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INTERNATIONAL ELECTROTECHNICAL COMMISSION

SEMICONDUCTOR CONVERTERS -
GENERAL REQUIREMENTS AND LINE COMMUTATED CONVERTERS -

Part 1-2: Application guidelines

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardizatiohgomprisi
all national electrotechnical committees (IEC National Committees). The object of IEC ~is “o promg
international co-operation on all questions concerning standardization in the electrical and elé¢tronic fields.
this end and in addition to other activities, IEC publishes International Standards, Technical Specification
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter, referred to as “IH
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interest
in the subject dealt with may participate in this preparatory work. International)(governmental and no|
governmental organizations liaising with the IEC also participate in this preparation™ IEC collaborates closg
with the International Organization for Standardization (ISO) in accordance (with conditions determined
agreement between the two organizations.

The formal decisions or agreements of IEC on technical matters express,@s{nearly as possible, an internation
consensus of opinion on the relevant subjects since each technical.committee has representation from
interested IEC National Committees.

IEC Publications have the form of recommendations for international use and are accepted by IEC Nation
Committees in that sense. While all reasonable efforts are made. to ensure that the technical content of IH
Publications is accurate, IEC cannot be held responsible/for-the way in which they are used or for a
misinterpretation by any end user.

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

IEC itself does not provide any attestation of ‘conformity. Independent certification bodies provide conform
assessment services and, in some areas, \access to IEC marks of conformity. IEC is not responsible for a
services carried out by independent certification bodies.

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

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

Attention is drawn tethe Normative references cited in this publication. Use of the referenced publications
indispensable fop-the/correct application of this publication.

Attention is dfawn to the possibility that some of the elements of this IEC Publication may be the subject
patent rights \JEC shall not be held responsible for identifying any or all such patent rights.
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The main task of IEC technical committees is to prepare International Standards. However, a
technical committee may propose the publication of a Technical Report when it has collected
data of a different kind from that which is normally published as an International Standard, for
example "state of the art".

IEC TR 60146-1-2, which is a Technical Report, has been prepared by IEC technical
committee 22: Power electronic systems and equipment.

This fifth edition cancels and replaces the fourth edition published in 2011. This edition
constitutes a technical revision.

This edition includes the following significant technical changes with respect to the_pféeviods
edlition:

a) addition of annexes concerning the applications of converter transformers.-and of fuses fpr
overcurrent protection;

b) changes of calculation methods related the inductive voltage regulation and changes pf
description on transformer losses to be consistent with the latest transformer standards;

c] addition and updates of references based on the latest informatien-

The text of this Technical Report is based on the following docGments:

Draft T Report.onvoting
22/306/DTR 22[310/RVDTR

Full information on the voting for the approval“of this technical report can be found in the
rgport on voting indicated in the above table,

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

Allist of all parts of the IEC 60146 séries, under the general title Semiconductor converters|—
Gleneral requirements and line commutated converters, can be found on the IEC website.

The committee has decided.that the contents of this document will remain unchanged until the
sfability date indicated oh_the IEC website under "http://webstore.iec.ch” in the data related [o
tHe specific document, At this date, the document will be
¢| reconfirmed,

e| withdrawn,

¢ | replaced-by a revised edition, or

e| amended.

IMPORTANT - The 'colour inside’' logo on the cover page of this publication indicates
that it contains colours which are considered to be useful for the correct
understanding of its contents. Users should therefore print this document using a
colour printer.
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SEMICONDUCTOR CONVERTERS -
GENERAL REQUIREMENTS AND LINE COMMUTATED CONVERTERS -

Part 1-2: Application guidelines

Scope

his part of IEC 60146, which is a Technical Report, gives guidance on variationshte’ the
ecifications given in IEC 60146-1-1:2009 to enable the specification to be extended in|a
ntrolled form for special cases. Background information is also given on technical points
hich-should-facilitate facilitates the use of IEC 60146-1-1:2009.

his document primarily covers line commutated converters and is not in itself a specification
cept as regards certain auxiliary components, in so far as existingCstandards may npt
ovide the necessary data.

his document will not take precedence on any product specifie-standard according to the
bncept shown in IEC Guide 108. IEC Guide 108 provides the information on the relationshjp
pbtween horizontal standards and product publications.

Normative references

ne following documents are referred to in the text in such a way that some or all of thgir
bntent constitutes requirements of this deeument. For dated references, only the editign

'y amendments) applies.

—_
Q_IM

(mnl

C 60050-521:2002, International-Electrotechnical Vocabulary Part 521 Semiconductpr
C 60050-551:4998, International Electrotechnical Vocabulary — Part 551: Power electroni¢s

vailable at www.electropédia.org)

C 60050-551-2022004, International Electrotechnical Vocabulary — Part 551-20: Pow
ectronics — Hatrmonic analysis (available at www.electropedia.org)

\U
=

C 60146-14-1:2009, Semiconductor converters — General requirements and line commutatgd
bnverters— Part 1-1: Specification of basic requirements

IEC 60269-1:2006, Low-voltage fuses — Part 1: General requirements

IEC 60269-4:2009, Low-voltage fuses — Part 4: Supplementary requirements for fuse-links for

th

e protection of semiconductor devices

IEC 60529, Degrees of protection provided by enclosures (IP Code)

IEC 60664-1, Insulation coordination for equipment within low-voltage systems — Part 1:
Principles, requirements and tests
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IEC 61148, Terminal markings for valve device stacks and assemblies and for power

eonverter conversion equipment
IEC 61378-1:2011, Convertor transformers — Part 1: Transformers for industrial applications

IEC/IEEE 60076-57-129, Power transformers — Part 57-129: Transformers for HVD
applications

C

3| Terms and definitions

For the purposes of this document, the terms and definitions given in IEC 60146-1-1:200

IHC 60050-551, IEC 60050-551-20,—several-of-which-are-repeated-herefor-cotvenience; ar
tHe following apply.

I§0 and IEC maintain terminological databases for use in standardization at the followin
agldresses:

e| |IEC Electropedia: available at http://www.electropedia.org/
¢| ISO Online browsing platform: available at http://www.isq-org/obp

NPTE Several terms from IEC 60146-1-1:2009, IEC 60050-551¢, N=C 60050-551-20 are repeated here f
cdnvenience.

31 Terms and definitions related to converter faults

3111
breakthrough

[V

ility to block voltage during the forward-blocking interval
He : :

Note 1 to entry: See Figure 1a), Breakthrough can occur in rectifier operation as well as inverter operation and f
vdrious reasons, for example excessive junction temperature, voltage surges in excess of rated peak off-stg
vdltage, excessive rate of rise'‘of off-state voltage or spurious gate current.

fgilure by which a controllable valve deyicé or an arm consisting of such devices loses ifs

g

or
te
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IEC

IEC

Figure 1b) Firing failure in arm 2

IEC

Figure 1c) Conduction through related to arm 3
Figure 1 — Voltages at converter faults
[SOURCE: IEC 60050-551:1998, 551-16-60, modified — Note 1 to entry has been added.]

3/1.2
fglse firing
firing of a latching valve device or an arm consisting of such devices at an incorrect instant

[SOURCE: IEC 60050-551:1998, 551-16-63]

3{1.3
breakdown
<

e

pf an“€lectronic valve device or of a valve arm> failure that permanently deprives 4n
ectronic valve device or a valve arm of its property to block voltage

[SOURCE: IEC 60050-551:1998, 551-16-66]

3.1.4

firing failure

failure to achieve conduction in a latching valve device or an arm consisting of such devices
during the conduction interval

Note 1 to entry: See Figure 1b).

[SOURCE: IEC 60050-551:1998, 551-16-65, modified — Note 1 to entry has been added.]
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3.1.5

conduction through

situation where, in inverter operation, a valve arm continues conduction at the end of the
normal conduction interval or at the end of the hold-off interval

Note 1 to entry: See Figure 1c).

[SOURCE: IEC 60050-551:1998, 551-16-64, modified — The definition has been rephrased,
and Note 1 to entry has been added.]

311.6
commutation failure
fdilure to commutate the current from a conducting arm to the succeeding arm

[SOURCE: IEC 60050-551:1998, 551-16-59]

3]2 Terms and definitions related to converter generated transients
3121
DC side transients

voltage transients produced by rapid changes of the DC voltage applied to the inductance and
capacitance of the DC circuit

Note 1 to entry: See 7.4.

3]2.2
commutation transients on the line-{repetitive-transient)
v

pltage transients produced on the AC line after Commutation
Note 1 to entry: See 7.4.

N¢te 2 to entry: The commutation transients are«repetitive.

3|3 Terms and definitions related to temperature
313.1

thermal resistance

h

quotient of the difference-between the virtual junction temperature and the temperature of|a
specified external reference point, by the steady-state power dissipation in the device under
conditions of thermalhequilibrium

HE : ; ,

Note 1 to_entry: For most cases, the power dissipation can be assumed to be equal to the heat flow.

3132

transient thermal impedance
Zin

quotient of

a) variation of the temperature difference, reached at the end of a time interval between the
virtual junction temperature and the temperature of a specified external reference point,
and

b) step function change of power dissipation at the beginning of the same time interval
causing the change of temperature

Note 1 to entry: Immediately before the beginning of this time interval, the distribution of temperature should have
been constant with time.

Note 2 to entry: Transient thermal impedance is given as a function of the time interval.
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3.3.3

virtual equivalent junction temperature

virtual junction temperature

T.

V|thual temperature of the junction of a semiconductor device

9

Note 1 to entry: The virtual junction temperature is not necessarily the highest temperature in the semiconductor

device.

rejationship.

wgll as the notes to entry.]

313.4

virtual temperature

internal equivalent temperature

<pf a semiconductor device> theoretical temperature which is based on a simplifie
rgpresentation of the thermal and electrical behaviour of the semiconductor device

[SOURCE: IEC 60050-521:2002, 521-05-14, modified — The notes to entry have been delete

4| Application of semiconductor power converters

1 Application

1.1 General

pwer and also to facilitate the conversion of mechanical, chemical or other energy in

4
4
Semiconductor power converters are used>in most industries for the conversion of electric
p
electrical power and vice versa.

They also used in electrical powers utilities for the supply source conditioning.

4/1.2 Conversion equipment and systems

Ekamples of applications of conversion equipment and systems are as follows, and not limitg
in these applications:

DC load, stabilized/adjustable voltage/current control;
AC poweér-controllers (AC or DC output);

c] AC yariable frequency:

> \Jine-commutated converters;

[SOURCE: IEC 60050-521:2002, 521-05-15, modified — The symbol 7'J has been added, as

at
od

d

Al
o

clin anarav racovary:

slip-energy-recoveny:

— machine-commutated converters;
— self-commutated converters:
e voltage stiff (voltage source);
e current stiff (current source);
d) adjustable speed drives (covered by specific IEC standards, e.g. IEC 61800-1);

e) uninterruptible power systems (UPS, covered by specific |IEC standards, e.g.

IEC 62040-3);
f) chemical processes (electrolysis, electroplating, electrophoresis);

g) computer power supplies;
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h) traction substations, railways, tramways, mines, electric vehicles;
i) telephone power supplies;

j) electromagnets, field supplies;

k) radio transmitter DC supplies;

I) arc furnace DC power supplies;

m) solar photovoltaic energy conversion.

4.1.3 Supply source conditioning (active and reactive power)

Ekamples of supply source conditioning are as follows, and not limited in these applicatiofst

a) HV or MV systems (transmission and distribution, reactive power compensation);

b] LV systems (energy saving);

c] isolated, standby or dispersed generating plants;

d) DC or AC supplies particularly from solar, wind or chemical energy.

NOTE Some of the applications listed above are the subject of particular IEC publiCations now existing or

preparation.
4/2 Equipment specification data
4{2.1 Main items on the specification

See 6.6.2 of IEC 60146-1-1:2009 on rating plates.

4{2.2 Terminal markings

Ske IEC 61148 shall apply.

4)2.3 Additional information
412.3.1 General

I addition to the essential data’such as should appear on the rating plate as specified
IHC 60146-1-1:2009, the follJowing list may prevent other important information being omittg
frbom the specification, congerning the purchaser's requirements or the supplier's product.

2.3.2 Supply source

-4 &

he following information is necessary to confirm the supply source conditions:

O

short=Circuit power (or description of cables, lines and transformers): minimum, statistic
avenage, maximum values;

a) voltage<and frequency (if applicable); range of rated values, unbalance, short time outag¢;

in

Al

c] ‘ether existing loads (motors, capacitors, furnaces, etc.):

d) limits of disturbances (reactive power, current harmonics, etc. prevailing or permitted);

e) type of earthing.
4.2.3.3 Output specification

The following information is required to design the converter connection and its control:

[OV)

output voltage and frequency (if applicable);

o T

)

) required range of variation (continuous or stepwise);

) voltage and/or current reversing capability (quadrant(s) of operation);
)

Q.

limits of permitted voltage/current/frequency variation;
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e) character of load;
f) type of earthing;

g) distortion of the output waveforms.
4.2.3.4 Environment specification

The following information is required to design the cooling, structure, cubicle and so on of the
converter:

al—temperate tropical arctic climates:
1 y 1 y Y

temperature, humidity, dust content (unless otherwise specified, IEC 60664-1, degree™ [is
applicable);

unusual service conditions;

outdoor/indoor installation;

e) protection class (according to IEC 60529);

f)] compliance with specific standards (IEC or others, including safety standards).

4)2.3.5 Electrical service conditions

The following information might be duplicated with above information, but should be given o
confirm the details.

a) Supply bus category:

— converter dedicated system (converters only);

— general purpose system (includes AC motof. loads);

— high quality system (supplying loads-with low immunity level such as computerp,
medical instrumentation etc.).

b} Immunity class of the equipment: a.different immunity class may be selected for one ¢r
more parameters.

2.4 Unusual service conditions

C—3

B

P

4.2.4.1 General

For the normal service conditions, refer to IEC 60146-1-1:2009, 5.2.1. In case of unusual
service conditions, a special agreement between purchaser and supplier should be made
according to IEC 60146-1-1:2009, 5.2.4.

4.2.4.2 Cooling medium temperature difference

For the cooling medium temperature, it is noted that the temperature range of the normal
service conditions is different between the converter and the transformer. Refer to
IEC 61378-1:2011, 4.2, for the normal service conditions of the converter transformer.
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4.2.4.3 Dust and solid particle content

For particular applications, the degree of pollution may be specified separately, according to
IEC 60664-1 or other relevant IEC publications, for example specifying pollution classes other
than degree 1 as specified in IEC 60664-1.

4.3 Converter transformers and reactors

See EC 613781 or IEC 60146-1-3-1991 |EC 61378-1 and IEC/IEEE 60076-57-129 shall be
referred. IEC 61378-3 should be referred.

4  Calculation factors

alculation factors are shown in Table 1 for each converter connection. For.letter symbols

4

4{4.1 General

C

and definitions, refer to 4.2 of IEC 60146-1-1:2009 and 4.6.2-of this-technicalreport.
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4.4.2 Voltage ratios

Table 1 gives the ratios:

column 10 column 11
Ugi Uim
Uvo Ugi

where

Uy; is the ideal no-load direct voltage;

U0 is the no-load transformer valve winding voltage;

Um is the ideal crest no-load voltage, appearing between the end terminals™ of an ar

neglecting internal and external voltage drops in valves, at no load. The ratio remair
the same at light load current close to the transition current.

NPTE For connections No. 5, No. 11 and other connections employing interphase ttansformers, the ratio Ujpy/Uygi

inpreases at no-load.
4)4.3 Line side transformer current factor

The quotient of the RMS value /I’ of the current on the line_side and the direct current /4
indicated in Table 1, column 8, on the assumption of\smooth direct current, rectangul
wpveshape of the alternating currents and on the following voltage ratio for single or doubl
wpy connections:

here

W
U is the phase-to-phase voltage on the line side;

U\,o is the voltage between twg.commutating phases on the valve side.
F

br different values of the woltage ratio, the line side current is approximately:

UvO
UL

I|_ =I'|_><

NPTE For cennections 14 and 15, the line side current factor depends on the trigger delay angle « as follows:

m

is

AY%
]

0k a<t: I—L:\/Zzo,816
3 Iy 3

Tc < /'_L:‘/n—a

3 ’ Iq n

4.4.4 Valve-side transformer current factor

The quotient of the RMS value /, of the valve-side current in each terminal of the transformer

and the direct current /j is indicated in Table 1, column 9.

NOTE For connections 14 and 15, the valve-side current factor depends on the trigger delay angle « as follows:

0<a<k; ’i:‘/zzo,m
3 R E
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4.4.5 Inductive direct voltage regulation due to transformer

The parameter is used to calculate th%@ductive voltage regulation due to the convert
trinsformer as described in 4.7.2.4. O

N

NPTE The ratio (d,,/e,\) in IEC 60146\@2:2011 was removed since it uses transformer impedance value whi
the converter transformer standards, 61378 series, do not support. Furthermore, it is not evaluated to
priactical to use since the ratio is_t omplicated to understand. In order to show the complexity, the ratio
arjalysed in Annex C just for info[négon.

N
414.6 Magnetic circyﬁ)

.

The magnetic circui orresponding to the connections supplied with three-phase currents
Table 1 are ass to have three legs.

Ch
e
is

n

D

4.4.7 Transformer guaranteed load losses

The symbols P,, Pg and P in column 16 indicate the losses measured in each short-circuit

combination A, B or C in columns 13, 14 and 15, respectively (see IEC 61378-1:2011, 7.5.1).

The contents of columns 13 to 16 of Table 1 are provided for information purpose. For the

loss of the converter transformer, IEC 61378 (all parts) should be referred to.
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According to IEC 61378-1:2011, 5.2 and 6.1, the transformer guaranteed load losses is the
load losses measured with the rated fundamental current in short-circuit conditions indicated
in columns 13 to 15 of Table 1.

The actual load loss in service includes additional loss due to non-sinusoidal converter
current. This value shall be calculated in accordance with IEC 61378-1:2011, 6.2. According
to IEC 61378-1:2011, 6.1, "It is not guaranteed, but shall be provided by the transformer
manufacturer for the purchaser".

4

The symbols e,p and e,g in column 17 show the transformer guaranteed short-eircyit
impedance. e,, is the inductive short-circuit impedance obtained by the short-circyit

easurement A in column 13. e,z is that obtained by the short-circuit measurement B |n
cplumn 14. From these values, the commutating reactance X; can be obtaingghlised in the
calculation for inductive voltage regulation of the transformer by the formula shown in 4.7.2]4
dee IEC 61378-1:2011, 7.2.1).

—

The contents of columns 13 to 15 and 17 of Table 1 are provided for information purpose. Fpr
tHe short-circuit impedance of the converter transformer, IEC 63378 (all parts) should he
rgferred to.

4)4.9 Line side fundamental current factor

The contents of column 7 of Table 1 are provided for iRférmation purpose. For the line side
fundamental current factor of the converter transformer, IEC 61378 (all parts) should Qe
rgferred to.

NPTE By comparing this factor and "line side current_f@etor" in column 8, it is noted that the definitions of ratgd
cyrrent are found to be different between IEC 60146,(all parts) and IEC 61378 (all parts). For more detail¢d
ejplanation, refer to Annex A.

5 Parallel and series connections

5.1 Parallel or series connection of valve devices

hen diodes or thyristors.are connected in series or parallel, precautions should be taken o

4
4
4)5.1.1 General
W
ensure that all devices _operate within rated values for voltage and current.

4/5.1.2 Current balancing of parallel connected valve devices

Uhequal current distribution may be caused by differences in forward voltage or on-state
voltage drop and by differences in thyristor turn-on time and trigger delay angles. Differencgs
in the impedances of the parallel arms are also of considerable influence.

TTrotoT

valve devices is used for current balancing, this should be stated by the equipment supplier.

4.51.3 Voltage division for series connected valve devices

Unequal voltage distribution may be caused by differences in reverse and off-state
characteristics, differences in the turn-on instant for thyristors and differences in recovery
charge.



https://iecnorm.com/api/?name=bf82ac7c9f79181f13ec94352f99267e

—-28—- |EC TR 60146-1-2:2019 RLV © IEC 2019

4.5.2 Parallel or series connection of assemblies and equipment units
4.5.2.1 General

Precautions also should be taken when assemblies and equipment units are connected in
series or parallel.

4.5.2.2 Parallel connection

When units are connected in parallel, it shall be considered if they are provided with means
fdrvoltage adjustment or not.

a) Units not provided with means for voltage adjustment

In the case of equipment units designed for parallel connection, none of the) parallel
connected units shall exceed its rating when operating at total rated output.

If the equipment is required to operate in parallel with other sources having dissimilar
characteristics, the requirements for load-sharing should be specified separately.

b) Units provided with means for output voltage adjustment
For such equipment, when required to operate in parallel the reqUirements for load sharing
should be specified separately.

415.2.3 Series connection

hen assemblies or equipment units are designed for, series connection, precaution shou|d
b taken to ensure that each unit operates within its limits of rated voltages, even if the AC
side is disconnected and the DC side is still connectéd to an active load.

o=

In the case of series connection, the voltage to_ground may be considerably higher than the
vpltage between the terminals. In this casej. the insulation should be designed and testgd
ccordingly.

Q

6 Power factor

—

br converters with a pulsemumber of 6 or more, the total power factor is of limited interes
ne value which is useful for normal purposes is the displacement factor cosg, of the
fyndamental wave.

4
4)6.1 General
F
T

The displacement factor cosg, is referred to the line side of the converter transformer.

br this reason, if a guarantee is required, it should, unless otherwise specified, refer to the
splacement factor calculated under the assumption of both symmetrical and sinusoidp
ltage:

< Qm

dicnlacamant factar for thean nhoacn pinifaron thyrictar ~anmaAatian

. cae o .
displacementtfactor—for-three-phase—uniform—thyristor-conneetions—st etermingad

The
by calculation from the measured reactances in accordance with 4.6.4.
For single-phase equipment exceeding 300 kW rated output, for equipment with non-uniform

three-phase connections and for converters with sequential phase control, the method of
determining the displacement factor is to be specified separately.

When a converter is operating in the rectifier mode, it is consuming active and reactive power
from the AC system.

When a converter is operating in the inverter mode, it is delivering active power into the AC
system but still consuming reactive power from it.
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NOTE For many applications, i.e. rectifiers for small PWM (pulse width modulated) drives with small or no

DC

reactor, the ripple influences the total power factor very much.

4.6.2

Symbols used in the determination of displacement factor

The letter symbols used in the determination of displacement factor are given in Table 2.

Table 2 — List of symbols used in the determination of displacement factor

Symbol Quantity

elS 7N displacement factor at rated direct current for zero trigger delay angle

COSIP N displacement factor at rated direct current, for trigger delay angle a

diy = d,\ + din total resistive direct voltage regulation at rated current in per unit of Uy;

din = d\ + d,, total inductive direct voltage regulation at rated current in per unit of Uy

o Axon resistive (resp. inductive), direct voltage regulation due to other components of the) converter, for

example valve reactors, line side reactors and transformers etc., if any, at rated direct current, in pdr
unit of U,

dunb 9een resistive (resp. inductive), direct voltage regulation due to the converter transformer at rated direct
current, in per unit of Udi

dn additional direct voltage regulation due to AC system impedance,expressed in per unit of U, at rated
direct current /,,, when the RMS voltage on line side terminals/s kept constant

E, DC motor counter e.m.f. at rated shaft speed and rated flux

fin rated line frequency

I4n rated direct current

N Rated RMS current on line side (of converter orftransformer if included)

PPN RMS value of the fundamental component of./,

P pulse number

PN = Uy x Igy + Py active power on ling\side at rated direct current

P power losses in circuit resistancetat rated direct current

Q“_ reactive power on line side af\rated direct current, related to l1LN

R, motor armature circuit resistance

Rc system resistance of(the supply source

Ride short-circuit ratioureffered to the fundamental apparent power of the converter

Si = Uy x ISV % 1y x V3, apparent power on line side at rated load, based on the fundamental
component//,  of the line current

S¢ shoft=circuit power of the supply source

Sin transformer rated apparent power

u angle of overlap

Uy ideal no-load direct voltage

Ugn ated-direetvolage

Ugn total resistive direct voltage regulation at rated direct current

Ugen total inductive direct voltage regulation at rated direct current

Ude ideal internal direct voltage at rated load excluding the total resistive direct voltage regulation

Xe system reactance of the supply source

a trigger delay angle of phase control in rectifier operation
trigger advance angle of phase control in inverter operation

¥ extinction angle of commutation for inverter operation

24N displacement angle (of fundamental component) of the line current at rated direct current (neglecting

the transformer magnetizing current)
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a suffix for rectifier operation with the trigger delay angle «

B suffix for inverter operation with the trigger advance angle g

4.6.3 Circle diagram for the approximation of the displacement factor cosg,y and of
the reactive power Q4 \ for rectifier and inverter operation

The approximate displacement factor cosg,y and the approximate reactive power Qq y for a
converter may be estimated by use of the circle diagram given in Figure 2.

