r.m.s. +509 +509
Inductance per phase (valve side) mH 32 35

AC bus arresters (A1) and (A4)
The following data are given for the CCC and CSCC converters:

CCC/CSCT CTSCC
Pafameters Bus 1 (A1) [Bus 4 (AR)
Nominal system voltage KVims 400 N ~400y
Highest system voltage (Ug) KVims 420 /\ 3‘&)

Continuous operating voltage, phase-to-earth | kV .o 243 \ \2\‘16\/

SIAL (at 1,5 kA) kV 632 S\ Y 1690
LIPL (at 10 kA) KV N3 WD\ [790
Makimum slow-front overvoltage transferred to | kV 51)@0 \) N.A.
valye side (between two phases) /\
Numnber of parallel columns - () [ 2
Arrgster energy capability M)\// f\’3.2\ 3.4
Valve|arrester type (V1) and (V2) Q)j/
The fgllowing values are valid for both :
CsCC
cov 208 x V2
Number of parallel colug 4 for arrester (V1)
2 for arrester (V2)
E 5,2 for arrester (V1)
2,6 for arrester (V2)
The s ermined by computer studies for the following calses:
B.3.1 overvoltages from the a.c. side
The hji cted if the transferred slow-front overvoltage appears befween
the phas R\and S)) where only one valve is conducting (figures B.2a and B.2b). The
value low-front overvoltage overvoltage is dependent on the maximum
protegtive level.bf the a.c. bus arrester (A) on the primary side of the converter transformer.
Figurgs‘B.3a and B.3b show the results for CCC and CSCC converters if only one arresgter in
the citetitis uuuduut;lly. Fhis—fauit—case—ts—decisive—forthe dco;yll ofalHower—vatvre—arresters
(V2).

Results valid for valve arrester (V2):

The switching impulse protective level (SIPL) of the valve arrester (V2) is given by:

SIPL 488,1 kV at 40 A (see figure B.3a for CCC converters)
480,8 kV at 466 A (see figure B.3b for CSCC converters)
RSIWV = 1,15 x 488,1 kV = 561,3kV =>|SSIWV =605 kV |
= 1,15 x 480,8 kV = 553 kV =>

for both CCC and CSCC converters
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B.3.2 Earth fault between valve and HV bushing of converter transformer

This fault case gives the highest stresses for the valve arresters protecting the three-pulse
commutating group on the highest potential. The equivalent circuit for this case is shown in
figures B.4a and B.4b. The stresses for the upper valve arresters are also dependent on the
fault insertion time. To determine the maximum values, the fault insertion time is varied from
zero to 360 electrical degrees.

The results of the maximum stresses are shown in figures B.5a and B.5b for both CCC and
CSCC converters.

This fe case—tS—aectstve—10 Te—geSstgn—ot—arm—tupper—vatv ow-front
overvpltage (case a) doesn’t result in higher arrester stresses.
Results (valid for valve arrester (V1)):
The switching impulse protective level (SIPL) of the valve arres
SIPL = 523,6 kV at 1776 A (see fig nverter)
498,9 kV at 2 244 A (see fi . C gonverter)
RSIWNM = 1,15 x 523,6 kV = 602,1kV =805kV |
= 1,15 x 498,9 kV = 574 kV
for both CCC and CSCC converters.
CCC gnd CSCC capacitor arresters (Ccc/Cs
onverter CSCC converter
CCOV kV 136
Numbjer of parallel colum 6
Energy capability * 4,0 4.0
SIPL 149 207
at co-prdination @nt A 7,8 8,8
(figure B.6a) (figure B.6b)
LIPL 172 250
at co-prdination cyrrent k 10 10
RSIWN ' 200 250
RLIW 250 300
* This is e the earth fault on the HV bushing of the converter transformer.
Converter group 2 er (C)
The fgllowing values are valid for both converter stations:

CCOV: 558 kV
Number of parallel columns: 1
Energy capability: 2,5MJ

The stresses of the group arresters are determined by computer studies transferred slow-front
overvoltages from the a.c. side. The magnitude of the transferred slow-front overvoltage is
twice the value given for the valve arresters. It is assumed that during normal operation, when
four thyristor valves are conducting, a slow-front overvoltage will be transferred between the
phases.
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For the design of the converter group arrester (C) the following values for the co-ordination

currents are chosen:

SIPL = 930kV at 0,5 kA
LIPL = 1048 kV at 2,5 kA
RSIWV = 1,15 x 930 kV = 1070kvV => SSIWV =1 175 kV
RLIWV = 1,20 x 1048 kV = 1258kvV => SLIWV =1 300 kV

DC bus arrester (DB)
The following values are valid for both converter stations:

CCOV: 515 kV
Numbier of parallel columns: 1
Energy capability: 2,2 MJ

For the design of the d.c. bus arrester (DB) the following values for\the\co Ratien cu
are chosen:

SIPL = 866 kV

LIPL = 977 kV
RSIWV = 1,15 x 866 kV
RLIWVY = 1,2x977 kV

SSHV =Y 050 kV

SEIWV="1 300 kV

DC line/cable arrester (DL)
The fgllowing values are valid for both e

CCOV:
Numbier of parallel columng’
Energy capability:

For the design of the
currents are cho :

) the following values for the co-ordi

SIPL
LIPL
RSIW
RLIW

928 kV => SSIWV = 950 kV
1046 KV => SLIWV =1 050 kV

Neutr

CCOV:
Numblerlof parallel columns: 12

rrents

nation

Energy-capabitity: 24

For the design of all neutral bus arresters (E) the following values for the co-ordination currents

are chosen:

SIPL = T78kV at 2 kA

LIPL = 88kV at 10 kA

RSIWV = 1,15 x 78 kV = 90 kV => SSIWV = 125 kV
RLIWVY = 1,20 x 88 kV = 106 kV => SLIWV =125 kV
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AC filter arrester (FA)
The operating voltage for the arresters consists of fundamental and harmonic voltages.

The rating of the arresters is determined by the stresses during earth faults followed by
recovery overvoltages on the a.c. bus.

AC filter arrester (FA1)

Uch: 60 kV
Number of parallel columns: 2
Energy capability: 1,0 MJ

For the design of the arrester (FA1) the following values for the co-ordinatioq currents are
chosegn:

SIPL| = 158kV at 2 kA
LIPL | = 192kV at 20 kA

RSIWM = 1,15 x 158 kV = 182kV  => [SSIWWx200 kWK
RLIWY = 1,20 x 192 kV = 230kV  =>¢ TSLWW=250%V

AC filter arrester (FA2)

Ugp:

Numbier of parallel columns:
Energly capability:

SIPL = 104 kV
LIPL = 120 kV
RSIWNM = 1,15 x 104 kV, SSIWV = 150 kV
RLIWY = 1,20 x 120 SLIWV = 150 kV

DC filter arrester (FD)
The o

The | mihed by the stresses during transferred slow-front
overv It on the d.c. bus.

DC fil

Uch: 5 kV

Num 4 2

Energy capabi 0,8 MJ

For theddesign of the arrester (FD1) the following values for the co-ordination currenfs are
choseln:

SIPL = 136 kV at 2 kA

LIPL = 184 kV at 40 kA

RSIWV = 1,15 % 136 kV = 156 kV => SSIWV = 200 kV
RLIWV = 1,20 x 184 kV = 221kV => SLIWV = 250 kV
DC filter arrester (FD2)

Ueh: 5 kV

Number of parallel columns: 2

Energy capability: 0,5 MJ


https://iecnorm.com/api/?name=c97b610e6bc0ecea2267790bf1404e78

— 60 -

TS 60071-5 O IEC:2002(E)

For the design of the arrester (FD2) the following values for the co-ordination currents are

chosen:

SIPL = 104 kV at 2 kA
LIPL = 120 kV at 10 kA
RSIWV = 1,15 x 104 kV = 120 kV
RLIWYV = 1,20 x 120 kV = 144 kV

=>

B.4 Determination of withstand voltages for

converter transformers (valve side)

SSIWV = 150 kV

SLIWV = 150 kV

B.4.1| Phase-to-phase

Since|the converter transformer valve windings are not directly protec

the fol]lowing two cases are considered:

« when the valves are conducting, the phase-to-phase insulation o

valve side is protected by one valve arrester (V);

« when the valves are blocked, two valve arresters
toiphase. During this event, the full transferred

maximum slow-front overvoltage.

ow-fr

hase-
e the

SIPL = 512kV ~f omolt e for CCC)
560 kV slow4ront_voltage for CSCC)
RSIWL = 1,15 x SIPL /éSIWV =650 kV
SLIWV = 750 kV
If the -phase, three-winding transfomers)
and u a e notyequally shared, the specified insylation
levels f