A Q.
1,0 S1LN
A
A
2|z
s \\ &'\§
<, =
Zz
Y > i y _ A
-1,0 1,0 TS
Uang * 0 f Yine ’ LN
. Udi | Udi - AdrN
< > -
1) 2
dn ||| COS ing " Q COS Ping _ A »
u u
dNg dNa
= cos /3 =COos«a
- de de . Udi = Udi -
IEC]
U, P,
1) COS pig = Z9pNp _ TINS
Usi  Sun
U P,
2) cosppg = —PNe _ TN
Usi  Sun
Eigure 2 — Circle diagram for approximation of the displacement factor
416.4( ) Calculation of the displacement factor cosg;,

4,64+ Disptacement factor, at rated direct current; for zero detay angte cosoy

This is obtained, for the appropriate value of AC system reactance, from Figure 3 and
Figure 4, respectively. If not otherwise stated, it is assumed that the RMS value of the line
side terminal voltage is kept constant.

Figure 3 is used for 6-pulse connections.
Figure 4 is used for 12-pulse connections.

The values of «, indicated in Figure 4 are those of the inherent delay angle which occurs in a
12-pulse connection in certain operating regions, even where no phase control is applied. For



https://iecnorm.com/api/?name=bf82ac7c9f79181f13ec94352f99267e

IEC TR 60146-1-2:2019 RLV © IEC 2019 - 31 -

phase controlled converters, they represent the minimum delay angles that can exist under

the indicated conditions.

4.6.4.2 Displacement factor cosg, 4y, at rated direct current, for delay angle

If there is phase control with trigger delay angle «, the corresponding value cosg4y, may be

calculated from the following formula, which is sufficiently accurate for practical purposes:

COSQq N, = COSa — (1 — cosoqy)

For the inverter range, the displacement factor may be obtained from the following formula:

CosSqNg = cosf+ (1 - cosoqy)

Fpr an inverter, the abscissa in Figure 3 and Figure 4 represents the inductive -direct voltag
crease at rated load in per unit of Uy;.

5

4/6.4.3 Displacement factor at loads other than rated load, cosp,,

When using the curves of Figure 3 and Figure 4 for other loads than'the rated load, the actu
values of /4, d,; and d,, are used to obtain the cosg, for the actual direct current /.

That is, the value:

/
dyi + dyp = (dxtN +dbe)Xl_d
dN

s|used to obtain cos¢, from Figure 3 and Eigure 4 respectively. Then:

cos@y, = cosa — (1 — cosg,)

e
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Figure 4 — Displacement factor as a function of d, for p = 12
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NOTE The parameter for Figure 3 and Figure 4 is:

4,

1 _Sun _Udixlan
Risc  Sc Sc

6.5 Conversion factor

For converters with a pulse number of 6 or more, the conversion factor and the power
efficiency are almost equal (see IEC 60146-1-1:2009, 3.7.11 and 3.7.12).

T
p
a

n

fle conversion factor shou € gIven In addition 10 the power efficiency, especially for
pwer converters, for converters with pulse number of 6 or less if specified by the purchaser
nd in cases of applications where the power of the AC components of currents and vgltages
the DC circuit is considered not to contribute to the useful power.

he conversion factor should always be determined by the input/output method.for specifigd
ad conditions.

7 Direct voltage regulation
71 General

ne voltage regulation of a single converter connected to_a system that does not include
pwer factor correction capacitors is mainly due to:

resistive voltage regulation, i.e. the voltage regulation consequential of power loss withjn
the converter;

inductive voltage regulation due to commutation. Commutation distorts the voltage
waveform at the terminals of semiconductor ‘assemblies and change DC voltage that |s
basically made up of samples of the AC voltages;

voltage regulation due to the impedance of the line and non-sinusoidal input currents pf
the converter that also distort the voltage waveform at converter terminals.

ne ideal no-load direct voltage Ugjcould then be referred to the voltage of the infinite bus, ife.
bltage regulation shall includecthe effect of all impedances existing between such infinite
bwer source and the AC terminals of the converter.

pwever, this document‘assumes the RMS line voltage to be constant at the AC terminals pf
e converter, not at infinite power source.

nus the ideal ho-load direct voltage Uy, is referred to converter terminal voltage and the
bltage regulation results from two contributions:

the inherent direct voltage regulation, i.e. the voltage regulation of the converter itself (sge
4.7.2.and IEC 60146-1-1:2009, 3.7.7);

the additional direct voltage regulation due to the influence of AC system impedance gn

he waverorm ofr converter terminal voltage (see 4.7.9).

When power factor correction capacitors are included in the system, the frequency behaviour
influences the voltage waveform and the voltage regulation.

4.7.2 Inherent direct voltage regulation

4.7.2.1 General

The inherent voltage regulation is given by the sum of the direct voltage regulation produced
by the transformer and other parts of the converter equipment, such as reactors, etc., plus the
change with current of on-state voltage for thyristors and forward voltage for diodes.
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9

It is assumed that the alternating voltage at the line side terminals of the converter is constant.

The voltage regulation should refer to the principal tap of the transformer. When a thyristor
converter operates in the inverter range, the voltage regulation is adding to and gives an

increase of the direct voltage.

The inherent voltage regulation should be calculated from the reactances and power losses of
the components of the equipment. The voltage regulation may be determined by direct

measurement in an input/output load test on the equipment if so preferred by the supplier.

Fpr single-phase equipment, for equipment with non-uniform thyristor connections and-f
converters with sequential phase control, the method of determining the inherent<{Joltag
rggulation will be specified.

417.2.2 Resistive direct voltage regulation due to converter transformer and
interphase transformer

This regulation is given by the formula:

here

W

Plin is losses in the transformer windings at rated direct current.

4{7.2.3 Resistive direct voltage regulation‘due to other components
E

kamples of such components are series-smoething reactors, line side reactors, transductor,
clirrent balancing means, diodes, thyristoks etc. Voltage drop by threshold voltage of val
devices is excluded.

This regulation is calculated from thé formula:

P
Ugrpn = -2
laN

here

w
Plon is the losses in the components at rated direct current.
4

7.24 Inductive direct voltage regulation due to the converter transformer

DI
e

e

The inductive voltage regulation can be calculated from the value of X; by means of the

following formula:
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is the number of sets of commutating groups between which /4 is dvided;
N is the rated direct current;

is the commutation number;

q
S
Y
9|
T

X
th
b
IE

A
H

o Q

clirrent. Refer to Annex A. o

is the number of commutating groups in series; Q
,, is the ideal no-load direct voltage; "%
is the number of commutating groups commutating simultaneously per primar@

he parameter below used in the formula is listed in Table 1, column 12. (1,(19
/
5><q><S %/'\
g A
S
is the transformer commutating reactance measured accordinQ.Lo IEC 61378-1:2011, 7.2.|If
e measured value of X; is indicated in per unit (pu), it requifgs great attention to clarify the

hse of the per unit when converting the value from pu to @ (or mili-Henry). It is noted thht
C 61378-1 defines the transformer capacity based omt fundamental component of the

n alternative method to obtain the transformeQ@iuctive voltage regulation is indicated |n
C 61378-1:2011, 7.2.2. A

N

QO

ne formula above for d,,, indicates that the voltage regulation has linear characteristics fo
e DC load current. However, the form can be applied when the assumptions listed belgw
e fulfilled. For details, it is recomm@\ded to consult with textbooks of the line commutatgd
bnverter theory. Refer to Bibliogr@@y.

Single commutation xO

The formula is derived‘k@&ed on the assumption that a single commutation takes place pt
an instant. In the ca here multiple commutations take place, the characteristics of the
voltage regulation,changes from the line indicated by the formula. Such phenomena wll
take place wh e DC load current is sufficiently large and the commutation duratign
extends and wraps to the next commutation.

No voIt@cﬂuction from DC load current
In so inds of converter circuit with 6-pulse operation, the voltage induction in valye

sid@dings from the DC current may take place. However, it is noted that the converter

%{@y s listed in Table 1 are free from such phenomena.
e voltage induction from the DC load current is explained taking the converter

connection No.3 as an example.

In the converter circuit, the 6 arms conduct DC current in turn for 60° each. Namely, when
one of arms conducts the load current, only one valve side winding in the transformer
conducts the DC load current. The magnetic field induced in the core of this winding
spread to the cores of the other phases when the cores are magnetically coupled among
phases.

In the case where the line side windings are connected in delta as shown in Table 1, the
current is also induced in the line side winding by the magnetic field and circulates within
the delta-connected windings. The circulation current cancels the magnetic field induced
by the DC current flowing in the valve side winding. Then, the valve side voltage is not
affected by the magnetic field made by the DC current.
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However, if the line-side windings are connected in star, it results in problem. Namely, the
circulation current cannot flow in the line-side windings. Then, the magnetic field induced
by the DC current cannot be cancelled out and induces the voltage in the windings of the
other phases. The induced voltage superimposes to the AC voltage transferred from the
line side winding. The induced voltage increases as the DC current increases. Then, the
voltages across the arms are distorted and the conduction periods extend longer than 60°.
Namely, the operation status is different from that of 6-pulse operation. It means that the
phenomena affect the inductive voltage regulation and that the previous formula for d
cannot be applied any more.

ln SUHRMaFY, it should he noted that the \Alinrﬁng connection or the magnnfir‘ Hneign of the

transformer affects the inductive voltage regulation and it is recommended to pay gre
attention to the transformer connection when calculating the inductive voltage regulation.

Constant DC current

The formula is derived based on the assumption that the DC current is\kept ideal
constant.

circuit with a light load, the DC current is likely intermittent. When the DC load h
characteristics keeping DC voltage by itself, like batteries, DCmotors or electrolysis, th
intermittent current also likely appears. In such case, the DE voltage will be higher tha
the voltage estimated by the formula above.

Refer to IEC 60146-1-1:2009, 4.3.2.2.
7.2.5 Inductive direct voltage regulation due to-other components

br example valve reactors, line side reactors, curfent balancing reactors, etc.
ne symbols given in Table 3 are used in the.calculation formulae.

Table 3 — List of symbols used in the calculation formulae

When the DC load is very light, in practice, the DC current is not constaht’"and intermittent.
Especially, when a DC capacitor or some parasitic capacitance is, gGonnected to the [lC

At

Symbol Quantity

bLN inductive direct voltage, regulation at /;, due to line side reactors in per unit of U

bUN inductive direct voltage regulation at /;, due to valve side reactors in per unit of U;

inductive direct(voltage regulation, corresponding to d,

dxbLN xbLN

inductive direct voltage regulation, corresponding to d,

dxbvN xbvN

bL reactance)per phase on line side of reactor, transformer etc.
Kby Xx reactance per phase on valve side of reactor, valve reactors etc.
L RMS value of the transformer fundamental primary phase current

RMS current in reactor, corresponding to /,, calculated on the basis of rectangular current
waveform

bN

s rated direct current

Upn rated phase-to-phase voltage at the line side terminals of the reactor etc.
number of commutating groups between which [ is divided
pulse number

gq commutation number
number of commutating groups in series

S number of commutating groups commutating simultaneously perreacter primary

a) For reactors, transformers etc., on the line side:
— For three-phase systems:
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\/gx IbN X XbL
Uobn

3 x|, U, x X,
dxbLN = V3 by X Zdi X bl sin(i]

. T
sinl —| and U =
(P] GO Upn

— For single-phase systems:

1 I x XL 1 o x XpL x Ugi
dyplN =—=x——— and UgupIN = —=*x————"
X V2 UbN X V2 UbN
b) For valve side reactors:
oxqgxs gy xXpy OxQgxS
d = and U =—"—x]| X
XxbvN 2><Tc><g>< Uy dxbvN 2><Tt><ngN>< bv

The inductive direct voltage regulation due to other components is:

UdxoN = UgxoiN + YdxbuN

417.2.6 Inherent direct voltage regulation of the converter

The direct voltage regulation at rated direct current due to/converter transformer ar
interphase transformer (if any), is given by:

Ugin = Ugrin + Ugxii

The direct voltage regulation at rated direct current due to other components of the convertg
given by:

&

UgbN F2Varon + Yaxbn

The inherent direct voltage regulation-at rated direct current, is given by:

Ugtn #*Ugbn = Ugrin + Ugxin + Ydron + Yaxon

417.3 Direct voltage regulation due to AC system impedance
4{7.3.1 Influence ‘of AC system impedance on DC voltage regulation of the converte

Epen if the conyerter terminal voltage RMS value is maintained constant, the AC syste
impedance causes an additional voltage regulation to appear on the DC terminals of th
converter.

This is a consequence of changes in waveform of converter terminal voltages, due to no
sinusaidal currents drawn by the converter that influence the voltage regulation.

—

This influence depends on the pulse number and the ratio (R4gc) of the short-circuit power of

the source to the fundamental apparent power of the converter at rated direct current.

NOTE Ry is referred to the rated apparent power in IEC 60146-1-1:2009. It is convenient to use R,qq
calculate the influence of the AC system impedance.

to

4.7.3.2 Calculation of the additional direct voltage regulation Uy, \ due to AC system

impedance

Figure 5 gives the additional direct voltage regulation d| in per unit of Uy at rated direct

current, due to AC system impedance. The corresponding voltage regulation Uy, \ is:
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UgLn = din x Uy

If not otherwise stated, it is assumed that the RMS value of the line side terminal voltage of
the converter is kept constant.

When using the curves of Figure 5 for other loads than the rated load, the actual values of /g,
d,; and d,, -have-te shall be taken to obtain the actual regulation d| and from this the actual
additional regulation Uy, .

ThatTs:

I
dyt +dyp = (dxn erbe)Xli
oN

is| used to enter the diagram of Figure 5.
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Figure 5 — d| \ as a function of d,\ for p=6 and p =12
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NOTE The parameter for Figure 5 is:

1 _Sun _Udixlan
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4.7.3.3 Measurement of the additional direct voltage regulation due to AC system
impedance

A voltmeter on the DC side of the converter does not indicate the inherent voltage regulation
(see 4.7.2) but a larger regulation.

The influence of the AC system impedance cannot be measured directly by a voltmeter
indicating the RMS value on the AC voltage taken when the converter is on load.

The additional direct voltage regulation due to the AC system impedance canbe measurgd
wjth sufficient approximation by an appropriate measuring circuit using an auxiliary rectifier
bnnected to the line side terminals of the converter, through a transformerlif ‘necessary.

(@]

This auxiliary rectifier have the same commutation number and pulse humber as the converter
nd the ripple of its direct voltage have the same relative phase position to the AC netwofk
vopltage as the ripple of the converter direct voltage.

[V

The per unit change of the output voltage of the auxiliary.rectifier during a change of the
bnverter load represents the per unit change in the converter direct voltage due to the
ystem impedance.

”n O

4/7.3.4 Influence on direct voltage regulation.of other converters connected to the
same system

Iflother converters are fed from the same AC system, these may cause an additional voltage
rggulation of the converter under consideration even in the case of constant RMS value of AC
vopltage at converter terminals.

Tp enable the supplier to take~such conditions into consideration, the purchaser shou|d
indicate prior to order the power, connection, location and other main particulars of the oth¢
converters.

-

4|7.4 Information«o be exchanged between supplier and purchaser about direct
voltage regulation of the converter

Tp enable thesupplier to calculate the effect of AC system impedance, the purchaser shou|d
give the AC~system data before the order. When the system short-circuit power is given fpr
tHis purpese, the value given should correspond to that configuration of the AC system fpr
which the.total voltage regulation is to be calculated.

Thesupplier should then indicate the following values:

— the inherent direct voltage regulation (see 4.7.2.6) of the converter

Ugin + Ugbn

— the total voltage regulation of the converter, when the RMS value of the line side terminal
voltage is kept constant

Ugin + Ugpn + UgLn

When values of system impedance are not given by the purchaser, the supplier should
assume some specified finite value of the short-circuit power of the AC system or,
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alternatively, should draw the purchaser's attention to Figure 5 by which the total voltage
regulation can be calculated for any value of the AC system short-circuit power.

Sample calculations of voltage regulation are given in Clause 5.

4.8 Voltage limits for reliable commutation in inverter mode

To prevent commutation failure or conduction-through, the design shall take into consideration
the required maximum current, the highest direct voltage and the lowest AC system voltage

W&W&W&ﬂn
into consideration.

not otherwise specified, the converter, when operating as an inverter, shall be abte, to carfy
| rated current values according to the duty class, without conduction-through-at.the ratgd
minimum AC system voltage.

o =

C
O

hder transient conditions such as in the case of voltage dips due to distant faults in the A
system, a commutation failure may occur particularly at maximum DC w6ltage in the invert
mode.

W
-

The following means may be used together or separately to reduce commutation failures ¢r
tHeir consequences:

—| lowering current limit setting;

—| higher secondary voltage;

—| lowering limit setting for rate of change of curréent;

—| fast DC circuit-breaker or magnetic contactor, to operate particularly in the inverter mode
—| higher setting of the under-voltage relay (within rated limits);

—| gate pulse train (instead of short gating signals);

—| AC filter on the synchronizing input to the trigger equipment to prevent disturbances gn
the gating angle.

These means may not prevent all of the commutation failures but they would greatly reduge
tHeir number in most applications.

Altomatic restarting after a tripping may be specified separately, but strict precautions sha
bé¢ taken for the safety of the operators.

419 AC voltage waveform

The deviation of line-to-neutral or line-to-line AC supply voltage from the instantaneous valye
of the-fundamental wave (for example during commutation of power converters) may reagh
0J2 ,pv. or more of the existing crest value of the line voltage (Figure 6). Additiongl
oscillations may appear at the beginning and at the end of each commutation.

Non-repetitive transients are mainly due to fault clearing and switching, as well as possible
lightning strokes on overhead lines, which may have some effect on MV and LV systems.

The following values are given as examples only on the basis of the individual converter
transformer characteristics and rating (S;y)-

a) Transient energy 400 Sy J

NOTE 1 Sy is expressed in MVA. The transient energy comes from the interruption of the transformer
magnetizing current. The magnetizing current of the transformer is assumed to be 0,05 p.u. of its rated current.

b) Rise time (0,1 to 0,9 peak value) 1 us
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c) Repetitive peak value (U grp / ULwm) 1,25 p.u.
d) Non-repetitive peak value (U gv / U wm) 2,0..2,5 p.u.

NOTE 2 The peak value is given assuming a typical suppressor is used. Without suppressor, this value could
be 10 p.u. or more.

e) Duration above 0,5 p.u. 3..300 us

If several converters without individual transformers are connected to the same bus, the
suppressor circuits shall be coordinated with the common transformer.

LJ H H 4 4 1 £ 1] H [ H e L - [ H
| RM ITTAATIITUTIT TTTStarmiaricuous valuc Ul UL, MTCTUUTITY TCPTUUVE UVTT=VUIIdUTS UUT TAUTUUTI g

non-repetitive over-voltages
| SM maximum instantaneous value of U|, including non-repetitive over-voltages

gure 6 shows one non-repetitive transient with the amplitude U, gy @nd” the typicpl

Ul
Uwwm maximum instantaneous value of U, excluding transient over-voltages
F
commutation notches of a 6-pulse power converter (connection No. 8, Table ¥)"

IEC

Figure 6 — AC voltage waveform

5| Application information

5.1 Practical calculation of the operating parameters
5.1.1 General

If a project requires the calculations to be performed a number of times, as an alternative to
using the figures and formulae in 4.6 and 4.7, it is expedient to use a computer or at least a
programmable calculator.

The-folewing formulae in 5.1.2 to 5.1.4 are sufficiently accurate for most cases, particularly
for standard design converters.

For letter symbols, see 4.6.2 and IEC 60146-1-1:2009, 4.2.
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5.1.2 Assumptions
The calculation implies that the following assumptions are valid:

— uniform connection;

— infinite smoothing inductance, i.e. negligible direct current ripple;
— pulse number p = 6; commutation number q = 3;

— negligible AC voltage unbalance;

steoadv.state 1 g constant dirget vaoltaas and currant-
t8acf=-State—-6- HStaAH—GH HeHage——ahRa—-cUHH-8h

—| angle of overlap u less than 2xn/p.

5/1.3 Preliminary calculations
The fundamental-apparent power:
Syn—="Ygitan

The | o | lati i e

n_d S
UdXN:_X xtN . 21LN <U

3 exiN  Scom

di

—¢ S

oy = T XN STIN
WN = XN

3 e Scom

Resictive.di : :

P
UdrN =—MN
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PFN‘ i i i j i T
III ¢ . . luded: Y

70',-[\] =PrN/(Udi XIdN)z RN/S1LN—(—see—N©l._&2—be+ew—ef—this—subelause%

I Yaixlan _ g5, Sin
dxtN = 05 3 Scom 0,5 Scom .(LQ
ﬂ/’
NOTE 2 The-transformerloadlossesmay-be-expressed-as: :\
VQ)
eFN-_X_St-N» \
Q)Q
arjd the other losses are added giving: Q_
(erN x Syy + other Iosses)
dy =
N SiIN \/C)
g\\
ﬂe—eq&ahen—ks—ee#mepewmsm%—baéed—aﬂhe—;aled—d—e—ewngm
The fundamental apparent power is calculated anows
N
)
S1uy,™ Yai < lan
N
The inductive voltage regulation in ing the effects from the reactances of the supply
spurce and the feeder cable or Iini@calculated as below based on the first formula shown |n
417.2.4.
xO
N C\){‘ oxQxS$s
N Ay = 2 X Xy x -3
N C) XN 2X77,'XQ sum Udi
where O®
Xkum Xt+X’ + X', the sum of the reactances below:
X Q_® is the commutation reactance of the converter transformer seen from the
valve side;
2
X,:\ L)’O ) X_ is the reactance of the cable or the line seen from the valve side through the

1=

converter transformer;

2
Xe =(%} Xc is the reactance of the supply source seen from the valve side through the
L

converter transformer.

The formula above for d,;y can be derived considering that the commutation current flows
from the supply source to the converter through the reactances between them. In other words,
the commutation reactance is calculated from the sum of the reactances. In the calculation,
the values of reactances at the line side should be converted to those seen from the valve
side of the converter transformer since the voltage regulation is calculated based on the
values of the valve side.
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NOTE The calculations using the ratio (d,, / e,) in IEC 60146-1-2:2011 was removed and replaced with the

equivalent and simple calculations. The equivalency is shown in Clause C.7.

Resistive direct voltage regulation at rated current:

P

IdN

UdrN =

where

Ply is the power losses in circuit resistance at rated load. The loss caused by threshp
voltages of valve devices is excluded.

din = Pin/(Udi < Ian) = Bin/ S1n

511.4 Calculation of the operating conditions
5(1.4.1 Direct voltage
With the assumptions of six-pulse uniform connection, the following-formulae apply:

a) for rectifier:
lg
Ugi x cosa = Ug + Uto + (Ugn + deN)X—I
dN

b) for inverter:

/
Udi X COS(O! + ,u) = Ud + UTO + (UdrN - UdXN)X I_d

dN
where
Ugi = Uyo x342/r;
Uto is the sum of threshold voltages of all valve devices connected in series in ar
current path;
l
—d is the per unit-direct current.
lan

3

the common case*of a converter for a DC motor drive, the value of Uy is the DC mot
punter e.m.f. Ey (proportional to shaft speed and motor flux) plus the armature voltage drg
rated current:

L O

Uq = Egn % Eq + Ra x IgN x/—d
EgN /

dN

d

y

p

In this case, the resistive voltage regulation U,y includes all the voltage regulation caused by
the losses except the loss caused by threshold voltage of the valve devices: resistance of the

valve devices, armature, DC and AC cables, smoothing inductor, transformer windings.

In other cases, U, is the converter voltage at its DC terminals and then U,y does not include

the losses in the DC circuits outside of the converter (cables and load or source).

Uqxn includes all the voltage regulation caused by inductances in the AC circuit: transformer
leakage reactance, line or anode reactance, cable reactance, supply system reactance, etc.

(see 5.1.3).
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NoTE4 In certain cases, not steady-state, the rate of current rise di/dt—has—te shall be
provided for, by adding the term Ldi/dt to the converter DC voltage (L is the total inductance
of the DC circuit).

NOTE-2 In the case of a diode rectifier, « = 0, cosa = 1, the angle of overlap y is given by:

cos;1:172xuﬁ
di

The output voltage is given by:

Uq = Ugi - (Ugr + Uto + Ugx)

a

1.4.2 Displacement angle

The following approximation gives a satisfactory result in most cases:

Ug +Uto +Ugrn x lg /14N
Ugi

cos¢pq =

Almore accurate formula is:

_ 2u+sin2a — sin[2(a + ,u)]

tan
o os2a - cos|2(a + u)f

NOTE Radians are used in the latter formula.

511.4.3 Rectifier and inverter operation

=1

rectifier operation, both current and voltage.are considered as positive and also the actiye
nd reactive power.

Q

=1

inverter operation, the current and *reactive power are positive, the voltage and actiye
bwer are negative.

o

Ap an example, Table 4 shows . operating conditions and Table 5 shows operating points.

Table 4 — Example of operating conditions

Value Unit
Ein 450 \
lan 1812 A
S¢ 115 MVA
Xe ! Rg 8 p.u.
Sin 1,25 MVA
SN 0,055 p.uU.
en 0,012 p.u.
U 400 \
Uro 2,1 \%
R, 9,93 mQ
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Table 5 — Example of operating points

Rectifying Starting Inverting Unit
steady-state
PN 1,03 1,6 1,175 p.u.
E ! Egy 1,055 0,0 -0,288 p.u.
Uy 540 540 540 \Y
Uyy 15,0 23,3 17,1 \Y
u 52 81 506 \/
ar
a 23,2 83,4 98,3 ° (degree)
7 5,2 4,97 3,7 ° (degree)
cos g, 0,892 0,072 -0,176 -
? 26,9 85,9 93,3 ° (degree)
S 1,01 1,57 1,15 MVA
P 1Py 0,899 0,113 -0,213 MW
Q. 0,455 1,56 1,13 Mvar

[3,]

2 Supply system voltage change due to converter loads
5/2.1 Fundamental voltage change

The voltage change may be estimated using the formula®

AU St cosftan 1| XC — 0
U~ se Re

here

W
X is the reactance of the supply'source;
R, is the resistance of the.supply source.

NDTE X,/ Rs-may can vary from 4 p.u. to 10 p.u.
5]2.2 Minimum R g¢c requirements for voltage change

The ratio of the short-circuit power of the supply source to the fundamental apparent power
tHe converter.is:

Sc
Risc = ——
S1LN

The minimum R4g¢ as regards the voltage regulation between no-load and peak load is:

cos{tan‘(XC] - ¢1m}
_ SCmin _ RC

R in = =
1SCmin S1 Lm (AUL )
m

UL

where

Sitm = Ugi x lgmns
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Iqun  is the rated continuous direct current (maximum value).
EXAMPLE

Assume: X / Rg = 10; then tan’1(XC I Rg) = 84,29°

Assume: COSPqm = 0,1; then ?1m = 84,26°

Hence: cos[tan’1(XC I'Rc) - oqml = 1.0

If: (AU | Up)yy = 0,08

then: R—ISCmin = 1,0 / 0,08 = 12,5

[3,]

2.3 Converter transformer ratio

The actual system voltage change may be approximated in two or more iteration steps.

3

the first iteration, P4, Q4, ¢ are calculated using the estimated gecondary voltag
brresponding to the on-load system voltage.

Q

The voltage is then corrected to calculate the new values of Py, Q-3 AU /U|:

AU
Upnsty =Uin x| 1-| ==
L Yq

The new voltage change may be used for further iterations in order to optimize tH
transformer ratio and rating. However, other criteria may have to be considered such as th
voltage changes due to other causes.

Ak an example of calculation, operating conditions shown in Table 6 is considered. The res|
ol the iteration is shown in Table 7.

Table 6 —Example of operating conditions

IEC TR 60146-1-2:2019 RLV © IEC 2019

e

t

Rated values Value Unit
C voltage Ugn 5000 \%
C current lan 2 200 A
C circuit resistance R, 0,136 Q
Transformer rating Sin 15 MVA
Short-circuit voltage
Inductivescamponent e, €y 0,085 p.u.
esjstive 'component e 0,008 7 p.u.
Iecondary voltage Uy 5080 \
Valve device threshold voltage drop Uro 38 V
Supply source short-circuit power S¢ 150 MVA
(e,n @nd e,y include AC cables)



https://iecnorm.com/api/?name=bf82ac7c9f79181f13ec94352f99267e

IEC TR 60146-1-2:2019 RLV © |IEC 2019

Table 7 — Result of the iteration

— 49 —

Iteration
Initial Final Unit
U, 5080 4745 \Y
Uy, 6 860 6 408 \Y
(VAN 1,0 1,0 p.u.
Eyl Egn 1,0 1,0 p.u.
Uy, 669 583 Vv
Uy, 66 57 \
a 32,7 27,6 ° (degree)
U 17,0 17,6 ° (degree)
cos g, 0,746 0,798 p.u.
?, 41,7 37,0 ° (degree)
S, 15,1 141 MVA
P, 11,3 11,3 MW
Q, 10,0 8,5 Mvar
AU U 0,076 0,066 p.u.

[3,]

2.4 Transformer rating

The transformer current rating depends on the duty.cycle.
The transformer rating increases with the system impedance.

Al no-load, the supplied voltage defines-the core size and number of turns and the wound
conductor section is based on the current rating.

The transformer size also increases with tang;.

NPTE 1+ Some increase ©Of,the transformer rating—may can be required to provide for large
erloads with a high_current rate of rise.

[e]

NpTE2 If the minjmum control angle is high for reasons of response speed, the average
displacement factor is lower and the transformer rating-is-te shall be increased.

NPTE3 For)low to medium size converters, the DC side inductance may be small and the DC
ciyirrent¥ipple is high, requiring a higher current rating for the transformer.

T £ 4 o-Q 1 QN o [P o-Qr
T 1Tacviur U,0O , GUIUTTITT O ) TTTay UTUUTITIC aos TIHyiT do U, 0J0.

5.3 Compensation of converter reactive power consumption
5.3.1 Average reactive power consumption
In most cases, the converter load duty cycle is variable with production requirements. It is,

therefore, necessary to use a reference duty cycle selected as the most likely or most
frequent.

The average active and reactive power consumption is calculated for each portion of the duty
cycle. Table 8 shows an example.
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Constant Steady-state Constant Unit
acceleration deceleration

Duration 5 2 4.5 s
Qavg 36 12,2 21,4 MVA
P,avg 18,5 13,9 -7,06 MW
Savg 40,5 18,5 22,6 MVA

D LS 0 457 0 754 0313 D1l

avg avg ’ 4 T P

Stms 41,6 18,5 23,1 MVA

Tptal cycle duration is 11,5 s ("forward" rolling speed).

Quyg = (36 x 5+ 12,2 x 2+ 21,4 x 4,5)/ 11,5 = 26,15 Mvar

Pavg = (18,5 x5+ 13,9 x2-7,06 x 4,5) /11,5 =7,7 MW

Srms=y(41,62 x5 +18,52 x2+ 23, 2 x4 5)/11,5 = 32 MVA

5(3.2 Required compensation of the average reactivepower

The required compensation of the average reactives power is calculated using the requirgd
value and the formula:

Q¢ = Qavg — Pavg X tanegg= Payg x (tane, g — tangeq)

where

Phvg: Qavg is the active and reactive power consumption;
tangayg is the calculated tan{,, without compensation;
tan greq is the required @verage tangy;

Q. is the required reactive power compensation.
EXAMPLE

Using the data and results of the-previeus example in 5.2.2:

NPavg = 2648-47,7 = 3,4

For: tangoreq =0,4; Q. =26,15-7,7 x 0,4 = 23,1 Mvar

NpTE 2 |t will be found that the reactive power compensation is too high during certajn
inmmmwmmrrhﬂva uty cy W1 . ] i v y

require some means of adjusting the compensation within closer limits of the required
compensation.

NOTE-2 The publications being prepared by TC 77 and its sub-committees are intended to give the acceptable
limits of voltage changes as a decreasing function of their frequency of occurrence and also the acceptable limits
as regards flicker.

5.3.3 Voltage fluctuations with fixed reactive power compensation

Capacitors used for power factor correction will supply more reactive power if the supply
voltage increases and less if it decreases.
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To account for this fact, an approximate method consists in deducting the capacitor bank

rating from the system short-circuit power when calculating the voltage fluctuation.

EXAMPLE
Using the data of the previous example and S, = 315 MVA

a) The no-load voltage change, with 23,1 Mvar power factor compensation, becomes:

AU 231 1701

U 315-23,1
b) Peak load corrected voltage: (acceleration at 2,3/4y and 0,978U4N)

AU _263-231+235/8
U 315231

=0,021

The maximum voltage fluctuation is:

o

P79 + 0,021 = 0,1 p.u.

NOTE-4+ The required tan(preqmy can be non-optimal for minimizing the”voltage changes due to the resisti
vdltage drop etc.

NpTE2 In the case of large fluctuating loads on relatively high impedance systems, th
rgactive power correction may have to be adjusted rapidly, although switched capacitor bank
may be contemplated if the reactive power demand-chianges only two or three times per day.

Static switches or other means may be used for more frequent operations instead
conventional contactors or circuit-breakers, which may suffer mechanical wear, and the delg
time of the correction is such that the.(Corrective action results in adding more voltag
changes and making the flicker more objectionable.

4  Supply voltage distortion

4.1 Commutation notches

ne area of a commutation notch Ay, as observed between any two lines (principal notch

5

5

54.1.1 Notch area

T

each half period),. may be evaluated from:

N = Udi
6xfixRisc

EXAMPLE 1

S

O f

e

f1 = 60 Hz; U\ = 460 V; Rygg = 75; Ug; = 621,2 V; Ay = 23 000 V-pus

If expressed in p.u. (line crest voltage x degrees):

o180 573
nxRisc  Risc

EXAMPLE 2

The same R4gc gives Ag = 0,764 (p.u. x degrees).
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4.1.2 Notch width

The notch width Wy may be calculated at the converter AC terminals neglecting the effect of

st

ray capacitance and inductance. If all circuit capacitance is neglected, the notch width

remains the same at other points of the supply circuit towards the infinite source, while the
notch depth decreases.

The total width is expressed in angular measure and is equal to the angle of overlap .

acitance and inductanceg mav o aciablbhs chan

th

If
th
th

coillations dug to gtrav oo
HaHeRS—GU t H-ay

The notch depth Dy at a given point is calculated by:

n \ nor \ ge—the—shape—of
P \—appH4 H—chRahRge—h A3

e commutation notches.

identical converters are operated at approximately the same gating angle and supplied from
e same source, they may be replaced by a single equivalent converter with a rating equal o
e total rating and the same connection and pulse number. To get the- equivalept

commutation inductance, the individual inductances of the converters—ate—te shall Rje
connected in parallel and added to the common inductance.

4.1.3 Notch depth

A
Dy =N
Wn
a) Converters with individual transformer
The amplitude of the commutation notches due to the converter under consideration at the
points of connection of other converterssdepends on the impedance of the individupl
transformer which may be considered as' an inductive element of the total commutatign
short-circuit power.
The notch depth decreases from 150 p.u. at the AC terminals of the converter assembly [o
zero at the level of the infinité.Source. The calculation is similar to that used for faylt
currents.
Table 9 shows an example_of notch depth at the next conditions.
EXAMPLE-%}
Supply source (50 Hz) 63 kV, 730 MVA
Main transformer 63/20 kV, 40 MVA, 0,125 p.u.
Feeder cable 20 kV, 0,32 mH/km, 130 m
Converter transformer 20/0,4 kV, 4,2 MVA, 0,07 p.u.
Table 9 — Example of notch depth
Voltage 1/S. Short-circuit Notch depth
power (a=190°)
kV MVA-1 MVA p.u.
63 Source 1/730 730 47,2/730 = 0,065
20 Transformer 0,125/40 222 47,2/222 = 0,213
20 Line 21 x 50 x 0,32 x 1073 x 0,13 / 202 221 47,2/221 = 0,214
0,4 Conv. transformer 0,07 /4,2 47,2 47,2/47,2=1,0
NOTE The notch depth in p.u. of crest voltage is independent of the converter load and is a maximum at « = 90°
as assumed here; it varies as sina.

b)

Converters with a common transformer
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In this case, the commutation inductance includes the inductance of the converter
connecting cables which is the only individual inductance of each converter.

Consider at the next conditions.

EXAMPLE 2

Using the same supply source at the 20 kV level as in a) above, each converter is
connected through a 150 m, 400 V cable to a 1,6 MVA, 20/0,4 kV transformer with
0,06 p.u. short-circuit voltage.

If the angle of overlap u is small (2° to 5°) and the converters are used with non-correlated
values of a, the commutation notch depth is calculated as before, only adding the 400|V
cable impedance.

Table 10 shows the notch depth caused by one converter. The notch area also decreasgs
from the converter to the infinite source but the width remains the same, if the-effect pf
stray capacitance remains neglected.

If all the converters were operated at the same control angle and ‘assuming equpl
impedance for all the converter lines, their impedances shall be paralleled for worst cage
conditions.

For example, if ten converters are connected to the same 400 \(~{ransformer and operaje
at the same time and the same control angle, the total shart-circuit power would Re
increased to 19,4 MVA (instead of 7,34 MVA) resulting in gréater notch depth as is shown
in Table 11.

Table 10 — Example of notch depth by one converterwith a common transformer

Voltage 1/S. Short-circuit Notch depth
power (a=90°)
kV MVA-" MVA p.u.
63 |Source 1/730 730 7,34/730 = 0,010 1
20 |Transformer 0,125/40 222 7,34/222 = 0,243 0,033 1
20 [Line 27 x 50 x 0,32 x 107% x 0,13 / 202 221 7,34/221 = 0,214 0,033 2
0,4 |Conv. transformer 0,067/ 1,6 23,8 7,34/23,8 = 0,308
0,4 [cable 2m x 50 x.0,82 x 1073 x 0,15/ 0,42 7,34 7,34/7,34 = 1,0
Table 11 — Example of notch depth by ten converters operating at the same time
Voltage 1/S. Short-circuité Notch depth
power (a=190°)
kV. MVA-" MVA p.u.
63 Source 1/730 730 19,4/730 = 0,027
2 Transformer 0,125/40 222 19,4/222 = 0,087
2 Fine 271 x 50 x 0,32 x 1073 x 0,13 / 202 221 19,4/221 = 0,088
0,4 Conv. transformer 0,06/1,6 23,8 19,4/23,8 = 0,815
0,4 Cable 1/10 x 21 x 50 x 0,32 x 1073 x 0,15/ 0,42 19,4 19,4/19,4 =1,0

5.4.2 Operation of several converters on the same supply line

If several converters are connected to the same line, the interactions between the converters
have-to shall be considered, particularly in the design of the RC circuits connected in parallel
to each valve device.

a) The losses in the damping RC circuits will increase with the number of converters. For a
six-pulse bridge converter operating alone on the line, with RC circuits in the arms, the
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losses in the resistor due to commutation notches are in the worst case (that is with the
trigger delay angle a = 90°):

Prax = 3,5 x U2 x C x f,

T o

5.1 RMS value of the line current

M.S value of theline current can be calculated as follows.

where

C is the capacitance in one RC circuit;

U, is the RMS voltage at the terminals of the converter assembly;
£ is the fundamental frequency;

Prax is the losses for one RC circuit.

In practice, the converters will operate with a = 90° only for short periods of time<and the
losses will then be much lower (exception: for example paper machines, when ‘cooling pf
drying cylinders, may run for several hours at 0,02 p.u. to 0,05 p.u. speed). The following
formula may be used:

Payg = 3,5 x U2 x C x fy x sina

If several converters operate on the same line, the losses in therdamping RC circuits pf
each converter will increase in proportion to the amplitudes and:number of notches at ifs
line terminals.

Therefore, the losses induced in a converter by notches originating from another convertgr
are mainly dependent on the trigger delay angle of both.converters, the possible overlgp
of commutations and the relative importance of individual impedances.

In most cases, it will cause no problem to connect'up to 4 converters to the same line,|if
sino. < 0,5. If more converters—are—to shall beconnected, the problem requires to Qe
considered in detail.

The damping capacitor in the parallel connected converter will also increase the di/ft
stresses if the decoupling inductance between converters is low, which is the case if the
connecting line is short and no line side reactor is included.

The converters will also cause a valtage drop in the line, which-has-te shall be considergd
in the converter specification. This is especially important if the converters-are-te shall he
used in the inverter mode.

Quantities on the line side

First approximation (neglecting overlap), see 4.4.3.

A moreaccurate formula may be used for a three-phase bridge connection when the
triggéer-delay angle « and angle of overlap u are known:

7 (et 1) = I, x 1= 3y{ar, 1)

where
I_ is the value by the first approximation;

l//(a,,u): Sin,u><[2+cos(2a+,u)]—,u>< [1+2><COSO!><COS(a+ﬂ)]

2xnx[cosa - cos(a + )P

using angles in radians.

The values of IZ(a,,u)/IL can be found in Table 12.
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Table 12 — Values of / (a, )/l

It (o )/
U a=0° a=15° a=30° a=60° a=90°
degrees
5 0,994 0,993 0,993 0,993 0,993
15 0,983 0,979 0,979 0,979 0,979
29 0,972 U,J60 U,9690 U,9690 U,9690
35 0,960 0,953 0,951 0,950 0,950

(¢}

5
5
A
m

a

>

calculated easily by a computer simulation.

When the relative DC side inductance is low, the real RMS value of the dine current may
become larger than what is calculated by the methods indicated in a) and‘b) due to the D|IC
current ripple. See also 5.2.4,-NOTE-3 two last paragraphs.

5.2 Harmonics on the line side, approximate method for 6-puilse converters
5.2.1 General

an early stage of the design, the formulae and Figure 7,0f_the following 5.5.2.2 and 5.5.2|3
ay be used when the converter size is known by its transformer rating. Harmonics can he

5.2.2 Current

he following formula can be used to calculate the harmonic current spectrum when the
gger delay angle « and the angle of overlap u are known and direct current ripple can Qe
pglected.

\/a2 +b?% —2xaxbxcos(2a + u)
d

Ihe =4 %

here

is the harmopic;current at the trigger delay angle ¢;
| is the fundamental current;

h is the harmonic order;
al- 1 Xsin(h—1)xy;
hét 2
; 1 . (h+1D)xu
— X9l ]
h+1 2
d=h x {cosa— cos(a + u)} or
d =2 x h xd,.

Figure 7 shows results at some typical cases.

The fundamental current is given by:
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In the case of inverter operation, use extinction angle y instead of trigger delay angle «. This
chart assumes smooth direct current.

NOTE 1 Depending on the DC load circuit inductance, the direct current ripple-may can increase the 5" harmonic
current by 0,3 p.u. or more and the 11" ... (6k — 1) to a lesser extent. The 71" ... (6k + 1) is normally lowered.

NOTE 2 Other uncharacteristic harmonics-may can remain due to the supply voltage unbalance which prevents
the expected cancellation.
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d, inductive direct voltage regulation

a trigger delay angle (in the case of inverter operation, use extinction angle y)

=6

Figure 7 — Harmonic current spectrum on the AC side for p
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5.5.2.3 Voltage

The harmonic voltage U, is the product of the harmonic current /,, and the harmonic
impedance of the system Z,;

Upg =2Zp x Ipg

The harmonic impedance of the system, in the absence of capacitor banks and long supply
lines, may be approximated using the following formula applicable to transformers:

2| Uy . 1+1/(Qy x Q,)* +1/(hx Q)2
Wl =
Sc 1/Q,% +1/h?
where
Qs =Xs/Rg(about 8 p.u.to 12 p.u.);
Q, =Rp/X; (about 80 p.u.to 120 p.u,);
SE = U X5
RL  is the series resistance corresponding to the load losses;
Rp is the parallel resistance corresponding to the no-load'losses;
X} is the leakage reactance of the main transformers:
The following formula gives the relative harmonig! voltage referred to the line-to-neutrpl
voltage.

Una| — SIL 1hy o1+1/(Qs xQp)? +1/(hxQs)?
—_— = — XX
Un/V3  Sc It 1/Qy% +1/h?

[3,]

5.3  Minimum R, g requirements for harmonic distortion

Harmonic distortion may be feduced by increasing the pulse number p of the converters. Thijs
usually done by a combination of several basic 6-pulse converters.

&

The order of characteristic harmonics is given by:
h=kxp+1; k= positive integer

Those harmonics that result to be characteristic for the basic 6-pulse converter units and nop-
characteristic for the complete converter usually are not completely cancelled and may reagh
0J05 p:u. to 0,15 p.u. of the value for the basic 6-pulse converter.

Using the conservative value of 0,15 p.u. for non-characteristic harmonics, Qg = 8 p.u,,
Qp =100 p.u., the following Table 13 has been calculated for different values of

S1L 1

Sc  Risc

andp=6-12-18 — 24.

It also gives the value of the lowest order characteristic harmonic and the notch area in
p.u. x degrees (Ag at a = 90°).
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Table 13 — Minimum R;gc requirement for low voltage systems

THD 2 p=6 p=12 p=18 p =24
R1SC A Us R1SC AE Uq1q R1SC A Uq7 R1SC Ag Uzs
p.u. p.u. p.u. p.u. p.u. p.u. p.u. p.u.
X X X X
deg. deg. deg. deg.

0,01 231 0,25 | 0,004 1 | 150 0,19 0,004 3 | 106 | 0,18 | 0,005 5 99 0,14 0,005 4
0,015 154 0,40 | 0,0062 | 100 0,29 0,006 5 71 0,27 | 0,008 1 66 0,22 0,008 1
0,03 77 0,74 10,0123 1 50 0,57 0,013 0 35 0,551 0,016 5 33 0,43 0,016 3
0,05 46 1,24 10,0206 | 30 0,93 0,021 7 21 0,91 | 0,027 5 20 0,72 0,026 §
0,08 29 1,98 | 0,0327 19 1,51 0,034 2 13 1,47 | 0,044 4 12 1,19 0,044 74
0,1 23 2,48 | 0,0409 15 1,89 0,042 8 10 1,84 | 0,0555 9 1749 0,055

NOTE 1 For MV systems, use R gcpin = 3 X Rygc @ minimum requirement (resonance allowance).

NOTE 2 For HV systems, use R 2 x Rygc @s minimum requirement (resonance allowance).

1SCmin ~
NPTE 3 Not to be used for systems with directly connected capacitor banks or filters:
NOTE 4 Use S, for distortion corresponding to rated apparent power.

NOTE 5 Interpolation: THD x R,g = constant for a given p.