B.4.2

SSIWV = 550 kV

SLIWV = 650 kV

The phase-to-earth in he’transformer and converters are determined by additive

slow-

een the transformer phases during the conducting sftatus.
Thus, originating from the a.c. side are limited by the arrestr (A)
on th ima ite_ of the converter transformer. This additive method is not possiple in
the n i atug of the thyristor valves. Therefore only the 'conducting' gtatus

needq

SIPL

976 kV for CCC (2 x SIPL of arrester (V2), see figure B.3a assyming
no current in the neutral arrester)

962 kV for CSCC (2 x SIPL of arrester (V2), see figure B.3b assuming
no current in the neutral arrester)

RSIWV

1,15 x SIPL

B.4.3 Lower transformer phase-to-earth (delta)

=>

SSIWV =1 175 kV

SLIWV =1 300 kV

The specified insulation levels are the same as phase-to-phase, assuming no current in the

neutral arrester.

SSIWV = 650 kV

SLIWV =750 kV
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B.5 Determination of withstand voltages for air-insulated smoothing reactors

Terminal-to-terminal at slow-front overvoltages

The worst case for the stresses between the terminals of smoothing reactors is given by the
slow-front overvoltages on the d.c. side, which is limited by the arrester (DL). Assuming
opposite polarity to the d.c. voltage, the total voltage will be:

SIPL of arrester (DL): 866 kV

Maximum d.c. voltage: 500 kV

Sum of both voltages: 1366 kV
Smooghirgreaetors: 225+

Transformer inductances (four phases): 140 mH (4 x 35 mH)
Total |nductance: 365 mH

One 2pP5 mH smoothing reactor

Voltage between terminals: 1366 kV x ( 225 mH/36§ m
SIPL| = 842kV Q X
RSIWM = 1,15 x 842 kV = 968 kV SSMYW=4175 kV

are
deterrhined by the relative ratio of the capacitance across the \>
reactqr to the capacitance to earth on the valv¢ side0f th@

reactgr. The specified lightning withsta V =1300kV
Termipal-to-earth
The specified insulation levels are the same_as for the esters (C) or (DL)

SSIWV =1 175 kV
SLIWV =1 300 kV
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Al o o
:&ﬁ, V1 DB'@, ﬁ DL DC line/cable
. 1
p 12
vz cff FD1
FA1p '_I;I\ V2 FOZ |_1'i_-|r
ﬁ q
A L5753 L
FA2 :
! [
= =+ = = = = CcC -3 :%‘ ﬁ V2 Q
ZS- ZS‘ A0 i ctrode ling
Neutral bus % \)
= =
IEC | 1622/02
//\\
Arrester type A V1 V2 C (B‘B\ /D\./ R ¥Q1 FD2 FA1 FA2 ccC
kv | 243 | 308 | 30 558 /[ 515> 516, [{30)[ \ 5 5 60 30 || 60
Uch or JCOV r.m.s | peak | pea C. d.c\ | &%\ [d.c. | |d.c. d.c. rm.s | rm.s| | peak
Lightning A
- protecfion level kv | 713 | - - 1048\ 9 872>| 88 | 184 | 120 | 192 | 120]| 172
- at current kA 1Q/ - > 2, 5 5 10 40 10 20 10 10
Switchirg N J
- protecfion level kv |6 3| ks 0 6| 807 | 78| 136 | 104 | 158 | 104| | 149
- at currpnt 1,5 \)8 0, 0,5 1,0 | 1,0 [20] 20 | 20 | 20 | 20]] 7.8
Number|of columns [\ -/ Qz\/\ \4\ A 8 | 2] 2 2 2 2 8
Energy fapability W(Xg 52 26\ 25 | 22 [170[04]| 08 | 05 1,0 | 05| 40
Protection Iocat}p’% \\ \2\ 3 4 5 6 7 8 9 10 11 12
Ueh (kV) NIRRT 30 | 243 | 558 | 308 | 308 | 30 | 558 | 515 | 15 15
LIPL = HFAQ (KU1 192 | 120 | 713 - - - 88 | 1048 | 977 | 184 || 120
SIPL = RSLO (m\ \63}\ 8 | 104 | 632 | 976 | 523 | 523 78 930 | 866 | 136 || 104
SLIWV (kV) 425 250 | 150 | 1425|1300 | 750 | 750 | 150 | 1300 | 1300 | 250 || 150
SSIWV (kV) 1050 | 200 | 150 | 1050 [1175| 650 | 650 | 150 [1175| 1175 | 200 || 150
Protection location| 1-2 (2-3 | 5-5a |[5and 6| 5-6 8-9 | 9-10 | 10-11 11-12 | Valves V1
Ccc ph-ph and V2
LIPL = FFMO (kV) 825 | 192 | 172 - - |1048| - 977 184 -
SIPL = RSLO (kV) 747 | 158 | 149 523 | 976 | 930 | 842 | 866 136 523
SLIWV (k) 1300 | 250 | 250 750 |1300(1300|1300| 1300 | 250 -
SSIWV (k) 1050 | 200 | 200 650 [1175|1175|1175| 1175 | 200 605