NPOTE 6 The total harmonic distortion is given as the contribution of the converter to the existing distortion.

NPTE 7 The notch area is given for one single notch, without multiple commutation.

O

THD = total harmonic ratio (total harmonic distortion)

[3,]

5.4 Estimated phase shift of the harmonic currents
Uking the simplifying assumption of astrapezoidal wave-shape, the phase shift is given by:

—| for the fundamental current (see 5.1.4.2): ¢,

—| for the harmonic current of-erder h:
ph=(1xtkxp)xp;+kxpx0

where

k is a positive integer;

p is the pulse number;

6@ isthe transformer phase shift.

5155 Addition of harmonic currents

If several converters are supplied from the same source, the harmonic components of like
frequency may be added up vectorially if the phase relationship is known, including
transformer phase shift, if any. However, minor fluctuation on design parameters, operating
conditions, etc. may lead to a low accuracy in the calculated results, particularly for harmonic
orders above 13th or 17th because the angle error is multiplied by kID (for example 12 or 18).
In the higher range of the harmonic spectrum, the uncharacteristic harmonics may well
exceed the characteristic harmonics.

5.5.6 Peak and average harmonic spectrum

Harmonic currents are proportional to the fundamental current. Peak load harmonic currents
and voltages and their effect, particularly on the crest voltage of capacitors, should be
checked. But capacitors and other circuits elements are capable of short time overloads
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9

particularly if their average overloading is moderate. Therefore, the RMS current in capacitors
is allowed to exceed the capacitor rated current (for example 1,3 p.u. rated current,
continuous duty).

5.

5.7 Transformer phase shift

Using the appropriate transformer winding connections, the harmonic current phase shift may
be used to virtually eliminate some of the harmonic currents. Table 14 shows examples.

Table 14 _ T : | hift and | . I

Transformer phase shift Harmonic orders
Pulse number d
egrees Uncharacteristic Charactefistic
12 0 30 5-7,17-19, .. 11-13, 23-25,\..
18 0 20 40 5-7-11-13, .. 17-19, 86-37, ..
24 0 15 30 45 5..19, 29..37 23-25,.(47-49) ..
36 0 10 20 30 40 50 5..31, 41.. 85-37

In
n
of

O

5

n

harmonic spectrum.

s¢quential gating of converters may be\used with advantage:

actual transformer design, particularly for small numbers of 4uffis, the exact cancellation
bt possible and uncharacteristic harmonics may be expected to'remain, up to 0,05 to 0,2 p.
the theoretical value for the equivalent 6-pulse connectionwith the same (total) rating.

ther factors such as direct current ripple, phases unbalance, also have an effect on th

5.8 Sequential gating, two 6-pulse converters

certain cases where minimizing reactive power consumption is considered essentig

the reactive power consumption”is considerably reduced for DC voltage values belg
0,5 p.u. of the rated or maximum value. This is particularly useful for large reversing mil
where the roll bite occurs at*about half speed and the steady-state intervals are relativ
short;

the two 6-pulse conyerters may be fed from the same transformer YY or DD. The harmon
spectrum is nearér, that of the 12-pulse connection than that of the 6-pulse connectio
whenever:

Qaq —a2=30°

fornetworks where short power outages are to be expected, the operation of the invert

pwever,\these advantages may not be sufficient to compensate for the other consequences|:

S

j o=

e

W
Is

ly

ic

eI

section is impaired with possible tripping or fuse blowing:

the harmonic spectrum is often similar to the 6-pulse connection typical spectrum: the
reduction of the 5th-7th 17th-19th = harmonics is valid only when |ay — a,| = 30°.

Therefore the harmonic filter, if any, shall be designed for it;

the reduced reactive power demand would permit the capacitor rating to be lowered b
the harmonic overloading may require some oversizing of the capacitors.

ut

Therefore, it does not seem possible to give a simple rule in such cases and several
alternatives may have to be compared in each case of application, depending on the supply
system and operating conditions.
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5.6 Power factor compensation and harmonic distortion
5.6.1 General
The use of power capacitor banks is increasingly necessary due to the energy saving policy:

a) the Supply Authority may specify a minimum power factor;
b) the power losses in cables and transformers are increased by the reactive power;
c) the transformers, cables, switchgear may be overloaded without compensation.

Hpwever, the use of capacitors should be studied carefully if converter loads are a significa
part of the system load.

6.2 Resonant frequency

ay be used at a preliminary stage of the design to find the estimated resohant frequen
nd amplification factor. The system impedance is assumed to be purely inductive/resisti
(Rs =8 p.u., Qp =100 p.u.). The cable capacitance should be added tg the capacitor bank.

5
ALC motor loads may significantly change the harmonic impedance and the chart in Figure
m
a

5/6.3 Directly connected capacitor bank

Ffom experience, the use of directly connected capacitor banks on the AC side of a convert
wjthout transformer is not recommended, particularly if the“minimum operational AC mot
lgad is small.

The power factor correction would be provided {for preferably on the primary side of th
converter transformer to avoid extremely high di/dt stresses on the semiconductors. Chok
rgactors may be used to minimize these stresses, but the harmonic currents may still overlozg
directly connected capacitors, although the“capacitor connecting cables introduce son
rgactance.

Chpre should be taken also in the Case of radio interference filters which may suffer fro
harmonic current overloading.

516.4 Estimation of the resonant frequency

The resonant frequency of’a capacitor bank with the system inductance is given by:

8

e

® QDO

m

fr = hr X f1
where
fy :\/SC/QC ;
Q is the capacitor bank rating.

If the AC motor load Sy, is significant, use Figure 8
where

S S
Rgy =—2 and Ryy =%
U MR,
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NOTE The amplification factor value is only/valid in the regions close to the intersections, not along the dottg¢d
pgrt of the lines.

Figure 8 — Influence of capacitor rating and AC motor loads
on the.resonant frequency and amplification factor

XAMPLE

92 MVA, 20 kV

1 MVA (total 850 kW, cosgy = 0,85)
500 kVA (400 kW DC motor)

Lpply source:
C motor/load:

E
S
A
Cpnvertef load:
S
P

Lipply transformer: 2 MVA, 20/0,4 kV, ey N = 0,06 p.u.
bwef factor correction: AC motor: 250 kvar
converter: 360 kvar
total: 610 kvar
Short-circuit power at 400 V bus: 24,5 MVA
Expected resonant frequency:
245

f = 761 xf; =6,34 xf,

Co-ordinates for use of the chart, Figure 8:
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Ryy = Sy / Qe =1/0,61=1,64

Rsy = Sg/ Q. = 24,5/ 0,61 = 40,2

The corrected resonant frequency is found close to 7f;.

The amplification factor may be expected to be about 4.

The R4 is 24,5/0,5 = 49 and from Table 13 (6-pulse converter), the THD would be 0,05 p.u.

a
th

a

f)

nd the 7th harmonic 0,02 p.u. but the amplification factor would give 0,02 x 4 = 0,08 p.u.\f

e 7th harmonic which may be acceptable for an in-plant bus bar, but not for a public netwo

6.5 Detuning reactor
detuning reactor should be adopted to prevent resonance.

A power capacitor is usually made of a number of parallel and series-connected capacit
elements, made from aluminium foil wound with a dielectric film. The inductance of th
capacitor gives a self-resonant frequency in the order of 10 kHz t0.50 kHz.

In addition to this, the inductance of the connecting cables may introduce a lower resona
frequency, which may be as low as 2 kHz to 5 kHz depenhding on the length, size ar
arrangement of the cables. (The cable capacitance /may be neglected against th
capacitor bank up to several kilohertz).

In order to limit the inrush current, choke reactors,are often used with about 50 uH

60 uH inductance (MV system). However, the{resulting series "tuning" frequency sfjll

remains in the order of 50 to 70 times the rated\.frequency for MV capacitor banks.

If the parallel resonant frequency is found:te be close to one of the existing harmonics,
may be necessary to use a detuning reattor with a larger inductance than that of a choX
reactor. For example, in the case of’a 12-pulse converter, the residual 5t and 7
harmonics if amplified by a factor of*6-to 10 may result in capacitor overloading and oth
unwanted effects.

In such a case, a detuning reactor may be used to shift the resonant frequency to a low
value (below the 5" but not(o coincide with the 4th nor the 3" harmonic). Damping ma
be improved by an additional resistor.

The following formulamay be used as a first approach:

1 1 Q

h'2 h32 §

where
h, fs s the new resonant frequency;
h4f; is the tuning frequency;

Dr
k.

DI

t

th

e Q is the capacitor rating;

Sc is the system short-circuit power at the capacitor bus-bars.
EXAMPLE
Q. = 2,56 Mvar
h', =425
Sc = 125 MVA
h, =5,35
fa=hyfy

This is the required tuning frequency.
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NOTE In this example, the tuning frequency is above the 5™ harmonic, but if AC motor or other loads and sever
values of S; have to be considered, the formula above and the chart Figure 8 may not be sufficient, particularly
the R, 4 factor is on the borderline of the required compatibility level.

5.6.6 Ripple control frequencies (carrier frequencies)

9

al
if

In most public networks, the remote control and monitoring (switchgear, voltage control, load
flow parameters) are operated using a superimposed control voltage with a particular rated
frequency which may be 175 Hz, 188 Hz, 595 Hz or other frequencies different from any

significant harmonic of the power frequency.

ncrease the system impedance at a particular frequency, which may amplify stray transie
which could impair the ripple control system.

This problem should be examined in co-operation with the relevant authorities.-The use
blocking filters may be contemplated, for preventing both the attenuation)of the wante
signals and the amplification of stray transients in the frequency range of\the ripple contr
system.

The RMS value of the harmonic component of order h, of the stiperimposed AC voltage (ripp
¢mponents), referred to the no-load ideal DC voltage is{ calculated by the next formul
Flgure 9 shows its results for p = 6.

5|7 Direct voltage harmonic content
c

_Vai

72

Up ><\/62+f2—2><e><fxcos(2a+,u)

Harmonic order h = k x p; with: p = pulse number; k = positive integer.

where

el= L ><COS<h_1) £
h-1 2

£l 1 ><C03(h+1)><y
h+1 2

NDTE A harmonic component of order 2f, will appear if the AC side voltage is unbalanced. Its magnitude referr

to|Uy; is approximatgly,equal to the negative sequence voltage referred to the rated value (positive sequence).

Other non-characteristic harmonics will also arise if the gating signals are unevenly spaced over a period.

I certain cases, the use of capacitor banks, possibly with choke or detuning reactor, wt
i n

ill
S

Ji
d
DI

e

bd
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Figure 9 — Direct voltage harmonic content for p =6

5]8 Other considerations
518.1 Random control angle

Fpr the case of many converters used with uncorrelated duty cycles, the estimation of the
rgactive power demand-.and harmonic current spectrum may be based either on the worpt
case conditions or-@n the available data: type of industry, type of application or previoys
perience on similar applications.

[}

The worst ¢ase approach leads to a higher safety margin, the usual result being increasgd
size, cost and losses. It should not be used, unless the worst case conditions may exist with
more than, for example 0,05 p.u. probability or for more than a few minutes per hour.

| most 635068, the anlnn shotld-be-basedonthe—most |||ln|\l conditions Qllhlﬂl‘+ to r\hnr\l{lrg

that no damage would occur in the worst case conditions aIthough the performance may not
be achieved.

In certain cases, the optimum design requires the consideration of a number of alternatives.

5.8.2 Sub-harmonic instability

Cases of sub-harmonic instability have been recorded, some of them attributable to excessive
harmonic distortion with variable wave deformation. This is a case of a converter being
disturbed by itself due to the influence of unsuspected resonance of a capacitor bank with the
system inductance. It may appear for a frequency up to that of the 4th harmonic, particularly
for high performance, fast response control.
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If no solution can be found with changing the resonant frequency or the capacitor rating and
generally if the distortion is too high, a harmonic filter may be required.

This is outside the scope of this document.

5.8.4 Approximate capacitance of cables

IfgmeLMﬂLQLWMMIWbmed
particularly for extensive systems.

Table 15 was calculated using the average value of 0,32 uF/km to 0,25 puF/km depending gn
tHe insulation level and cable section.
Table 15 — Approximate kvar/km of cables
Supply frequency System voltage kV
Hz 6 10 13,8 15 20 25 30 63 90 150
50 3 8 16 19 33 51 73 317 643 | 177€
60 4 11 20 22 42 65 92 391 784 | 2121
5]9 Calculation of DC short-circuit current of converters
The steady-state value of some converter currenis_in case of short-circuit on the DC side pf
tHe converter can be evaluated using Table 16.
The table gives the ratio of the short-circuit current to the value of Iqy/exn for some of the

connections listed in Table 16.

Table 16 — Short-circuit values of converter currents

Table 1 Valve side current Arm current value DC current
conr::ftion RMS RMS Poak Average average value

p.uU. p.u. p.u. p.u. p-u-
1 0,71 0,71 1,41 0,45 0,90
2 0,74 0,74 1,15 0,55 1,65
3 0,33 0,33 0,66 0,21 1,27
5 0,29 0,29 0,58 0,18 1,10
6 0,22 0,22 0,44 0,14 0,85
7 1,00 0,71 1,41 0,45 0,90
8 0,82 0,58 1,15 0,37 1,10
9 0,40 0,28 0,56 0,18 1,07
12 0,80 0,56 1,12 0,36 1,07

5.10 Guidelines for the selection of the immunity class

5.10.1 General

As for electromagnetic compatibility, see IEC 60146-1-1:2009, 3.9, 4.3.3 and 5.4.1.
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5.10.2 Converter Immunity class

The immunity classes A, B and C and immunity levels for each class are defined in
IEC 60146-1-1:2009, 5.4.1.

a) Class A levels are used for converters intended to meet severe line conditions such as in
the case of several converters directly connected to a common transformer (converter
dedicated bus bar) with low R;g¢.

Such converters may also be preferred for cases where the probability of exceeding class
B or C levels is low but the consequences of a failure would be costly or dangerous or if
other converters or disturbing loads are planned to be added in the future.

b]) Class B levels are used for converters intended to meet the average conditions)'to he
expected in most places, most of the time. They may be used on generak purpoge
industrial systems, together with other types of loads such as AC motors.

Such converters may also be used for severe line conditions, provided corrective means
are used to improve these conditions (surge suppressors, isolating transformers, harmonjc
filters, static compensators) as required to keep the disturbance levels below class |B
immunity levels with a low enough probability of being exceeded\t® meet the requirgd
availability.

jon

c] Class C levels are used for converters that may be used in the(case of widely disperse
low power units with a relatively large R4g¢c, for non-critieal functions, on systems with
fairly constant load.

These may be used on high quality systems provided.their use on such systems does npt
appreciably change the disturbance levels.

10.3 Selection of the immunity class

bnditions that are to be compared with the\specified immunity levels of immunity classep.

5

The selection of the immunity classes of converters implies the assessment of their servige
c

Therefore, a good knowledge is required ofthe operating conditions of the supply network.

It[is assumed that the design of supply network follows good engineering practice with dJe
rggard to current carrying capability,~short-circuit and overvoltage protection, power factor, efc.

It]is also assumed that the network capacity is adequate to supply active and reactive power
as$ required by the loads, - inctuding converters, within allowable voltage immunity levels. As|a
first step it is deemed necessary to get information on conventional network parameters sugh
a$ frequency variations' and AC voltage amplitude and unbalance at the most important
junctions of the (network, under steady-state and transient conditions. In so doinp,
consequences of non-linear behaviour of converters can be disregarded and only fundamentgl
components oficonverter quantities taken into consideration.

Then, tolcomplete assessment of electrical service conditions of converters, all aspecfts
pertaining to voltage and current waveforms should be considered.

This wittattowa goodadaptation of converters to their fimat uses andto the etectricat service
conditions of their supply buses. But one should keep in mind that those conditions may vary
with the number of loads connected, the supply bus connections, the variations observed on
public network, etc.

Evaluation of the parameters of voltage and current distortion can be performed using
information already given in this section.

An example is added in the following.

If a converter complies with immunity levels of a certain class, say B, converter generated
disturbances, when added to existing disturbances on the line, shall not exceed the immunity
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are usually needed, with the only possible exception of class A converters.

EXAMPLE

See the diagram of Figure 10 that shows a simplified diagram of power distribution for an
industrial plant (below the dashed line) and the relevant elements of its supply network (above

the dashed line).

Ratlngs and other relevant quantities are included in Figure 1TU.

INPLANT DISTRIBUTION

HT =130 kV HT =130 kV

S, =2000 MVA S, =2 000 MVA
40 MVA 40 MVA

TA 130/20 kV TA 130/20 kV

0,125 p.u. 0,125 p.u.

MT = 20 kV MT =20 kV

PUBLIC DISTRIBUTION S, =275 MVA S, =275 MVA
N.O.
500 m cable
0,32 mH/km
I |
PCC
S, =260 MVA

T1 - 400 kvA T2 N 1mva T3 600 kvA T4 -\ 1 MVA
20/0,4'KV/ 20/6 KV 20/0,4 KV 20/0.4 KV
0,045.p.u. 0,045 p.u. 0,045 p.u. 0,045 p.u.
BTA= 400 V MT=6KV |BT2=400V BT3 =400V
)= 2,6 MVA S.= 13,8 MVA S, =20,5MVA
60 uH
( )50 kVA 20 m cables
oo4pu Coowmm
c1 M1 M2 c2 c3 c4 c10
M M
~ ~
250KVA  ASI 800 KVA 350 kVA S, = 300 KVA 8 DC motor drives
S,y = 50 kVA U, =400V

PM =100 kW each
IEC

Figure 10 — Example of power distribution
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NOTE 1 The HV to MV transformers (TA and TB) are never operated in parallel. In case of failure of one
transformer the other can supply also the loads of the failed transformer within its overload capability
(1,3 p.u.).This prevents any change of short-circuit power on public distribution network.

NOTE 2 The example does not include power factor correction capacitors, as usual in case of a first approach for
evaluation of the severity of voltage distortion.

NOTE 3 The DC motor drives connected to LV3 bus-bar are assumed equivalent to a single converter with a
diversity factor of 0,8.

NOTE 4 The example does not take into consideration the contribution to the short-circuit power from the AC
motors.

Apsumptions on types of lines:

MV "public distribution" (outside user's premises) and "in-plant distribution;

LYV1 "high quality line" for sensitive (low immunity) equipments and\ convertefs
complying with immunity levels of class C, like C1;

LY2, MV1 "in-plant distribution line" for general purpose equipments-and convertefs
complying with immunity levels of class B, like C2;

LY3 "converter dedicated line" for converters complying with immunity levels pf
class A, like C3 to C10.

Cpbnverter classes

Cpnverter C1: class C

Cpnverter C2: class B

Cpnverters C3 to C10: class A.

Table 17 shows calculated data for the plant of\Figure 10.
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Table 17 — Calculated values for the example in Figure 10

1/S. S¢ Total Converter Harmonic Notch AUIU
load load distortion depth
MVA-! MVA kVA kVA p.u. p.u. p.u.

Line 130 kV 2 000" 2 000 0,007
Transformer TA 320"
40 MVA
%C fevbts: 2758
Il/IV cable (0,32 mH/km) 7 95771
FRoint of common coupling 266,6 2 300 1250 0,0112 0,1° 0,006
Transformer T, 8,97"
line LV, 8,6 300 50 0,0134 0,127 0,024
Transformer T, 1,257

onverter terminals 1,09 50 0,106 1,0
Transformer T, 1271
Uine LV, 13,76 600 300 0,05 0,38 0,03
IYIotor 350 kVA 2,275° 300
Reactors 60 uH 8,571

onverter terminals 5,25 300 0,132 1,0
Transformer T, 22,271
lUine LV, 20,5 900 900 0,101 0,97 0,031

able 400 V 20 m, 8// 5821

0,35 pH/m)

onverter terminals 20 900 0,104 1,0

NMOTFE4 The calculated values of harmoni¢idistortion, notch depth and voltage regulation AU/U take int
donsideration only the effect of the loads:shown in Figure 10. The contribution of other loads that influence th
IV bus should be added.

thanks to the relative stiffness of PCC. In Table 17 the three figures that sum the total harmonic distortion an
notch depth at PCC are the individual contributions of the three converter loads.

gxceeding the maximum:allowable value for class B.
4 0,0004 + 0,0026.+ 0,0078 = 0,0108

80,0041 +0’02 + 0,075 = 0,1
/1

40,35 x<6;6 = 2,275 (for / =6,5)

start N

OTE-21 As can be seen from.the*values of Table 17, converter loads can be tolerated without problems,

NOTE-32 AC reactors ‘are*necessary on the AC supply of converter C2 to avoid notch amplitude on LVZ2

I

6 Test requirements

6.1 Guidance on power loss evaluation by short-circuit test

6.1.1 Single-phase connections

Power losses-could can be determined from a direct measurement of input and output power
at rated load or-could can be calculated from segregated loss measurements, at the option of

the supplier.
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6.

1.2 Polyphase double-way connections

Short-circuit power losses may be measured by test methods A1, B or C (see 6.3).

6.

1.3 Polyphase single-way connections

Short-circuit power losses may be measured by test methods A2 (modification of A1), B, C, D
and E (see 6.3).

6,
T
a
p
a
0
c

Q

Wi
F
F
A
l4

T
of

s¢cond measurement of losses P, is made-as quickly as possible after reducing the current fo

2 Procedure for evaluation of power losses by short-circuit method

he DC terminals of the stack or assembly-are-te shall be short-circuited and its AC terminals
te—to shall be supplied through sufficient reactance to cause the input current(to Re
actically sinusoidal and at a voltage sufficient to cause the desired value of currenb to floy,
rated frequency. The input power-is-te shall be measured at the AC terminals_ of the stag¢k
assembly. The accuracy of the watt-meters used should not be impaired by operating
pnditions, for example low voltage, stray magnetic fields, etc.

vo short-circuit tests-are-te shall be performed in quick succession at rated direct current /jy
hd at k x Iqy, where

FFs
FFr
here
Fs  is the form factor of arm current in real service (neglecting overlap);

Fr  is the form factor of arm current at test.

first measurement of losses P, is made after reaching constant temperature at k x /4. [A

N.
he losses P corresponding to rated<direct current in normal service are calculated by means
the following formula:

P= k+1xP2—k><P1

here appropriate, the loss in the DC short-circuiting connections and shunts, if appreciabl
o shall be measured and deducted from P, and P,.

(1)

he losses~so evaluated are those expected in the case of negligible overlap.

ne/method is valid under the following assumptions (see also IEC 60146-1-1:2009, 7.4.1.1)

The forward voltage drop in the valves can be represenied by a consfant component
(threshold voltage) plus a resistive component directly proportional to the current.

b) The difference between stray losses in normal operation and under test, due to different

current waveforms, is compensated by larger RMS values of the test currents.

c) The inductance of the circuit on the DC side of the converter is negligible.

NOTE In double way connections, the inductance of the DC circuit can cause, through free-wheeling, DC output
current larger than the corresponding AC current.

The test shall be performed in accordance with 6.3.1 to 6.3.6 according to the connection
used. In all cases, the losses that will occur in service in voltage dividing resistors, damping

ci

rcuits and surge diverters, if any,—are—te shall be calculated and added. In the case of

thyristor converters, the control angle should be set at the minimum possible value.
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6.3 Test methods
6.3.1 Method A1

This method is suitable for double-way connections. The test circuit is shown in Figure 11.

VARV

IEC

Key

A AC ammeter indicating RMS values

A} DC ammeter indicating average values
\% AC voltmeter indicating RMS values
W| wattmeter

Figure 11 — Test method A1

This measurement-is—te shall-be performed at 1,1 x /4y and /4y and the power loss in the
agsembly in service at rated-direct current is taken to be:

P=1,91xP,-1,1x P,

NOTE The form factor of arm current in real service (neglecting overlap) has the value \/5 =1,73.
The form factor'of a semi-sinusoidal waveshape, as in test, has the value n/2 = 1,57.

The yalue of k, ratio of form factors, is then 2\/§/nz1,1. Therefore, the coefficients of the formula of 6.2 take the
vdlues/shown.

The equation assumes essentially sinusoidal line current wave shapes on test.

If sinusoidal currents are not obtained, the multipliers for /4y, P, and P,—are—te shall be
determined by the method given in 6.2.

If the test apparatus does not permit adjustment of the currents to exact values specified
above, then measurements should be taken at currents slightly above and below the specified
values and the active power input obtained by interpolation between the measured wattmeter
readings at these values.
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6.3.2 Method B

This method is suitable for single and double-way connections.

In those cases where a complete converter, including transformer, is supplied by one
manufacturer and when it is convenient to measure only the total converter losses, a method
of measurement similar to A1 is used, but with the wattmeters connected on the line side of

the transformer.

nsformer copper losses should be correcte
mperature rise plus 20 K.

easurements made under method B may be used as part of the transformer-temperatu
rise determination.

6{3.3 Method C

This method is suitable for single and double-way connections.

Al calibrated test transformer may be used instead of the particular rectifier transformer
method B. The losses of the rectifier assembly are equal to P minus the losses of the te
transformer.

The actual transformer may be calibrated and used as 'the test transformer when separa
Igsses are required.

613.4 Method D

This method is suitable for single-way connéctions.

The test is performed as a short-circyit'test with a circuit shown in Figure 12.

d

e

Ji

5t

e
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DO

i

IEC

rectifier stack or assembly under test, having n arms (first, second and last are shown)

= 0 X

rectifier transformer, either transformer for contract concerned or, @dquivalent test

—_

DC current transducer of sufficient bandwidth

current ratio of transducer "t"

Em

low-voltage wattmeter (resistance of current coil < r 1000)
AC ammeter, indicating RMS values

DC ammeter, indicating average values

> > >

DC ammeter, indicating average values

1 RMS current indicated by A,

Iy average current indicated by A,

direct current of stack or assembly, indicated by A,

P power indicated by W
Figure 12 — Test method D

Ab a check on the/current measurement in the rectifier arm, the relationship between tH
rgadings of ammeters A, and A is verified.

NPTE Where the current rating of the rectifier is small enough, the transducer—t may K
omittedsand A4, A, and W connected to measure the rectifier arm current directly.

Themeasutements—are-to-be pnrfnrmnd at average-arm currents-
/ /

I, =N and 1, = kx-9N
n n

where

n is the number of rectifier arms in stack or assembly;

=
|

= \/§/FFT for polyphase 120° conduction;

= \/E/FFT for polyphase 60° conduction;

=
|

e

e
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FF; is the form factor of rectifier arm current in the test at I, =ly\/n, as measured by

ammeters A, and A,.

FFr=h/l

If P, and P, are the powers indicated by wattmeter W at average arm currents

/ I
lp == and I = kx=

ln]

gspectively, then the power loss in the rectifier stack or assembly at rated direct current /|
taken to be:

%)

P:n><a><(k+/I
k

><P2—k><P1j

where
al| is the ratio of transducer t.

If| the supplier certifies that the arms of the rectifier stack, or assembly are substantial
identical, then it could be regarded as sufficient if the test<is,done on only two arms, one ne
tHe middle of the assembly and one near the outside ahd‘the average of the losses is take
The arms chosen should not be 180° apart and not-on the same side of the interphas
transformer if any.

All other losses in the assembly, not propgriyincluded in the loss measurement, shall |
s¢parately measured or calculated and added-to P.

flthe test apparatus does not enable_the current to be adjusted to the exact values specifie
above, then measurements shall beldaken at currents slightly above and below the specifig
values and the active power input at the specified current then obtained by interpolatid
between these measured values;

NPTE In heavy current aSsemblies, the arm loss measurements of methods D (Figure 12) ar
AP (6.3.6) should be carried out by attaching the DC end of the wattmeter voltage lead to tH

"grm" losses.

The duct loss-is-te shall be obtained separately:

a) by caleulation, or
b) by separate measurement.

junction between the-arm and the duct (DC collector bar). The wattmeter then measures onfy

ly
1
n.
e

e

d

d
e

A satisfactory method is to measure the average drop (in millivolts) along each section of the
duct during a short-circuit test at rated current. The real service loss in each section of the

duct is then given by:

P=Ux1Ix (FFs)?

where
U is the voltage drop of section, average value;
/ is the current of section, average value;

FFg is the real service current form factor in section.
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6.3.5 Method E

This method is suitable for single-way connections.

If one rectifier assembly can be completed by another assembly equal to it to form a double-
way connection, the power loss measurement may be performed according to the method
described in 6.3.1 (method A1).

In connecting two rectifier assemblies to form a double-way connection, care shall be

exercised to avoid significant change of losses in the heavy current bus-bar connections
~J J J

(duct).

6{3.6 Method A2

This method is suitable for single-way connections.

I\/Lethod A2 is substantially the same as method A1, with the DC transducers.connected in the
bars of a single commutating group of the single-way connection as shown in Figure 12
method D.

O
=

The AC and DC ammeters shall be used, as in method D.

Measurements may be made successively on individual €£ommutating groups and added. (If
tdsted in this manner, the temperature of the transfer. agent should be adjusted to obtajn
approximately the same internal temperature as in normal operation.

7| Performance requirements

~

1 Presentation of rated peak load current values

| information on permissible peak loads should be given in terms of current, amplitude
irations and repetition frequency.or idle times. IEC 60146-1-1:2009, 6.4.3, is based upd
is principle.

To >
:’-J

=1

cases where no suitable.standard duty class can be found in IEC 60146-1-1:2009, Table 12,
tHere are many possible(ways in which peak load information can be given. The example |n
Figure 13 and Figure 14 below may serve the purpose to introduce the basic approach pf
presentation in the Case of single peak loads and repetitive peak loads.

When the base-load current /, is less than /gy, peak loads of the value /,; may Re
sliperimposed™ for the time t, but only with long enough intervals to assure equilibrium
tgmperaturés to be obtained before each peak load.

is vaI|d only for one single vaIue of the base load /,,.

Whatever form of presentation is used, the cooling conditions shall be specified.
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~

A laun> 11> 1> 1y
1 = ldMN is rated continuous direct current
-2 - I1, 12 etc. are different values of base load current lb
| Y -
t t

lp1
lomn

>

-
[~
/\

1 10 100 1000 tp [s]

Figure 13 — Single peak load

1 10 100 1000 T[s]
IEC

Figure 14 — Repetitive peak loads

2 Letter.symbols related to virtual junction temperature

ne letter symbols related to virtual junction temperature are given in Table 18.

IEC
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Table 18 — Letter symbols related to virtual junction temperature

Symbol Quantity
TJ. virtual junction temperature (see 3.3.3)
Tj(avg) mean value of the virtual junction temperature over one period of the supply frequency
Tj(avg)n Tj(avg) referred to the instant ¢,
ATJ. difference between the maximum instantaneous virtual junction temperature and Tj(avg)
T maximum instantaneous value of the virtual junction temperature
[ temperature in a specified external reference point x, for example the ambient temperature of a
converter
I’avg mean value of the on-state or forward power losses averaged over one period of the supply
frequency
2 maximum instantaneous value of the on-state or forward power losses
5an maximum instantaneous value of Pavg
LY mean value of Isavg , averaged over one period of the load cycle
AP, the step of power loss at the instant ¢,
A number of power loss steps preceding the instant ¢,
f equivalent conducting period of one arm of a converter connection
4 equivalent pulse duration of the peak load pulse
in rated supply frequency
[ one period of the load cycle
[N one period corresponding to the rated supply\frequency
Rin thermal resistance (see 3.3.1)
R Ry, corresponding to the interval T.
4 transient thermal impedance (ség& 3.3.2)
z., Z,, corresponding to the interval t, — ¢
4, Z,, corresponding to the interval t,
1, Z,, corresponding-to.the interval T
Lot Z,, corresponding to the interval t, + T
Z'tp Z,, correspaonding to the interval 1‘p
7]13 Determination of peak load capability through calculation of the virtual junction
temperature
7134 General
The calculation of the virtual junction temperature is the basis for determination of peak load

capability of diode or thyristor stacks or assemblies, but generally such temperature is not the
only quantity to be checked to assess peak load capability.

Due to the complexity of the duty cycles, it is often convenient to use computer programs to
calculate virtual junction temperature for many applications, particularly for repetitive load
duties, complex equivalent circuits of heat transfer paths or non-linear relationship between
temperature rise and power loss.

A method for calculating virtual junction temperature is shown in 7.3.3 to 7.3.6.

The method is valid under the following assumptions:
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a) The virtual junction temperature to be calculated depends only on power of the power

semiconductor device under consideration.

In other terms, each power semiconductor has its own heat transfer path to the cooling
medium, really or virtually independent from the heat transfer paths of other power
dissipating elements of the stack or assembly.

NOTE 1 This does not hold true for example in those four quadrant assemblies in which power
semiconductors belonging to forward and reverse sections share the same cooling bodies.

b) Thermal resistance and transient thermal impedance between the virtual junction and the

T

reference point are independent from the temperature, that is a linear relationship exists

between the temperature rise and the power loss.

NOTE 2 This condition is generally not satisfied in the case of convection cooling.

Semiconductor power losses are mainly conduction losses; turn-on, turn-off and voltage
dependent losses. The voltage dependent losses may have to be considered particularly
in the case of self-commutated converters or heavy current line-commutated converters.

3.2 Approximation of the shape of power pulses applied to the semiconductor
devices

ne equivalent power losses with rectangular waveshape pulses are~selected to have:

the same peak value as the actual power pulse (see Figure 15a));

a pulse duration adjusted to give the same average value“as the actual power pulses (sge
Figure 15b)).

his method for approximating the power losses is dpplicable:

within a period of the supply frequency, i‘e. equal to the conduction period of one
converter circuit element;
for the case when the load of a converter is cyclic with a period up to several minutes.
Dr case a)
P
t=—9 x TN
P
Dr case b)
t, = APM xT
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IEC

Actual power pulse Approximated power pulse

Figure 15a) One period corresponding to the rated supply frequency

A —
2 A \ @ A
= =
Q - Q -
t tp t
- Tin > - Tin -
IEC
Actual power pulse Approximated power pulse

Figure 15b) One period of thefload cycle

Figure 15 — Approximation of theishape of power pulses

I some cases, especially for pulse durationsilonger than one second and for actual power
lgss pulses with shapes considerably diverging from rectangular waveform, it may he
necessary to make up the approximated; power pulse by several rectangular pulses pf
different amplitudes and durations to obtain a more accurate result. It is recommended thpat
each of these pulses is selected to have the same duration and the same average value gs
tHe section of the actual power loss pulse it is substituting.

713.3 The superposition-.method for calculation of temperature

The method is based on(the application of a transient thermal impedance curve. It is assumgd
thHat the power losses ‘are represented as square wave pulses approximated according o
7)3.2.

The temperature.difference T, between two specified points A and B at the time £, is given 3s
tHe sum of temperature contributions from all power steps AP, preceding the time t,,.

n—1

To=D AP, xZ,,
=1

A positive power step gives a positive temperature contribution and a negative step gives a
negative temperature contribution.

The method is exemplified in Table 19 (7.3.6).
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7.3.4 Calculation of the virtual junction temperature for continuous load

7.3.4.1 General

Figure 16 shows an example of the power losses and the virtual junction temperature for
continuous load. In this case, the virtual junction temperature varies with a frequency
determined by the alternating line voltage.

The power loss approximated by the method given in 7.3.2 and the virtual junction
temperature versus time are given by the diagram in Figure 16.

3 A
2
g
[e]
o
<Q.
oA
o’ -
t
> i -
- T1N \
- =7
=~ S
A v
/ / N ya
/ / ~~ ~ 1 i

j(avg)

y

IEC

Figure 16 — Calculation of-the virtual junction temperature for continuous load

713.4.2 Calculation of the mean value of the virtual junction temperature
The mean value of theirtual junction temperature is given by the formula:
Ti(

avg) ~ T + P X Rth

713.4.3 Calculation of the maximum instantaneous virtual junction temperature

The/maximum instantaneous virtual junction temperature within one cycle is calculated by the
fgqrmula:

T T(avg) + ATJ-

An accurate value of the temperature excursion AT- can be calculated by the power pulse
superposition method described in 7.3.3.

T
AT, = ]N Payg * Zzn(2v 1)_Zzn(2v) —Pavg * Rih
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As ATJ- normally is small compared to ATj(avg), the following approximated formula is
recommended:

T t
AT, =t1—1N><Pavg {Zq ~Z7 +[1—71sz«1#)}

7.3.5 Calculation of the virtual junction temperature for cyclic loads

Figure 17 shows an example of the power losses and the virtual junction temperature for
cyclic load. In this case, the virtual junction temperature varies with time at a frequengy
determined by the alternating voltage as described under 7.3.4 but also with aNower
frequency determined by the load variations.

Power losses

| /

TJ(aVQ)

\J

IEC
Figure 17.- Calculation of the virtual junction temperature for cyclic loads

The temperature excursion caused by the heating up of the junction during the conductign
period andthe cooling down is calculated in the same way as for continuous load according {o
713.4. The mean value of the virtual junction temperature averaged over one cycle of the
S‘App|y frequency at a certain time in the load cycle is calculated according to the methqd

given/in 7.3.4.2.

The mean virtual junction temperature at time t, is thus given by:
n-1
Tj(avg)n = TX + Z(AP‘/ Xva)
v=1

The maximum instantaneous value of virtual junction temperature at time ¢, is given by:

T; = Tjavg) * 8T
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7.3.6 Calculation of the virtual junction temperature for a few typical applications
Table 19 — Virtual junction temperature
Load Power loss diagram Mean virtual junction Calculation formulae
condition temperature diagram
Single P, i I Titavg)2 = Tx + Py x Z21
load
|
pulse - t1 t2 t3 t Titavg)s =Tx + P1xZ31-P1x2Z32
t t t IEC
1 2 .
Train |of ; P /W Tiavg)2 = Tx + P1xZ21
load P, 3 n R -
pulsep [ ] - or ey Tiavg)a =Tx +P1xZ41—P1xZag +P3 xZ43
ottt tt IEtC
Tiavg)e = Tx +P1xZg1 - P1xZg2
+P3 x Zg3 — Py x Zga + Pg x Zgg
etc.
Long krain PO _m/\/\ n L’Z
of equal it > 2 2
amplifude _‘ | 1273 IEtC Tiavg)n = Tx +ZP0 xXZn2v-1) - ZPO xZn(2v)
load 7 o V=1 v=1
pulsep 14 273 t
<l’>| (n = even)
L IEC n-1 n-1
2 2
Tiavg)n = Tx + ZPO xZn2y-1) = ZPO xZp(2v)
v=1 v=1
(n = odd)
or approximated:
to to
Titavg)n = Tx +Po x th -ZT + 17? XZ(T+tp) +? Rth
(n = even)
7]4 Circuit operating(conditions affecting the voltage applied across converter valve
devices
Alconverter valve device may be exposed not only to the AC line voltage but also to repetitiye
and non-repetitive/voltages superimposed on the theoretical voltage across the valve device
Figure 18a)iand Figure 18b) show examples of the voltage waveforms applied across gn
uncontrolled and controlled converter valve device respectively, assuming a commutating
number)g = 3 and a pulse number p = 6.
The voltages Ugywy and Upywy are the crest values of the circuit voltage applied across the

converter valve device.

The voltages Uggy and Upgry are repetitive voltage peaks applied across the converter valve
device due to the properties of the semiconductor valve devices used in conjunction with
circuit parameters such as inductances, RC-networks, etc.

The voltages Urgy and Upg)y are non-repetitive voltage peaks applied across the converter
valve device and may originate from operating circuit-breakers, atmospheric disturbances etc.
This kind of voltage may be minimized by the provision of surge suppression components.
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Figure 18b) Controlled converter

Figure 18 — Circuit operating conditions affecting
the voltage applied across converter valve devices

r the design of converters, it shall be assured that the selected semiconductor valve devicgs
have rated voltage values which exéeed the protection level for each of the three kinds pf
voltages shown in Figure 18.

8| Converter operation

o0

1 Stabilization

Alconverter may_ have an internally or externally closed loop control or other included means
fdr stabilizationrof an output quantity (voltage, current, etc.).

flthe converter has an internally closed loop control system, a reference value for this system
introduced into the converter electrically or mechanically or in any other way.

7 =

If the converter 15 a part of an externat closed 1oop SYStem, a contror signal from this toop is
introduced into the converter and the converter may be regarded as an amplifier forming a
part of the total control system for which the equipment is designed.

8.2  Static properties

The static properties of the control system are those properties which are valid when the
transients caused by sudden changes in set values or in quantities to be counter-acted have
disappeared.

If the converter has internal stabilization means, its static properties should be specified for
specified variations of all quantities (for example voltage on line side, AC system conditions,
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character of load, etc.) which are to be counteracted. Such a specification should cover the

setting range of the stabilized quantities for which the converter is designed.

If the converter is a part of an external closed loop system, the static properties should be
given as the relation between the input signal and the output from the converter under stated
conditions for those quantities (for example voltage on line side, AC system conditions,

character of load, etc.) which may affect this relationship.

8.3 Dynamic properties of the control system

The dynamic properties of the control system could be given either as the response time.to
sfep change or as the frequency response or in any other suitable way which may be_ agreq
bétween supplier and purchaser.

The dynamic properties should be stated for changes in those quantities which)mainly affe
tHe output, especially for changes in set value or in control signal and for changes in load.

It|lis not necessary to state the dynamic properties of the control system for changes in thos
gvantities which have only a minor influence on the output.

4 Mode of operation of single and double converters

4.1 Single converter connection

rection, it is impossible to reverse a current flow¢through a single thyristor converter. Th

8
8
Because thyristors (reverse blocking triode thyristors)-have an on state region only in or
g rect voltage can, however, be reversed by phase.control in uniform thyristor connections.

Figure 19 below shows the theoretical waveform of the direct voltage of a thyristor convert
and the voltage over one arm of the thyristor connection during the transition from rectifi
operation to inverter operation. The diagkams are based on a three phase bridge connectiq
wjth a pulse number p = 6 and a commutation number g = 3. It is assumed that the dire
clirrent is constant and continuous ©over the entire operation range.

(2]
—_

e

w1\
-

-

(2]
—
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Figure 19 — Direct voltage waveform for various delay angles
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The regulation curves, for example 'the mean value of the direct voltage as a function of the
direct current, are shown in Figure 20. The curves are given for different trigger delay anglgs
af between 0° and 150° and\jit is assumed that the reactance of the DC circuit is reIativeTy
small and that the converterihas a back e.m.f. load.
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Figure 20 — Direct voltage for various loads and delay angles

When a thyristor converter is operating in the inverter range, it is necessary to limit the trigg
delay angle to avoid conduction through (see 3.1.5). This is indicated in Figure 19 by tH
extinction angle y which depénds on the value of the trigger advance angle g and the angle
oyerlap u and is determined by the relation:

y=p-u

It|is necessary\to keep the extinction angle y under all circumstances larger than the turn-g
time of thexthyristors. The necessary limitation of the trigger delay angle « or the trigg
aflvancghangle S may be calculated from the formula:

W
-

O
—h

U
-

where
Uyx is the total inductive direct voltage regulation.

8.4.2 Double converter connections and limits for rectifier and inverter operation

Theoretical regulation curves for a double converter connection for different control angles oy
for one converter and a, for the other converter are shown in Figure 21. The curves are given
for idealized conditions, assuming a high DC circuit inductance so that the transition current

region can be neglected and the interaction between converters is also neglected.
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The commutation limit lines indicated in Figure 21 give the highest admissible direct current in
inverter operation, at which the critical value of the extinction angle y is reached. If, for a
given set of operating conditions (direct current, AC and DC voltages, etc.), the trigger delay
angle a is increased beyond this limit, a conduction through will occur.

Although the working limit for a single converter in the rectifier operation region is given by
the regulation curve for a = 0°, it may be necessary in a double converter connection to limit
also the minimum value of the trigger delay angle to control direct current circulation.

Commutation A
limit line

Inverter
Rectifier

05—0uo ‘
UdL + UdO + Udr

75

»

90\
0\' d
90
75\

Rectifier

—
105

Inverter

s ]
o\ __________

Commutation
limit line IEC

Figure 21 — Direct voltage limits in inverter operation

5 Transition current

8

When the) ' direct current has decreased below the transition current valde
(IEC 60146-1-1:2009, 3.7.10), the voltage/current characteristics bend upwards. This |s
bécause the reactance of the DC circuit cannot maintain direct current over the entire periqd
when’the instantaneous value of the direct voltage is less than the counter e.m.f. voltage pf
the load. The direct current therefore becomes intermittent.

The waveforms of direct voltage and direct current under intermittent direct current conditions
are shown in Figure 22. During those periods when the direct current is zero, the
instantaneous value of the direct voltage is not given by the theoretical waveform as indicated
by a dotted line in Figure 22, but by the counter e.m.f. voltage of the load. This means that the
mean value of the direct voltage of the converter is higher than that obtained when the direct
current is continuous.

The value of the transition current depends on the inductance of the DC circuit, the counter
e.m.f. of the load and the value of the trigger delay angle «. It increases with decreasing DC
circuit inductance, with increasing counter e.m.f. and with increasing trigger delay angle from
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0° to 90° in the rectifier mode. It increases with decreasing DC circuit inductance, with
increasing e.m.f. of the load and with decreasing trigger delay angle in the inverter mode

(see Figure 22).

Al e(w)f
= -

\J

~

IEC
Figure 22 — Direct voltage at values below the transition current

8]6 Suppression of direct current circulation in double converter connections

86.1 General

=1

a double convertetr.connection, it is necessary to take some precautions in order to lin
direct current circulation. The most widely used methods are-the-fellewing-three described
8]6.2 to 8.6.4.

816.2 Limitation of delay angles

The trigger delay angles of the two converters are controlled so that the ideal direct voltage
tHe «€onverter operating in the inverter mode is always higher than the direct voltage of th

t

Df
e

other converter operating in the rectifier mode. Because of the commutation limit line in th

e

inverter mode as indicated in Figure 21, it is normally necessary to limit also the minimum

value of the trigger delay angle to fulfil this requirement over the entire operation range.

8.6.3 Controlled circulating current

The trigger delay angles of both converters are controlled so that the circulating direct current
is automatically controlled to a value appreciably smaller than rated direct current. The value

of controlled circulating current can preferably be chosen slightly above the maximu
transition current to avoid intermittent direct current.

m
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8.6.4 Blocking of trigger pulses

A blocking signal inhibits all thyristor triggering pulses in one converter when the other

9

is

carrying current and vice versa. In that way, only one converter can operate at any time and

no circulating direct current can occur between the two converters.

8.7 Principle of operation for reversible converters for control of DC motors

8.7.1 General

time. In the lower diagrams are indicated the operation of the converter as a rectifier and 3
an inverter. The operation of the basic converter circuits is also indicated in simplified\form.

817.2 Motor field reversal

Tp brake the motor to standstill and then accelerate it in the reverse direction, the current
rgduced to zero by phase control, the field current is reversed and\the required brakin
clirrent is adjusted by phase control for inverter operation. Subsequent\transition from brakir
tq acceleration in the reverse direction can be achieved smoothly by further continuog
aflvance of phase control from inversion to rectification (see Figure 23a)).

8]7.3 Motor armature reversal by reversing switch

In this case, the sequence of operations is similar to that described in-6-74 8.7.2 except th
tHe armature current is reversed by a reversing switch instead of reversing the field curre
dee Figure 23b)).

7.4 Double converter connection to moetor armature

8

The motor armature is connected in parallel with two converters of opposite polarities. F
erch direction of the current in the meotor armature, there is always a converter available
carry this current (see Figure 23c));

2
=

Df
s

At
Nt

(o]
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Figure 23 — Operating sequences of converters serving a reversible DC motor

9 Converter faults

9.1 General

Attention shall be paid to the instruction manual and any fault-finding charts provided by the
supplier.
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It is also important that the principle of operation of the equipment is understood.