Figure B.1a — AC and DC arresters (400 kV a.c. side for CCC converters)
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. o . 9 o rrre !
Z?ﬁ. Zﬁ‘ Zﬁ‘ VA ﬁ DC line/cable
q < J_ DL
5
1 n AN
—— ; Csc
s A [ K -
2 el AUAD ARV ol
T AV 74+ 4o , Fo1
o=y N Z@ zﬁ. Zﬁ. v2
FA1 3 | & NN < [ <
O
T Y NN e
2 _an_
) 6 A1)
3 V2 L |
e =+ _— == - == = ZS Z& ZS 'y /\ 8- Ele Od i Ilpe
Neutral bus J_
Q \ 5 I 162302
Arrestef type A V1 V2 c DB DL( (E7 \N\ FA2 | CSC¢C | A4
N\ \/ N
243 | 294 | 294 | 5 515~} 5 0 5 >5 60 30 96 256
Uen or CQOV kV r.m.s. | peak | peak 5?\ dg. \ dg c{c 30{\ d.c. [r.m.s. |r.m.s. [ r.m. r.m.s.
Lightning \/
- protectipn level | kV | 713 - - 1048 | 977 \sxi 8 | 184 |120| 192 | 120 | 25Q | 790
- at currept KA 10 - - 2) (R\S\ 40 | 10 | 20 10 10 10
Switching \( S
- protectipn level | kV | 632 [N499\ 481 30 \866\ 07 | 78 | 136 | 104 | 158 | 104 | 207 | 690
- at currdnt kA | A1,5 { 2, \)ﬁ 0; \1»9 1,0 | 20 | 2,0 [20] 20 2,0 8,8 1,5
No. of columns | - \/'? Q/\X 1 1 8 2 2 | 2| 2 2 6 2
Energy apability | MJ R{\Qz 260N 22 |170| 0,4 | 0,8 [055] 1,0 0,5 4,0 3,4
AN ]
Protectjon location \ }\ 4 5 6 7 8 9 10 | 1] ] 12
Uen (KV) 48 0 30 | 256 | 558 | 294 | 294 30 | 558 | 515 15 15
c ST
LiPL = RFAQ N\ N3 192 | 120 | 790 | - - - | 88 |1048| 977 | 184 | 120
SIPL= RYLO (%\)\\ \*\32 158 | 104 | 690 | 962 | 499 | 499 | 78 | 930 | 866 | 136 | 104
SLIWV (kV) 1425 | 250 | 150 |[1425|1300| 750 | 750 | 150 |[1300|1300| 250 | 150
SSIWV (k\) 1050 | 200 | 150 [1050|1175| 650 | 650 | 150 |[1175|1175| 200[ | 150
. . 1-4 |5 and 6 Valves
Protection location 1-2 2-3 Csc | ph-ph 5-6 8-9 9-10 |10-11|11-12 V1 and V2
LIPL = RFAO (kV) 825 | 192 | 250 - - [1048 - 977 | 184 -
SIPL= RSLO (kV) 747 | 158 | 207 | 523 962 | 930| 842 | 866 136 523
SLIWV (kV) 1300 | 250 | 300 | 750 |[1300(1300| 1300 [1300]| 250 -
SSIWV (kV) 1050 | 200 | 250 | 650 |[1175|1175| 1175 (1175 200 605

Figure B.1b — AC and DC arresters (400 kV a.c. side for CSCC converter)
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