Static equipment tends to operate on site for long periods without faults hence maintenance
staff may have little opportunity for developing fault-finding experience.

The observation of the conditions at the time of the fault can be of great assistance, for
example loading conditions, any system changes or disturbances, modifications to the
equipment or other equipment in the vicinity. The manner in which some of these changes can
affect equipment has been indicated in the examples given earlier in this report.

The indications of the protective and supervisory equipment can also give valuable assistange
in a logical approach to fault tracing and the determination of the cause of the fault.

9)2 Fault finding

I all fault finding work it is essential, not only to locate the fault, but also te ascertain the
cause and prove the conclusion arrived at. A commutation failure is. an- example of the
difficulty of fault location.

The fault may have been initiated by a number of conditions such as:

—| an incorrectly placed trigger pulse;

—| a device parameter change (permanent or temporary failure, special test gear may RQe
used to advantage);

—| an excessive DC/AC voltage ratio during inversiahn;
—| insufficient device turn-off time due to devicecorcircuit deficiency.

QOther faults may require similar careful considéeration.

Alknowledge of the conditions in which the plant was operating and any other external eventg
a$ stated in 9.1, can be extremely helpful in indicating the cause of the above examples and
similar faults.

©O

3  Protection from fault.currents
Cpnverter may suffer ovércurrent at such faults as:

—| short-circuit at the\DC terminal;

—| conduction through, especially at inverter operation with a DC source;
—| break down\of a valve device;

—| false_ firing in a double converter.

Cpnyerter shall be protected from these faults by shifting the trigger delay angle, valve devige
blocking, fuses and/or protection devices. Overcurrent could be controlled if the short-circyit
occurred through the DC reactor of the Ihyristor converier. Reter o IEC/ TS 60146-6

IEC 60269-1, IEC 60269-4 shall be and IEC TR 60269-5 should be referred for the protection
by fuses. Refer to Annex B for general and important information of these documents.

The value and waveform of the fault current depends on the voltage and the impedance of AC
supply source, the trigger delay angle at the fault, the time of the fault, and so on. The
progress of computer simulation enables the fault current calculation easily.
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Annex A
(informative)

Information on converter transformer standards

A.1 Background

A.1.1 General

Ppwer converters are in many cases used in power conversion systems together\\i h
trensformers. Suitable coordination between the converters and the transforr@€ is

mandatory. '\%

br suitable coordination, mutual understandings between the power electr N engineefs
nd the transformer engineers are necessary. To design power electronigi/systems with
bnsformers, information on transformers from their standards of the IEC,61378 series shall
b taken and further to consult with the transformer engineers if necess@

o= s

Ahnex A raises attentions to the power electronics engineers fo@?e important informatign

abstracted from IEC 61378 (all parts). &
Al1.2 Structure of IEC 61378 (all parts) <</C)
;%\
The IEC 61378 series consists of plural standards,a&listed below. |IEC 61378-1 describgs
géneral matters. IEC 61378-3 shows the guidanc C/IEEE 60076-57-129:2017 focuses gQn
H\VDC applications. Q
N

BC 61378-1, Converter transformers — Part sY\OI'ransformers for industrial applications

N
HC 61378-3, Converter transformers@rt 3: Application guide

)

\
IHC/IEEE 60076-57-129:2017, Po‘%er transformers — Part 57-129: Transformers for HVDIC
applications xO

oF

O
IHC 61378-2 was with@n and replaced by IEC/IEEE 60076-57-129 in 2017. It |s
rgcommended to ch@’me latest status of the transformer standards.

-

Al.2 Import&ﬁﬂiffarence between IEC 61378 (all parts) and IEC 60146 (all part$)

The mostsimportant information is conflict or difference in definition of power ratings betwegn
IHC 61 all parts) and IEC 60146 (all parts).

Ratgés of the converter transformer _are based on fundamental frequency components gs
described in Article 5 of IEC 61378-1:2011. In IEC 61378-3, the same description is also
found. In contrast, IEC 60146 (all parts) is based on the RMS value of the rectangular
waveshapes as described in 3.6.5 of IEC 60146-1-1:2009.

Annex J of IEC 61378-1:2011 discusses the difference between IEC 61378-1 and
IEC 60146-1-1 in order to avoid misunderstandings. The other descriptions in
IEC 61378 (all parts) are also written carefully with attention to the difference.

Although the definitions of the ratings are based on the fundamental frequency component,
IEC 61378 (all parts) fully recognize the fact that the converter currents are of non-sinusoidal
shape and contain harmonic components. The testing and calculation methods are described
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with attentions taking into account the effects of non-sinusoidal load currents on converter
transformers.

It is preferable for the power electronics engineers to note the difference in definition of
ratings when they are involved in power conversion systems consisting of converters and
transformers.

NOTE Regarding HVDC transformers, the rated power will be based on rated fundamental current or RMS value
of the full current including the harmonic currents, depending on which standard, |EC 60378-2 or
IEC/IEEE 60076-57-129, it is referred to.

A3 Coordination between transformer and power converter \,

Il Article 16 of IEC 61378-3:2015, the design review is recommended perfo® by the
members related to the system including the converter and the transform he design
rgview is a necessity for coordination between transformer and power convert@(/

Afticle 16 of IEC 61378-3:2015 also describes the subjects to be coo@ated in the design
rgview. It requires the information on the power electronics converte faf some of the subjec}s
a$ listed below for example:

—| voltage transients caused by valve operation; &Q~
—| current harmonics; <</C)
—| effects of DC line faults. O

n IEC 61378 (all parts), the subjects not Iimiﬁ(above are also noted as the specipl
pecifications of the converter transformers diffeQ from the conventional AC transformers.

A\
Fpr good coordination, it is preferable fo?\\%e power electronics engineers to exchange
siifficient information, which needs tha(&wer electronics expertize, with the transformer

hgineers. ’ ®$
A\
xO
O
o

n

[
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Annex B
(informative)

Application guide for the protection of semiconductor
converters against overcurrent by fuses

B.1 Object

Ahnex B is prepared as an application guide that applies to semiconductor converters}z\gr
fuses for the protection of the semiconductors forming the principal arms of these conve\r/

The guideline is shown with examples for line commutated converters in single- ar
dpuble-way connections. Where applicable, the general clauses of Annex B mak@so gi
gyidance for other converters covered by the IEC 60146-1-1. Q

(1/

Ahnex B does not describe details of the basic items which are alr (1// described
IHC 60269-4 but it focuses on the fuse application to semicondugter converters ar
introduces important information on fuses related to the application. IB@ basic items of th
fyses themselves, IEC 60269-1:2006 and IEC 60269-4:2009 shall beq‘ja erred.

=1

addition to IEC 60269-1 and IEC 60269-4, IEC TR 602QQ—‘5:2014 includes the fug
bplication for protection of the semiconductor devices. <</C)

Clause 15 of IEC TR 60269-5:2014 related to protectiﬁo semiconductor devices in AC ar
DIC rated voltage circuits, where the explanations QI are found, is helpful to understar
tHe semiconductor device protection by fuses.

[OY)

o | Differences of the semiconductor device fram the other devices.
e | Special requirements to the fuses for semiconductor device protection.

o | Detailed explanations of types of f&ggor semiconductor device protection.

The next edition of IEC TR 60269&% planned to include the guides for fuse applications

tHe voltage source type conver@ made of self-turnoff devices like IGBTs.

On the contrary, Annex &)t cribes the guides from viewpoint of the converter circuit theo
ahd the scope is limited e line commutated converters.

B.2 Fuse cocpctions in converter

B{2.1 G@ral

The oint of the overcurrent protection by fuses is to consider the fault current pa
flpwing/from the power sources. In the case of the regenerative load, it is noted that th

e

e

d

(o]

Y

S

po sources are both on the AC side and also on the DC side. Basic circuit configuratior

are shown in Figures B.1, B.2, B.3 and B.4 as examples.

The fault current in the power electronics circuit can be analysed with the simulation tools or
by hand calculations. The simulation is useful to find the overcurrent quantity and the flowing

path and helps the fuse selection and the fuse connections.

B.2.2 Double way connection

B.2.2.1 Connection A1: Line fuses, non-regenerative load

In the case where the load does not regenerate power, the fuses can be placed only on the

AC side of the converter. See Figure B.1.
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Figure B.1 — Three-phase double-way connection with diodes or thyristors
with AC side fuses F, for non-regenerativeoad

Bl2.2.2 Connection A2: Line fuses, regenerative loads

I the case where the load regenerates power, an additional fuse shall be placed on the D
side of the converter in addition to the fuses on,the AC side. The DC side fuse is fi
protection from the fault current generated by the gegenerative load. See Figure B.2.

R X N
vy =Y : | " l
= Regenerative
A NN

IEC

NPTE Ugq can be pOsitive or negative.

Figute B.2 — Three phase double-way connection with AC side fuses F,
and DC side fuse F for regenerative load

B{2.2:3 Connection A3: Arm fuses, regenerative or non-regenerative load

C

An alternative protection configuration for the converter with regenerative load is shown

n

Figure B.3. Each arm is equiped with a fuse. The connection can also be used for the non-

regenerative load.
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B.3 Main parameters to be considered for fuse selection

0 0 nomegeneraive
N - load
A A =

IEC

Figure B.3 — Three-phase double-way connection with arm fuses ¥y
for regenerative or non-regenerative load

23 Single-way connection (B), regenerative or non-regenerative’load

br the single-way connection, the arm fuses are used for protection. The configuration cgn
b used either for the regenerative load or the non-regenerative Jgad. See Figure B.4.

—
L nonregenerative

— N\ load
— l/l IEC

L
LA
3| e
7
L o
LA Regenerative or
L

Figure B.4 — Double thre€sphase single-way connection with interphase transformer,
with arm(fuses F, for regenerative or non-regenerative load

he basic parameters below should be considered for selecting fuses in converters.

br each-parameter, it is referred to Annex AA of IEC 60269-4:2009.

Fydse current capabilities

Refer to Clauses AA.3 and AA.5 of IEC 60269-4:2009. It is noted that the type of fuse
current depends on the converter circuit and differs from general AC or DC current.

For fuse application in greater or lower frequency than the fuse rated frequency, the
manufacturer should be consulted.

2) Fuse voltage characteristics (rated voltage, applied voltage in service and arc voltage)

Fuse voltage rating should be compliant with the applied voltage in the fault circuit and its
arc voltage should not generate destructive voltage across terminals of the
semiconductors.

Refer to Clause AA.4 of IEC 60269-4:2009.
Also refer to Clause B.4.
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3) Coordination of (/2t) values between fuses and semiconductors, between fuses and circuit

breakers and among fuses in parallel connections
Refer to Clause AA.6, AA.7 and AA.8 of IEC 60269-4:2009.
Also refer to Clause B.5.

B.4 Applied voltage in service

The foIIowmg equatlon and Figure B.5 help to understand the instantaneous voltage apphed in

the rgperied-deseribedirAA42-6 60269 009—TFheyshew-therelationsh e
the fault current, the source voltage and the fuse arcmg voItage They |nd|cate that the@
vpltage should be larger than the sum of source voltage and load e.m.f. minus @ﬁn
vpltage drop in the circuit to decrease the fault current to zero.
N
>
di .
L—_(e Ri)-u 9 (B.
dt N/
/
where ,\b‘%
e sum of source voltage and load e.m.f. (if any) applied to @ circuit where the fau

current flows;

<L

u fuse arc voltage;
resistance of the circuit where the fault current row{(,

L inductance of the circuit where the fault current fl
R L F
o - 'WQQ =
* N j
2] QO Y
: 2
\\S\ IEC

@&nre B.5 — Arc voltage

xO
B.5 Discrimination fo\r\&ses in parallel connection

O

B|5.1 Discrimin@n between paralleled fuses and circuit breaker

In high power COQ,@ters with a large number n of semiconductors in parallel, it can be usef
td avoid blowi large number of fuses when a general fault appears across all conductir
elements in&llel by arranging discrimination between fuses and circuit breaker.

D scr@@on between fuses and circuit breaker is obtained when:

[C
e

t

NS

(I‘t)b <(nky)* ko (I‘t)f (B.2)

where
(Izt)b is the /2t of the fault current during the circuit breaker opening;

(Izt)f is the pre-arcing /2t of one fuse;

n is the number of parallel fuses;
k4 < 1 current sharing factor between parallel fuses at short circuit;
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ko < 1 safety factor to avoid ageing of the fuse.

Formula (B.2) indicates that the fuse should be able to withstand without damage the fault
current during the circuit breaker opening. The formula above also notes that the current
sharing factor among semiconductors/fuses should be taken into the consideration in parallel
connection.

B.5.2 Discrimination among paralleled fuses

In the same converters, the fuses operate when an unintended firing occurs on only one
s¢miconductor or when a failure of one semiconductor occurs. A

Here it should be verified that the operating /2t of the fuse under the applied volta&)& legs
tHan the maximum allowable /2t of the semiconductor case.

(/Zt) < (/Zt) ,\ﬂ’ (B.B)
t c @/
A
%Q
2t)t is the operating 72t of one fuse; &%

O

2t) is the 72t withstand capability of the case of ser@\\ ductor.
Cc

here

—_—— s

Fprmula (B.3) indicates that the case of the semumé@uctor withstands the fault current during
tHe fuse operation. Q
N

The /2t withstand capability of the case of é\semiconductor is generally not specified by the
s¢miconductor manufacturers. Furthe@ , even if it is provided, it is not strictly
rgpresentative of the capability of th Sa e to withstand the current flowing through it during
tHe fuse blowing as explained belowg

Infdeed, the semiconductor caSnghouId withstand the energy, which is the time integral pf
product between the curren d the voltage generated in the semiconductor in failure, whefe
tHe voltage depends on “eurrent and the fault impedance. The fault impedance is difficult fo
predict accurately as exp ined below.

Subclauses 63éé®f IEC 60747-2:2016 (for diodes) and 6.3.6 of IEC 60747-6:2016 (fpr
tHyristors) pro a method for the measurement of the "peak case non-rupture current". The

ethod ind é‘es that the semiconductor should be initially damaged before to Qe
hcapsulated™ Numerous tests demonstrated that the results of the tests had strong
S e

make the |n|t|al damage always W|th the same method to obtam comparatwe values between
different semiconductors. However, it is never possible to make sure that the total energy
applied to the case during a failure in an actual field could not be higher than the value
obtained during the test.

Consequently, the [?t withstand capability of the case inherently has large uncertainty and
then non-rupture of the case cannot be perfectly assured in practice.

In case of the semiconductor failure, the discrimination between fuses should also be checked
by verifying, for the applied voltage, that:
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2 2 2
(1 t)t < (k) ka1 t)f (B.4)

The left term of Formula (B.4) indicates the /2t of the arm with the failed semiconductor where
the fault current flows. The fault current is limited and cleared by the fuse operation of the
failed semiconductor. The right term indicates the /2t of the fuses in the other healthy arm of
the converter where the fault current also flows but shared by n fuses in parallel.

Then, the equation indicates that the other fuses should be able to withstand without damage

B|5.3 Protection of semiconductor against overcurrent Qy
Il some cases, where there is no unintended firing of a single semicond and no
s¢miconductor failure, it can be required that the protection of the semicor tor devige

against overcurrent due to overload or short-circuit should be ensured by(ﬂbe fuse that |s
placed in series.

It{should then be verified that the operating /2t of the fuse under t@epplled voltage is legs
tHan the maximum permissible /2t of the semiconductor.

NS
Plotection of power semiconductors in mains commu d converters, i.e. for thyristors ard
dijodes, can in most cases be obtained by fuses as@scribed below in general.

Protection of the power semiconductor functloQngobtamed when:

sﬁ% /2 (B.F)

A\Q
here \Q

Bl.6 General considerations

2t) is the /2t of the @Q@r semiconductor to maintain its function;
ps

2t)t is the ope@g I2t of the fuse.

Fotection of@e’power semiconductor case is obtained as shown by Formula (B.3) in B.5.2.

—_— —_— s

o

The ge@ idea for semiconductor protection above is in some cases very difficult to realize
practical applications these days. The background of difficulty is found in developments |n
D %rter topologies and in semiconductors such like below.

05'

e In some converter topologies these days, more rapid and higher fault current may flow in
the semiconductor than in traditional topologies.

e Many of semiconductor packages are now of the module type rather than the disc type or
the screw type which were dominant in the past and rather physically strong.

However, the fuses are still recommended to be applied to limit the fault current for safety
purpose or to separate the broken portion electrically in the converter from the other portions
to prevent development of secondary faults. In such case, appropriate barriers or housings of
the converter should be applied considering possibility of case rupture of the semiconductor
device as necessary.
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sfandards, which provides the transformer reactance X; used for calculatingf)ﬁya inducti

Annex C
(informative)

Inductive voltage regulation due to converter transformer

1 General

nnex C is prepared to explain reasons why the simple formula shown in 4.7.2.4 is selected
I calculating the Induciive voltage regulation due to converier transiormer. Annex C algo
pscribes why the complicated formulae including the ratio (d,;\/eyN) was deleted. ¥

he first reason is that the simple formula is consistent with the converter sform

U
-

¥46-1-2:201
n that in tH
> The details a

pltage regulation. On the contrary, the ratio (d,y\/ey) described in IEC Tl?;ﬁ
in older editions is based on the different current rating definition'\
bnsformer standards and thus the ratio cannot be obtained in practice
scussed in Annex C. '\b‘

® DO -0

Q
able C.1 shows the old contents of Table 1 of IEC TR 60146-1-22011 just for the purposds
information only and of better understandings of the descripi of Annex C.

O
.2 Recommendation for calculating inductivq\\gftage regulation due to
converter transformer @)

N

he simple formula shown in 4.7.2.4 or Formula{Z™) is recommended to be used to calculate
e inductive voltage regulation due to convertertransformer because of the reasons below.

The transformer reactance X; can bglbtained from the transformer guaranteed shoft-
circuit impedance introduced in 4.4,.8,>which is measured in accordance with the convertgr
transformer standard IEC 61378- d can be obtained in practice.

IEC 61378-1 also uses the sim-p% formula shown in 4.7.2.4 or Formula (C.1).

Furthermore, the simple f’hgula is supported by literature listed in the Bibliography. |n
other words, the simpKK mula is widely known and can be understood rather easily by
studying the literatur€.

n the other hand, complicated formula using the ratio (dyin/€xN) is not recommended fo
e used in practi @y the reasons listed below.

From dis ions in Clause C.5, it is found that the ratio (d,in/e4N) greatly depends gn
hidde %sumptions which are not clearly explained in IEC TR 60146-1-2:2011 or old
editions/

W
-

Ke)tatio (dyin/€xn) is calculated based on the RMS value of the synthesized line side
rent made up of rectangular waveforms. It is not consistent with IEC 61378 (all partp)

where the fransformer current rating is defined based on the fundamental component. In
other word, the ratio (d,;\/eyN) cannot be obtained in practice from the data of the
converter transformer.

No literature is found which explains the ratio (dyn/eyn)- It means that most of engineers
and the users of this document cannot clearly understand the complicated formula with the
ratio (d,n/exn)-
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C.3 Inductive voltage regulation

C.3.1 DC output voltage during commutation

The most basic converter circuit topology is taken as an example to show the DC output
voltage waveform including the commutation phenomena (see Figure C.1). The circuit and the
waveform is the copy from Figure 2b of IEC 60146-1-1:2009. The circuit is also listed as type
8 in Table 1. For the meaning of the symbols, refer to Table 1 and Table 2 of IEC 60146-1-

1:2009.

AL
taaes
U _Zk _* _ZkEUVT\'
U, - | =
ur |
b O .
B

Y

\J

\ /
N\ L/
\ XY

Figure C.1 — Three-phase bridge converter

1
\/

C.3.2 DC voltage regulation

From the DC terminal voltage waveforms, it is observed that during the commutation period,
the DC output voltage takes the average value between two AC input voltages. These parts in
the DC output voltage makes the inductive voltage regulation Uy, Which is the major part of
the total voltage regulation and one of most important characteristics of the converter as
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shown in Figure C.2. This figure is similar to Figure 3 of IEC 60146-1-1:2009, with addition of
Uy;. For the meaning of the symbols, refer to Table 1 and Table 2 in IEC 60146-1-1:2009.

Direct voltage

.90

Transition I > @Q

current Direct cg{@. EC
Figure C.2 — Voltage regll\Q&)}n
LN

Il Formula (C.2), the voltage Uy, is used. Then, it ig&hgpful to understand the position of {;
in the voltage regulation characteristics in Figure .

L C

4 is the ideal no-load voltage and Uy is th@nventional no-load voltage as defined in 3.7|2
hd in 3.7.3 of IEC 60146-1-1:2009, resp% ively. The note in 3.7.3 of IEC 60146-1-1:20(Q9
liggests the relationship between Uy a@\ di-

(7]

3.3 Formula of inductive v%tgge regulation due to converter transformer

ven by Formula (C.1). In, ula (C.1), X, is the transformer reactance and /gy is the ratgd
C current. The other p eters are determined by the topology of the converter circuit. Fpr
He detailed definition of Symbols, refer to Table 1 and Table 2 in IEC 60146-1-1:2009.

>
)
@Q UgxtN Z%thth (C.mh

er%) .1) can be normalized with the ideal no-load direct voltage Ug; as below.

NS

C
Cpnsidering the voltage during,Qne commutation, the inductive voltage regulation Ugyiy [iS
g
D

—

n

— YdxtN _ 0X(gXS % X, x TaN (CZ)

d
XN Udi 2X7Z'Xg Udi

The same formula is found in IEC 61378-1:2011 as Formula (20).

C.4 Analysis of ratio (d,;n/exn)

Cc.41 General

Clause C.4 is prepared for analyzing the ratio (dyn/exyN) to show its complexity and hidden
assumptions. The analysis is done by deriving the ratio from the equation d,;\ considering the
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base impedance of the converter transformer. Here, it is noted again that the base impedance
used to derive the ratio (d,;y/e,y) is based on the different current definitions from that in the
transformer standard IEC 61378-1.

C.4.2 Base impedance of converter transformer

For the converter connection shown in no. 8 line in Table 1, the relationship between the ideal
no-load direct voltage Uy; and the transformer line to line voltage Uy, at the valve winding is
given by Formula (C.3) as shown by item 10 in Table 1 of IEC TR 60146-1-2:2011.

3
i=£ Q‘\C'S)

U
V0 T '\%

nce the voltage ratio between the line side and the valve-side is assumeﬁl?o be 1:1 |n

S
Thble 1, the relationship between the valve side voltage U,y and the line sidﬂx’oltage U_ can
b¢ shown by: (b"\
A
U|_ =UVO %Q (C 1')

Then, Formula (C.3) can be rewritten as:

The relationship between line side rated tr@ormer current /' and rated DC current / |is
given by Formula (C.6) from column 8 in T 1 of IEC TR 60146-1-2:2011.

$®
. I 2 X
R\4 %:X/; (C.p)
dN
\O

Here, it is noted that tr:é' side current /' is the RMS value of the rectangular currept
wEveform of the conve It does not show the fundamental component of the convertger
c

rrent. @

The base impedénce Z, of the transformer at the line side is shown as below.

I

C)é Z, =M (C.f)

From Formulae (C.5) and (C.6), the base impedance Z, can be written as below for the
connection No. 8.

U
Z : / =2 —di c.8
b = 3\/— d \/— IdN ( )

C.43 Relationship between transformer reactance X; and parameter e,y

The parameter e,y is considered to be the normalized value of X; based on the transformer
base impedance above. Then, the following relationship is obtained.
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Xy =Z,xexN =%X X exN (C.9)

C.4.4  Derivation of ratio (d,y/exN)

Substituting Formula (C.9) to Formula (C.1), Formula (C.10) is derived.

OXQgx$s T Ugi oxgxs 1

Ugyin = Lxeen Xlgn = x—xUgi xeyn (C.10)
ZXTXg 0 IgN o] 2 A
Then, Formula (C.11) is derived. Q)
N
! Seqxs >
XQ xS .
dxtN =dyN = q X_eXN (l/’ (C 1 I)
Udl g 12 r\’
S
Finally, the ratio (dy;\/e4N) is shown by Formula (C.12) Q’\
©

dyin =5xq><sxi &QN
eyN g 12 C)
' N4

Ffom Formula (C.12), the ratio (dyn/exN) iS unders&o@as a constant determined only by the
parameters related to the converter circuit topologb

(C.1p)

Fpr example, in case of connection No. 8, th@qree phase bridge, the parameters are shown
bglow.

\(\
\@Q\EXS 1><1:><2 _6
3

xO
Then, the ratio is given as b%@-w

&
@ dx_thex%:% (C.1B)
O

3

oves th lysis of the ratio (d,;n/eyn) iS properly performed.

o

Table e same value is found for the ratio (dyin/exn) for the connection No. 8. (It
@a

C %/C{mpllmt assumptions implemented in ratio (d,;y/e,n)

From the derivation process explained in Clause C.4, the implicit assumptions in the ratio are
found as listed below.
a) The calculation is based on RMS value of the square wave.

The derivation uses the current value in Table 1, column 8, based on RMS value of the
square waves. It is noted that the value is different from the line side fundamental
component shown in Table 1, column 7.

b) The calculation is based on the line side RMS current.

In order to clarify another implicit assumption, a discussion is made as follows on the
transformer with three windings, taking the connection No. 12 in Table 1 as an example.
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The connection No.12 has two converters, each of which is the same as that of connection
No. 8. The connection outputs 2 times larger power in the DC side. However, the RMS
value of the line side current is 1,577 which is different from 2 x 0,816 = 1,632 (two times
of the connection No. 8). This is because the line side RMS current is calculated from the
step-wise waveshape synthesized from two valve side square waves shifted in time.

Then, the ratio (dyn/exy) for connection No.12 is 0,259 which is different from
1/2 x 0,500 = 0,250 (a half of the connection No. 8).

tr

gted in Table C.1 for information purpose only. The values of the ratio (d,y/exN) %@)hsted n

3

he old calculation parameters listed in Table 1 of IEC 60146-1-2:2011 or older edit@’ afe

blumn 12 in order to understand the explanations in Clauses C.4 and C.5. The meters |n
blumns 13, 14, 15 and 17 are also listed to show the measurement methods f <N» some pf
hich are not consistent with those in IEC 61378-1.

/

/
DTE The parameters in column 16 in Table 1 of IEC 60146-1-2:2011 or older editi is simply deleted singe
Py are not correct for calculating the transformer load losses based on the eriences in the converfer

nsformer. @Q

Table C.1 — Columns from 12 to 15 and 1& able 1
of IEC 60146-1-2:2011 or older edItI@S (1 of 2)

No. dyiN Terminals to be short- cucmtedg\\’ Terminals to beshort-circuited for
e transformers loss test eN
XN X
A B O
1 12 13 14 QVi1s 17
Single converter,lsi ‘-way connections
1 0,707 0-1 02N\ 1-2
T SE
V2
\V
2 0,866 1-2-3 4\8 1-2-3
RE) o
2 b\
<&
3 1,50 \\&4-3-5 2-4-6 Average of measurement 1
Q) 1-3-5
o ¢ measurement 2
0,50 ) 2-4-6
AN
4 C‘)@@ 1-2 2-3 Avrg Average of measurement 1
o 3-4 4.5 1-3-5 1-3-5
¢ measurement 2
4Q§ 0,500° 5-6 6-1 and 2-4-6
R ) 2-4-6
b: 0,500 1-3-5 2-4-6 Average of measurement 1
Q/ 1-3-5
\ measurement 2
74-0-2
6 0,750 1-3-5 2-4-6 1-4
to [-11-111 I-11-111 2-5

0,500¢2 3-6
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Table C.1 (2 of 2)

No. AytN Terminals to be short-circuited at Terminals to beshort-circuited for
e transformers loss test e
XN xN
A B C
1 12 13 14 15 17
Single converter, uniform double-way connections
7 0,707 1-3 1-3
£
[
2
0,500 1-3-5 1-3-5
0,259 11-13-15 21-23-25 11-13-15 Average of measurement
21-23-25 11-13-15
measurement.2
21-23-25
10 0,519 11-13-15 11-18315
21-23-25 21828-25
11 0,259 Avg. 11-13- 21-13 11-21 Averagé of measurement 1
15 and 11-13-15
21-23-25 2315 13-23 measurement 2
25-11 15-25 21-22-25
12 0,259 11-13-15 21-23-25 11-13-15 Average of measurement 1
21-23-25 11-13-15
measurement 2
21-23-25
13 0,519 11-1345 11-13-15
21-28:25 21-23-25
Single converter, single-fvay>connections
14 0,707 ® 1-3 1-3
V2
15 0,500 1-3-5 1-3-5
Doubfe converter connections
16 See connection No. 5
17 See connection No. 5
18 See connection No..5
19 See connectionyNp.*5
4 The value is not a fixed*value and is shown with some range. The range is considered to indicate the voltagq
regulation affected awthe induced voltage by the DC load current as described in 4.7.2.4. However, sincq
the line side winpdiylg connections are all in delta for 6-pulse circuits in Table 1, the induced voltagq
phenomena is (Not*hecessary to be considered. Then, only the lowest value is considered enough to b¢
shown in the, table. If the line side windings are connected in star, the indication with the range may b4
necessary.
1 The vatue‘changes along with the delay angle.
< w707 (1142 );
240,354 (122 );

where cos u =1 - X; x Iq /(\/5 x U,0)-

C.7 Inductive voltage regulation including the system reactances

Clause C.7 is prepared to show that the formula for U, in IEC 60146-1-2:2011 and the
formula for d,; in 5.1.3 are each other equivalent for calculating the inductive voltage
regulation including the system reactances.

In IEC 60146-1-2:2011, the inductive voltage regulation including the effects from the
reactances of the supply source and the feeder cable or line is calculated by Formula (C.14).
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Ugpy = % St St (C.14)
3 &N Scom
where
T _ean, XL2+L (C.15)
Scom  StN U\ Sc

where Q
X  is2mx fyyx L; Q}/
Sk is the short-circuit power of the supply source; y\Q)
L is the cable or line inductance. ('19
Epuation (C.14) can be understood that it calculates the short circuit capgc:‘-ik/ including the
system reactances. In Equation (C.15), the first term e,\/Siy Wes the convertgr
transformer reactance, the second term X, /U, \? indicates the feeder,\ e or line reactange
and the third term 1/SC implies the short circuit reactance of the su@/ source.
Ffom Formula (C.7), the relationship between e, and the M%ggformer reactance X, segn
frpm the line side is obtained as below.

—

(S

S

N is the transformer capacity and{é calculated with Uy, and /| as below based on the
implicit assumption of previous edi&r&s of [IEC TR 60146-1-2.
xO
.\c\)b StN =\/§U|_NI|'_ (C1 3)

‘\\<</C)
Xt =Zpxexn =%@Xem
<

is noted that X; in Formula (C.1) is the tra @ mer reactance seen from the valve side. The
lationship between X; and X ; will be intr@ ced later.

o)

O

hen, the formula belgw-is obtained.

O
O
K (C.1p)

@0 ook X Xt LI
Sin - Un/V3 V3ULNK  Up?

O

The rt-circuit power of the supply source can be calculated with the short circuit reactange
(" he formula below.
2
Sc = Uin
Xc
Then, the formula below is obtained.
X
L c (C.18)
SC ULN

Fi

nally, Formula (C.15) can be written as below.
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T o X X Xo X+ Xi+Xe | Xisum
2 2 2 2 2
Scom  UnN" UN® U Un Un

(C.19)

where

Xisum = X1t + XL + Xc and is the sum of the reactances seen from the line side.

Hereafter, discussions are made on Formula (C.14) taking the connection No0.8 as the
example.

rstly, S;_ and S;y are compared and the relationship is found. S, \ is the Capaciky
calculated from the fundamental current component at the line side as shown below.

n

SN =V3UhL (C.2p)

Ffom Table 1, the relationship is found between /’_ and /’;_as below.

K== (c.2)
T

Then, from Formulae (C.16), (C.20) and (C.21), it is founddhe’formula below.
T
Sin =5 Sty (C.2p)

Then, Formula (C.14) can be simplified as bélow.
US =[M]X8Axudi (C.2B)
extN ) Scom

IHC TR 60146-1-2:2011 shews Formula (C.24) to calculate the inductive voltage regulation by
tHe transformer reactance.

UgsN =(dxtN jxeXtNdei (C.2#)
extN

Then, Roxhula (C.23) can be rewritten as below.

yau
_[ YxtN
Ugxn —L -

JextNx"tN —xUg; (C.25)
xtN

ExtN Scom

From Formulae (C.17) and (C.19), the following simple formula can be derived.

d X
Ugxn =( XN JextN x ;‘(Sum xUgi (C.26)
ExtN Lt

Comparing Formulae (C.26) with (C.24), it is observed that the inductive voltage regulation
including the system reactances can be calculated by replacing e,y with e,\(Xgym/XLt)- This
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is easily understood considering that the commutation current flows from the supply source

through all of the reactances to the converter.

By replacing e,y With e, in(Xgum/XLt) in Formula (C.1), the formula below is obtained for the

inductive voltage including the system reactances.

Uggy = 229 x, Ksum_ (C.27)

2xmwxg t Xt

The relationship between X; and X|; can be written as follows considering the transform
vopltage ratio between the line side and the valve side.

Then, Formula (C.27) is written as below.

2
oxgxs [ U
udxth_X[ﬂ

X / C.2
2x1%g U, ] Lsum\X fdN (

Here, the sum of reactance seen from the valve sidelis defined as below.

2 2 2 2
Uvo Uvo Uvo Uvo
Xy =| VO | X = VO | (XX, + X )= X + X+ =0 | x
sum { UL j Lsum { UL ( Lt L C) t UL L UL C

Finally, the formula below is derived;

OXQxS

X / C.3
2><7r><gx sum *1dN (

Ugxin =

B dividing the formula~with Uy;, then the formula for d,;\ in 5.1.3 is obtained.
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

SEMICONDUCTOR CONVERTERS -
GENERAL REQUIREMENTS AND LINE COMMUTATED CONVERTERS -

Part 1-2: Application guidelines

T
16

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization.comprisi
all national electrotechnical committees (IEC National Committees). The object of I[EC #is ™Mo promg
international co-operation on all questions concerning standardization in the electrical and eléctronic fields.

Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter, reférred to as “IH
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National €Committee interest
in the subject dealt with may participate in this preparatory work. International,(governmental and no|
governmental organizations liaising with the IEC also participate in this preparation™ IEC collaborates closq
with the International Organization for Standardization (ISO) in accordance With' conditions determined
agreement between the two organizations.

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

IEC Publications have the form of recommendations for international use and are accepted by IEC Nation
Committees in that sense. While all reasonable efforts are made. to ensure that the technical content of IH
Publications is accurate, IEC cannot be held responsible/for-the way in which they are used or for a
misinterpretation by any end user.

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

IEC itself does not provide any attestation of ‘conformity. Independent certification bodies provide conform
assessment services and, in some areas, \@ccess to IEC marks of conformity. IEC is not responsible for a
services carried out by independent certification bodies.

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

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

Attention is drawn tothe Normative references cited in this publication. Use of the referenced publications
indispensable forthe/correct application of this publication.

Attention is dfawn to the possibility that some of the elements of this IEC Publication may be the subject
patent rights.\JEC shall not be held responsible for identifying any or all such patent rights.

ne maih.task of IEC technical committees is to prepare International Standards. However,
chnical committee may propose the publication of a Technical Report when it has collectsg

d

this end and in addition to other activities, IEC publishes International Standards, Technical” Specificatior|s,
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IEC TR 60146-1-2, which is a Technical Report, has been prepared by IEC technical
committee 22: Power electronic systems and equipment.

This fifth edition cancels and replaces the fourth edition published in 2011. This edition
constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:

a) addition of annexes concerning the applications of converter transformers and of fuses for

overcurrent protection;


https://iecnorm.com/api/?name=bf82ac7c9f79181f13ec94352f99267e

IEC TR 60146-1-2:2019 © IEC 2019

b) changes of calculation methods related the inductive voltage regulation and changes of

c) addition and updates of references based on the latest information.

The text of this Technical Report is based on the following documents:

description on transformer losses to be consistent with the latest transformer standards;

Draft T

Report on voting

22/306/DTR

22/310/RVDTR

A
G

T

th

reconfirmed,
withdrawn,
replaced by a revised edition, or

amended.

LIl information on the voting for the approval of this technical report can be found in_th
port on voting indicated in the above table.

nis document has been drafted in accordance with the ISO/IEC Directives, Part 2,

list of all parts of the IEC 60146 series, under the general title Semiconductoer converters
eneral requirements and line commutated converters, can be found on the 1EC website.

ne committee has decided that the contents of this document will remain unchanged until th
sfability date indicated on the IEC website under "http://webstore.ieCich" in the data related
e specific document. At this date, the document will be

bilingual version of this standard may be issued at a later date.

e
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SEMICONDUCTOR CONVERTERS -
GENERAL REQUIREMENTS AND LINE COMMUTATED CONVERTERS -

Part 1-2: Application guidelines

1__Scope

his part of IEC 60146, which is a Technical Report, gives guidance on variationshte’ the
ecifications given in IEC 60146-1-1:2009 to enable the specification to be extended in|a
ntrolled form for special cases. Background information is also given on technical points
hich facilitates the use of IEC 60146-1-1:2009.

son o

This document primarily covers line commutated converters and is not in itself a specification
except as regards certain auxiliary components, in so far as existingCstandards may npt
provide the necessary data.

This document will not take precedence on any product specific-standard according to the
concept shown in IEC Guide 108. IEC Guide 108 provides the information on the relationshjp
bétween horizontal standards and product publications.

2| Normative references

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

C 60050-551, International Electrotechnical Vocabulary — Part 551: Power electroni¢s
vailable at www.electropedia.org)

—_
Q[T

BC 60050-551-20, Internatiohal Electrotechnical Vocabulary — Part 551-20: Power electroni¢s
Harmonic analysis (available at www.electropedia.org)

BC 60146-1-1:2009y"Semiconductor converters — General requirements and line commutatad
bnverters — Part 1-1: Specification of basic requirements

Q

BC 60269-1.2006, Low-voltage fuses — Part 1: General requirements

IHC 60269-4:2009, Low-voltage fuses — Part 4: Supplementary requirements for fuse-links fpr
the.protection of semiconductor devices

IEC 60529, Degrees of protection provided by enclosures (IP Code)

IEC 60664-1, Insulation coordination for equipment within low-voltage systems — Part 1:
Principles, requirements and tests

IEC 61148, Terminal markings for valve device stacks and assemblies and for power
conversion equipment

IEC 61378-1:2011, Convertor transformers — Part 1: Transformers for industrial applications
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IEC/IEEE 60076-57-129, Power transformers — Part 57-129: Transformers for HVD
applications

3 Terms and definitions

o

For the purposes of this document, the terms and definitions given in IEC 60146-1-1:2009,

IE

C 60050-551, IEC 60050-551-20 and the following apply.

1SQ and IEC maintain tprminnlngir‘ql databhases for use in standardization at the ntImA/irg

afldresses:

IEC Electropedia: available at http://www.electropedia.org/

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

NOTE Several terms from IEC 60146-1-1:2009, IEC 60050-551, IEC 60050-551-20 are(tepeated here flor

Cd

w

O T W

reakthrough
ilure by which a controllable valve device or an arm consisting of such devices loses ifs
ility to block voltage during the forward blocking interval

drious reasons, for example excessive junction temperature,/yoltage surges in excess of rated peak off-stg

nvenience.
1 Terms and definitions related to converter faults

1.1

te 1 to entry: See Figure 1a). Breakthrough can occur in rectifieroperation as well as inverter operation and f

ltage, excessive rate of rise of off-state voltage or spuriousgate current.

IEC

Figure 1a) Breakthrough in arm 2

IEC

or
te

Figure 1b) Firing failure in arm 2

l
S A

Figure 1c) Conduction through related to arm 3

Figure 1 — Voltages at converter faults
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[SOURCE: IEC 60050-551:1998, 551-16-60, modified — Note 1 to entry has been added.]

3.1.2
false firing
firing of a latching valve device or an arm consisting of such devices at an incorrect instant

[SOURCE: IEC 60050-551:1998, 551-16-63]

3.1.3

9

bfeakdown
<pf an electronic valve device or of a valve arm> failure that permanently deprives-a
electronic valve device or a valve arm of its property to block voltage

[SOURCE: IEC 60050-551:1998, 551-16-66]

31.4

firing failure

fdilure to achieve conduction in a latching valve device or an arm consijsting of such devicg
during the conduction interval

Note 1 to entry: See Figure 1b).

[SOURCE: IEC 60050-551:1998, 551-16-65, modified — Note-1 to entry has been added.]

311.5

cpnduction through

situation where, in inverter operation, a valve @rm continues conduction at the end of tH
nprmal conduction interval or at the end of the hold-off interval

Note 1 to entry: See Figure 1c).

[SOURCE: IEC 60050-551:1998, 551-16-64, modified — The definition has been rephrase
and Note 1 to entry has been added:]

3/1.6
commutation failure
fdilure to commutate the'current from a conducting arm to the succeeding arm

[JOURCE: IEC 60050-551:1998, 551-16-59]
2 Termstand definitions related to converter generated transients

3
3{2.1
DC side\transients

bltage transients produced by rapid changes of the DC voltage applied to the inductance ar

n

S

e

&N

d

\'%
Capar\ifnnr\n of the DC circuit

Note 1 to entry: See 7.4.

3.2.2
commutation transients on the line
voltage transients produced on the AC line after commutation

Note 1 to entry: See 7.4.

Note 2 to entry: The commutation transients are repetitive.
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3.
3.

3 Terms and definitions related to temperature

3.1

thermal resistance

Rin . _ o

quotient of the difference between the virtual junction temperature and the temperature of a
specified external reference point, by the steady-state power dissipation in the device under
conditions of thermal equilibrium

Note 1 to entry: For most cases, the power dissipation can be assumed to be equal to the heat flow.

33.2

trfansient thermal impedance

Zih

quotient of

a) variation of the temperature difference, reached at the end of a time interval between the
virtual junction temperature and the temperature of a specified external’reference point,
and

b] step function change of power dissipation at the beginning of.the same time intervgl
causing the change of temperature

Note 1 to entry: Immediately before the beginning of this time interval, the distribution of temperature should haye

bden constant with time.

Note 2 to entry: Transient thermal impedance is given as a function, of\thie time interval.

33.3

virtual equivalent junction temperature

virtual junction temperature

T

virtual temperature of the junction of a semiconductor device

Note 1 to entry: The virtual junction temperature is not necessarily the highest temperature in the semiconducfor

dgvice.

te 2 to entry: Based on the power dissipation and the thermal resistance or transient thermal impedance that
rresponds to the mode of operation; the virtual junction temperature can be calculated using a specifigd
ationship.

OURCE: IEC 60050-524:2002, 521-05-15, modified — The symbol T; has been added, as
ell as the notes to entry.]

3.4

rtual temperature

ternal equivalent temperature
bf a semiconductor device> theoretical temperature which is based on a simplifigd
presentation of the thermal and electrical behaviour of the semiconductor device

4

jon

4 ] ! =T 4 4 + 1 1 bt
4, TMTOUIncu = TT1C TTULCS LU TIIy TidvVe UTTIT UTITLC

Application of semiconductor power converters

4.1 Application

4.1.1 General

Semiconductor power converters are used in most industries for the conversion of electrical
power and also to facilitate the conversion of mechanical, chemical or other energy into

el

ectrical power and vice versa.

They also used in electrical power utilities for the supply source conditioning.
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4.1.2 Conversion equipment and systems

Examples of applications of conversion equipment and systems are as follows, and not limited
in these applications:
a) DC load, stabilized/adjustable voltage/current control;
b) AC power controllers (AC or DC output);
c) AC variable frequency:
— line-commutated converters;

— slip energy recovery;
— machine-commutated converters;
— self-commutated converters:
e voltage stiff (voltage source);
e current stiff (current source);

d) adjustable speed drives (covered by specific IEC standards, e.g. IEC ©1800-1);

e) uninterruptible power systems (UPS, covered by specifie, NEC standards, e.p.
IEC 62040-3);
f)] chemical processes (electrolysis, electroplating, electrophoresis);

computer power supplies;
traction substations, railways, tramways, mines, electrie*vehicles;

Z I Q@

telephone power supplies;
j)| electromagnets, field supplies;

=~

radio transmitter DC supplies;
[)] arc furnace DC power supplies;

my) solar photovoltaic energy conversion:
4{1.3 Supply source conditioning (active and reactive power)
Ekamples of supply source conditioning are as follows, and not limited in these applications:

HV or MV systems (transmission and distribution, reactive power compensation);
LV systems (energy'saving);

isolated, standby, or dispersed generating plants;

o O T o

DC or AC supplies particularly from solar, wind or chemical energy.

P

DTE Some{of.the applications listed above are the subject of particular IEC publications now existing or [in
reparation(

o

4/2 , (Equipment specification data
4. 2t+—Maimitemrs onthespecification
See 6.6.2 of IEC 60146-1-1:2009 on rating plates.

4.2.2 Terminal markings

IEC 61148 shall apply.
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4.
4.

2.3 Additional information

2.31 General

In addition to the essential data such as should appear on the rating plate as specified in
IEC 60146-1-1:2009, the following list may prevent other important information being omitted
from the specification, concerning the purchaser's requirements or the supplier's product.

4,

T

o Q

2.3.2 Supply source

e 1ollowing Inrormation IS necessary to contirm the supply source conditions:

short-circuit power (or description of cables, lines and transformers): minimum, statistic
average, maximum values;

other existing loads (motors, capacitors, furnaces, etc.);
limits of disturbances (reactive power, current harmonics, etc. prevailing or permitted);

type of earthing.

voltage and frequency (if applicable); range of rated values, unbalance, short time cutdge¢;

Al

e

is

4{2.3.3 Output specification
The following information is required to design the converter connection and its control:
a) output voltage and frequency (if applicable);
b) required range of variation (continuous or stepwise);
c] voltage and/or current reversing capability (quadrant(s) of operation);
d) limits of permitted voltage/current/frequency. variation;
e) character of load;
f)| type of earthing;
g) distortion of the output waveforms:
4{2.3.4 Environment specification
The following information is fequired to design the cooling, structure, cubicle and so on of tH
converter:
a) temperate, tropical, arctic climates;
b) temperature, humidity, dust content (unless otherwise specified, IEC 60664-1, degree 1,
applicable);
unusual{service conditions;
outdoor/indoor installation;
e] proetéction class (according to IEC 60529);
f) r\nmlr_\linnrn with cpnr\ifir\ standards (IF(‘ or others inr\lllriing eafnfy efﬂnrlarrle)
4.2.3.5 Electrical service conditions

The following information might be duplicated with above information, but should be given to
confirm the details.

a) Supply bus category:

— converter dedicated system (converters only);
— general purpose system (includes AC motor loads);

— high quality system (supplying loads with low immunity level such as computer
medical instrumentation etc.).

S,
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9

b) Immunity class of the equipment: a different immunity class may be selected for one or

more parameters.
4.2.4 Unusual service conditions

4.2.4.1 General

For the normal service conditions, refer to IEC 60146-1-1:2009, 5.2.1. In case of unusual
service conditions, a special agreement between purchaser and supplier should be made

according to IEC 60146-1-1:2009, 5.2.4.

4{2.4.2 Cooling medium temperature difference

For the cooling medium temperature, it is noted that the temperature range of the horm
g¢rvice conditions is different between the converter and the transformer.™ Refer
HC 61378-1:2011, 4.2, for the normal service conditions of the converter transformer.

il )]

412.4.3 Dust and solid particle content

For particular applications, the degree of pollution may be specified _separately, according
IHC 60664-1 or other relevant IEC publications, for example specifying pollution classes oth
tHan degree 1 as specified in IEC 60664-1.

4)3 Converter transformers and reactors

IHC 61378-1 and IEC/IEEE 60076-57-129 shall be referfed. IEC 61378-3 should be referred.

4  Calculation factors
4.1 General

alculation factors are shown in Table \for each converter connection. For letter symbo|
nd definitions, refer to 4.2 of IEC 60146-1-1:2009 and 4.6.2.

TR SRS

o

S
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4.4.2 Voltage ratios

Table 1 gives the ratios:

column 10 column 11
Ugi Uim
Uvo Ugi

where

Uy; is the ideal no-load direct voltage;

U0 is the no-load transformer valve winding voltage;

Uwm is the ideal crest no-load voltage, appearing between the end terminals of an ar

neglecting internal and external voltage drops in valves, at no load. The ratio remair
the same at light load current close to the transition current.

NPTE For connections No. 5, No. 11 and other connections employing interphase ttansformers, the ratio Ujp/Uyg;i

inpreases at no-load.
414.3 Line side transformer current factor

The quotient of the RMS value /' of the current on the line_side and the direct current /4
indicated in Table 1, column 8, on the assumption of\smooth direct current, rectangul
wpveshape of the alternating currents and on the following voltage ratio for single or doubl
wpy connections:

Uy
UvO

=1
here

W
U is the phase-to-phase voltage on the line side;

U0 Iis the voltage between twg.commutating phases on the valve side.
F

br different values of the woltage ratio, the line side current is approximately:

UvO
UL

IL =I'|_><

NPTE For connections 14 and 15, the line side current factor depends on the trigger delay angle « as follows:

m

S

A4
]

0k a<Z: I—L=‘/§z0,816
3 Iy \3

LI "_Lz\/ﬂ—a

3 ’ Iq T

4.4.4 Valve-side transformer current factor

The quotient of the RMS value /, of the valve-side current in each terminal of the transformer

and the direct current /j is indicated in Table 1, column 9.

NOTE For connections 14 and 15, the valve-side current factor depends on the trigger delay angle « as follows:

0O<a<Z; ll:\/zzo,816
3 s V3
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£< a<m, ll: Ta
3 Iq m

4.4.5 Inductive direct voltage regulation due to transformer

oqs
9

Table 1, column 12, gives the parameter:

The parameter is used to calculate the inductive voltage regulation due to the converter
4

tr-\v\n"\r daceoribad 1o Z.2
A\ZBR N T-Z

PR-OE—aa 4
PTTSTOTTITCT a9 UCSUTToT B i

NDTE The ratio (d,,/e,y) in IEC 60146-1-2:2011 was removed since it uses transformer impedance value whith
the converter transformer standards, |IEC 61378 series, do not support. Furthermore, it is not evaluated to be
prictical to use since the ratio is too complicated to understand. In order to show the complexity, the ratio |is
arjalysed in Annex C just for information.

4/4.6 Magnetic circuit

The magnetic circuits corresponding to the connections supplied with three-phase currents |n
Table 1 are assumed to have three legs.

4{4.7 Transformer guaranteed load losses

t

The symbols P,, Pg and P¢ in column 16 indicate the losses measured in each short-circy
combination A, B or C in columns 13, 14 and 15, respectively (see IEC 61378-1:2011, 7.5.1)

The contents of columns 13 to 16 of Table 1 are_provided for information purpose. For the
lgss of the converter transformer, IEC 61378 (all parts) should be referred to.

Atcording to IEC 61378-1:2011, 5.2 and 6.4,-the transformer guaranteed load losses is the
ldad losses measured with the rated fundamental current in short-circuit conditions indicatgd
inf columns 13 to 15 of Table 1.

The actual load loss in service .includes additional loss due to non-sinusoidal convertgr
clirrent. This value shall be calculated in accordance with IEC 61378-1:2011, 6.2. According
tq IEC 61378-1:2011, 6.1, "lt_iS not guaranteed, but shall be provided by the transformeér
manufacturer for the purchaser".

414.8 Transformetr.guaranteed short-circuit impedance

The symbols egfa,;and e,g in column 17 show the transformer guaranteed short circyit
pedance. ey,- is the inductive short-circuit impedance obtained by the short-circyit
easurement™A in column 13. e,g is that obtained by the short-circuit measurement B |n
cplumn 14.)From these values, the commutating reactance X; can be obtained used in the
calculation for inductive voltage regulation of the transformer by the formula shown in 4.7.2{4
(dee’|EC 61378-1:2011, 7.2.1).

The contents of columns 13 to 15 and 17 of Table 1 are provided for information purpose. For
the short-circuit impedance of the converter transformer, IEC 61378 (all parts) should be
referred to.

4.4.9 Line side fundamental current factor

The contents of column 7 of Table 1 are provided for information purpose. For the line side
fundamental current factor of the converter transformer, IEC 61378 (all parts) should be
referred to.

NOTE By comparing this factor and "line side current factor" in column 8, it is noted that the definitions of rated
current are found to be different between IEC 60146 (all parts) and IEC 61378 (all parts). For more detailed
explanation, refer to Annex A.


https://iecnorm.com/api/?name=bf82ac7c9f79181f13ec94352f99267e

IEC TR 60146-1-2:2019 © IEC 2019 - 23 -

4.5 Parallel and series connections
4.51 Parallel or series connection of valve devices

4.51.1 General

When diodes or thyristors are connected in series or parallel, precautions should be taken to

ensure that all devices operate within rated values for voltage and current.

4.5.1.2 Current balancing of parallel connected valve devices

U(twequal current distribution may be caused by differences in forward voltage or on-sta
voltage drop and by differences in thyristor turn-on time and trigger delay angles. Differencg
n the impedances of the parallel arms are also of considerable influence.

flfactory matching of forward or on-state characteristics and turn-on time properties of th
valve devices is used for current balancing, this should be stated by the equipment supplier.

5.1.3 Voltage division for series connected valve devices

4

Upequal voltage distribution may be caused by differences (in~ reverse and off-sta
arge.

5.2 Parallel or series connection of assemblies and’equipment units

4
4)5.2.1 General
P

recautions also should be taken when assemblies and equipment units are connected
series or parallel.

H

5.2.2 Parallel connection

When units are connected in parallél; it shall be considered if they are provided with mear
fgr voltage adjustment or not.

a) Units not provided with means for voltage adjustment

connected units shall exceed its rating when operating at total rated output.

If the equipmenthis required to operate in parallel with other sources having dissimil
characteristics, the requirements for load-sharing should be specified separately.

b] Units provided with means for output voltage adjustment
For such*equipment, when required to operate in parallel the requirements for load sharirn
should be specified separately.

4)5.2.3 Series connection

c:[:aracteristics, differences in the turn-on instant for thyristors /and differences in recovef
c

In the case of equipment units designed for parallel connection, none of the parallel

e

g

When assemblies or equipment units are designed for series connection, precaution should

be taken to ensure that each unit operates within its limits of rated voltages, even if the A
side is disconnected and the DC side is still connected to an active load.

C

In the case of series connection, the voltage to ground may be considerably higher than the
voltage between the terminals. In this case, the insulation should be designed and tested

accordingly.
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4.6 Power factor

4.6.1 General

9

For converters with a pulse number of 6 or more, the total power factor is of limited interest.
The value which is useful for normal purposes is the displacement factor cos¢, of the

fundamental wave.

The displacement factor cosg, is referred to the line side of the converter transformer.

For this reason, if a guarantee is required, it should, unless otherwise specified, refer to_th
displacement factor calculated under the assumption of both symmetrical and sinusoid
voltage.

The displacement factor for three-phase uniform thyristor connections should be-determing
by calculation from the measured reactances in accordance with 4.6.4.

For single-phase equipment exceeding 300 kW rated output, for equipment with non-unifor|
tHree-phase connections and for converters with sequential phasge'control, the method
determining the displacement factor is to be specified separately.

When a converter is operating in the rectifier mode, it is consuming active and reactive pow
from the AC system.

When a converter is operating in the inverter mode, it\is delivering active power into the A
system but still consuming reactive power from it.

NOTE For many applications, i.e. rectifiers for small PWM (pulse width modulated) drives with small or no [
repctor, the ripple influences the total power factor very'much.

4/6.2 Symbols used in the determination of displacement factor

The letter symbols used in the determination of displacement factor are given in Table 2.

e

d

C

Cc
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Table 2 - List of symbols used in the determination of displacement factor

Symbol Quantity

COSQ,y displacement factor at rated direct current for zero trigger delay angle

COSP N, displacement factor at rated direct current, for trigger delay angle «

diy =d,\ + d,n total resistive direct voltage regulation at rated current in per unit of U

din = dn t dypn total inductive direct voltage regulation at rated current in per unit of U

dons on resistive (resp. inductive), direct voltage regulation due to other components of the converter, for
example valve reactors, line side reaciors and transformers eic., I any, at rated direct current, n
per unit of U

vy Fin resistive (resp. inductive), direct voltage regulation due to the converter transformer at rated direct
current, in per unit of U

d N additional direct voltage regulation due to AC system impedance, expressed in per unityof Uy, at
rated direct current /,,, when the RMS voltage on line side terminals is kept constant

Hin DC motor counter e.m.f. at rated shaft speed and rated flux

N rated line frequency

N rated direct current

N Rated RMS current on line side (of converter or transformer if included)

NN RMS value of the fundamental component of /

pulse number

LN

= Uy x Iyn + Py active power on line side at rated ditectcurrent

power losses in circuit resistance at rated direct cdrrent

reactive power on line side at rated direct current/related to /

motor armature circuit resistance

system resistance of the supply source

1SC

short-circuit ratio reffered to the fundamental apparent power of the converter

wlnlonlnlolnlnls
=
=z

1LN = Uy = Iy = Uy % 1y X V3., @Pparent power on line side at rated load, based on the fundamental

component /, | of the line eurrent

S short-circuit power of the supply source

Sin transformer rated.apparent power

1 angle of overlap

Ui ideal no-load direct voltage

Uan rated direet voltage

Uarn totalresistive direct voltage regulation at rated direct current

Uaxn total inductive direct voltage regulation at rated direct current

Lde ideal internal direct voltage at rated load excluding the total resistive direct voltage regulation

A system reactance of the supply source

a trigger detay angie of phase controt i rectiffer operation

B trigger advance angle of phase control in inverter operation
extinction angle of commutation for inverter operation

7N displacement angle (of fundamental component) of the line current at rated direct current
(neglecting the transformer magnetizing current)

a suffix for rectifier operation with the trigger delay angle «

suffix for inverter operation with the trigger advance angle g
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4.6.3 Circle diagram for the approximation of the displacement factor cosg,y and of
the reactive power Q,, \ for rectifier and inverter operation

The approximate displacement factor cosg,y and the approximate reactive power Qq y for a
converter may be estimated by use of the circle diagram given in Figure 2.

A Q.
1,0 S1LN
A
A
2| 3
E S
e \\ &'\§
<, =
Zz
Y > A y _ A
— S
1.0 UdNﬂ * 0 , UdNa 1.0 LN
. Udi | Udi - AdrN
- > |-
dn ||| °°S¢1N/31) . S90S Py _ A »
u V]
dNg dNa
=cosf =Ccos a
> de de - Udi > Udi >
IEC
U, P
1) cos(/;mﬁ:ﬂ:ﬂ
Usi  Sin
U,
2) COS PNy = —PNE = Pna
Usi  Sun
Figure 2 — Circle diagram for approximation of the displacement factor
416.4  Calculation of the displacement factor cosg;
4/6.4.1 Displacement factor, at rated direct current, for zero delay angle cosg,y
This is.obtained, for the appropriate value of AC system reactance, from Figure 3 and
Flgure 4; respectively. If not otherwise stated, it is assumed that the RMS value of the line
sidéderminal voltage is kept constant.

Figure 3 is used for 6-pulse connections.
Figure 4 is used for 12-pulse connections.

The values of «, indicated in Figure 4 are those of the inherent delay angle which occurs in a
12-pulse connection in certain operating regions, even where no phase control is applied. For
phase controlled converters, they represent the minimum delay angles that can exist under
the indicated conditions.
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4.6.4.2 Displacement factor cosg, 4, at rated direct current, for delay angle «

If there is phase control with trigger delay angle «, the corresponding value cosgqy, may be

calculated from the following formula, which is sufficiently accurate for practical purposes:
COSQiN, = COSa — (1 — cospqy)

For the inverter range, the displacement factor may be obtained from the following formula:

CospqNp = COSH+ (1 — cospqy)

Fopr an inverter, the abscissa in Figure 3 and Figure 4 represents the inductive directyoltag
crease at rated load in per unit of Uy;.

=

416.4.3 Displacement factor at loads other than rated load, cosg,,

When using the curves of Figure 3 and Figure 4 for other loads than the fated load, the actu
values of /4, d,; and d,, are used to obtain the cos¢p, for the actual direct‘current /.

That is, the value:

/
yi + dyp = (dxtN +dbe)Xl_d

dN

s|used to obtain cosg, from Figure 3 and Figure 4\respectively. Then:

cosg@q, = Cosa — (1 — cosey)

-
Ll

coS ¢,y

0,99

7

0.98 \‘ 005\
NN

O,1é X
0

0,97
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I/
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\\
\\\
N

0,94

e

V4
V%

0,93

0,92

0,91 -
0 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08
de = dxtN + dbe (p'u')
IEC

Figure 3 — Displacement factor as a function of d, for p =6


https://iecnorm.com/api/?name=bf82ac7c9f79181f13ec94352f99267e

- 28 - IEC TR 60146-1-2:2019 © IEC 2019

oS 9,

o (°
0,99 — p )

i

0,98

*1\’\\'24 5

0,97 N\ R Sk

, Y\‘o\‘i 5 8 9

0,96 \\M.? S 11 .
.

=
o
[(e]
Y
N
o

0,95
NN\2 W ;'\0,15
\ 3
0,94 < %0,1
\ 0,05
0,93 <o
0,92 -

0 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08
de = dxtN + dbe (p'u')

IEC

Figure 4 — Displacement factor.as a function of d, for p =12

NOTE The parameter for Figure 3 and Figure 4 st

1 _Sun _ Udixlan
Risc  Sc Sc

416.5 Conversion factor

For converters with a pulse number of 6 or more, the conversion factor and the power
{ficiency are almost equal (see IEC 60146-1-1:2009, 3.7.11 and 3.7.12).

]

ne conversion factor should be given in addition to the power efficiency, especially for low
bwer converters, for converters with pulse number of 6 or less if specified by the purchaser
nd in cases-of applications where the power of the AC components of currents and voltaggs
the DC(circuit is considered not to contribute to the useful power.

Q0 T o

>

Thelconversion factor should always be determined by the input/output method for specifigd

|oadconditions
a—-coRaHHoRS-

4.7 Direct voltage regulation
471 General

The voltage regulation of a single converter connected to a system that does not include
power factor correction capacitors is mainly due to:

— resistive voltage regulation, i.e. the voltage regulation consequential of power loss within
the converter;

— inductive voltage regulation due to commutation. Commutation distorts the voltage
waveform at the terminals of semiconductor assemblies and change DC voltage that is
basically made up of samples of the AC voltages;
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— voltage regulation due to the impedance of the line and non-sinusoidal input currents of

the converter that also distort the voltage waveform at converter terminals.

The ideal no-load direct voltage Uy; could then be referred to the voltage of the infinite bus, i.e.

voltage regulation shall include the effect of all impedances existing between such infinite

power source and the AC terminals of the converter.

However, this document assumes the RMS line voltage to be constant at the AC terminals of

the converter, not at infinite power source.

Thus the ideal no-load direct voltage Uy; is referred to converter terminal voltage and_tH
voltage regulation results from two contributions:

¢| the inherent direct voltage regulation, i.e. the voltage regulation of the converter itself (se
4.7.2 and IEC 60146-1-1:2009, 3.7.7);

¢| the additional direct voltage regulation due to the influence of AC system impedance ¢
the waveform of converter terminal voltage (see 4.7.3).

When power factor correction capacitors are included in the system, the*frequency behavio
influences the voltage waveform and the voltage regulation.

7.2 Inherent direct voltage regulation

7.21 General

the transformer and other parts of the converterequipment, such as reactors, etc., plus th

4
4

The inherent voltage regulation is given by the sum,of\the direct voltage regulation producg
tc)lnange with current of on-state voltage for thyristors and forward voltage for diodes.

—

is assumed that the alternating voltage at.the line side terminals of the converter is consta

The voltage regulation should refer to\the principal tap of the transformer. When a thyrist
converter operates in the inverter.fange, the voltage regulation is adding to and gives 3
crease of the direct voltage.

5

ne inherent voltage regulation should be calculated from the reactances and power losses
e components of the(equipment. The voltage regulation may be determined by dire
easurement in an input/output load test on the equipment if so preferred by the supplier.

354

n

br single-phase” equipment, for equipment with non-uniform thyristor connections and fi
bnverters with_sequential phase control, the method of determining the inherent voltag
ggulation will\be specified.

=5 0

417.2.2 Resistive direct voltage regulation due to converter transformer and
interphase transformer

e

e

e

Df
ct

e

This regulation is given by the formula:

where

P.n is losses in the transformer windings at rated direct current.
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4.7.2.3 Resistive direct voltage regulation due to other components

Examples of such components are series-smoothing reactors, line side reactors, transductors,
current balancing means, diodes, thyristors etc. Voltage drop by threshold voltage of valve
devices is excluded.

This regulation is calculated from the formula:

UgroN = fon
TdN
where
Plon is the losses in the components at rated direct current.
417.2.4 Inductive direct voltage regulation due to the converter transformer
The inductive voltage regulation can be calculated from the value of\X; by means of the
fdllowing formula:
/
dxtN _ 5><q><S ><Xt>< dN

2xmwxg Ugi
where
g is the number of sets of commutating groups(bgetween which /, is dvided;

Iqv  is the rated direct current;

q is the commutation number;

S is the number of commutating groupsin series;

Ul s the ideal no-load direct voltage;

0| is the number of commutating.groups commutating simultaneously per primary.

The parameter below used in\the formula is listed in Table 1, column 12.

oxXQqxs
g

Xl is the transformer commutating reactance measured according to IEC 61378-1:2011, 7.2.{If
the measuréd-value of X; is indicated in per unit (pu), it requires great attention to clarify the
base of the)per unit when converting the value from pu to ohm (or mili-Henry). It is noted thpat
IHC 61378-1 defines the transformer capacity based on the fundamental component of the
cnrrrent. Refer to Annex A.

An alternative method to obtain the transformer inductive voltage regulation is indicated in
IEC 61378-1:2011, 7.2.2.

The formula above for d , indicates that the voltage regulation has linear characteristics to
the DC load current. However, the formula can be applied when the assumptions listed below
are fulfilled. For details, it is recommended to consult with textbooks of the line commutated
converter theory. Refer to Bibliography.

a) Single commutation

The formula is derived based on the assumption that a single commutation takes place at
an instant. In the case where multiple commutations take place, the characteristics of the
voltage regulation changes from the line indicated by the formula. Such phenomena will
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take place when the DC load current is sufficiently large and the commutation duration
extends and overwraps to the next commutation.

No voltage induction from DC load current

In some kinds of converter circuit with 6-pulse operation, the voltage induction in valve
side windings from the DC current may take place. However, it is noted that the converter
circuits listed in Table 1 are free from such phenomena.

The voltage induction from the DC load current is explained taking the converter
connection No.3 as an example.

7.255 Inductive direct voltage regulation due to other components

N

tthreconverter citcuit, the 6arms conmduct D€ Turrentimtorm for 80 eachNamety, wign
one of arms conducts the load current, only one valve side winding in the transformer
conducts the DC load current. The magnetic field induced in the core of this @inding
spread to the cores of the other phases when the cores are magnetically coupled among
phases.

In the case where the line side windings are connected in delta as shown in/Table 1, the
current is also induced in the line side winding by the magnetic field and.circulates withjn
the delta-connected windings. The circulation current cancels the magnetic field inducgd
by the DC current flowing in the valve side winding. Then, the valve’side voltage is npt
affected by the magnetic field made by the DC current.

However, if the line-side windings are connected in star, it results in problem. Namely, the
circulation current cannot flow in the line-side windings. Then, the magnetic field induced
by the DC current cannot be cancelled out and induces the voltage in the windings of the
other phases. The induced voltage superimposes to the“AC voltage transferred from the
line side winding. The induced voltage increases as.the DC current increases. Then, the
voltages across the arms are distorted and the conduction periods extend longer than 60P.
Namely, the operation status is different from that of 6-pulse operation. It means that the
phenomena affect the inductive voltage regdlation and that the previous formula for d
cannot be applied any more.

In summary, it should be noted that the, winding connection or the magnetic design of the
transformer affects the inductive voltage regulation and it is recommended to pay grept
attention to the transformer connection when calculating the inductive voltage regulation.

Constant DC current

The formula is derived baseéd on the assumption that the DC current is kept ideally
constant.

When the DC load is yery light, in practice, the DC current is not constant and intermittent.
Especially, when a.D€ capacitor or some parasitic capacitance is connected to the ElC
circuit with a light load, the DC current is likely intermittent. When the DC load has
characteristics(keeping DC voltage by itself, like batteries, DC motors or electrolysis, the
intermittent current also likely appears. In such case, the DC voltage will be higher than
the voltage\estimated by the formula above.

Referto1EC 60146-1-1:2009, 4.3.2.2.

The symbols given in Table 3 are used in the calculation formulae.
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Table 3 — List of symbols used in the calculation formulae

Symbol Quantity

Q

LN inductive direct voltage regulation at /, due to line side reactors in per unit of U,

Q.

bYN inductive direct voltage regulation at /;, due to valve side reactors in per unit of U;

AxbLN inductive direct voltage regulation, corresponding to d,,, \

xbyN inductive direct voltage regulation, corresponding to d

Xlc|lc

reactance per phase on line side of reactor, transformer etc.

reactance per phase on valve side of reactor, valve reactors etc.

RMS value of the transformer fundamental primary phase current

RMS current in reactor, corresponding to /
waveform

calculated on the basis of rectangular current

bN dN’

N rated direct current

bN rated phase-to-phase voltage at the line side terminals of the reactor etc.

Q.

number of commutating groups between which [ is divided

Ji pulse number

q commutation number

7

number of commutating groups in series

number of commutating groups commutating simultaneously_per primary

a) For reactors, transformers etc., on the line side:
— For three-phase systems:

V3 Xl X XpL
bN

dybLN =

3 xl x Ug x X
SII’](EJ and UdeLN = \/_X bN x di x bL SIH(EJ
P Uon p
— For single-phase systems:

1 IbN x XpL 1 IbN x XpL % Uy
dypIN = —=x———— and UgypiN =—=X———""——
X 2 UpN * V2 UbN

b) For valve side reactors:

/ X,
OXQgxS$s JanxXpy g Uggon = OXQgxS$s

/ X
2xmxg Uy 2><7'c><g><dN>< bv

dxbvN =

The inductive direct voltage regulation due to other components is:

UdxbN = YaxbiN + UdxbuN

4.7.2.6 Inherent direct voltage regulation of the converter

The direct voltage regulation at rated direct current due to converter transformer and
interphase transformer (if any), is given by:

Ugin = Ugrin + Ugxin

The direct voltage regulation at rated direct current due to other components of the converter,
is given by:

UgbN = Udron + Yaxbn
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The inherent direct voltage regulation at rated direct current, is given by:

Ugtn + UgbN = Udrin + Ugxin + Ydron + Yaxbn

4.7.3 Direct voltage regulation due to AC system impedance

4.7.3.1 Influence of AC system impedance on DC voltage regulation of the converter

Even if the converter terminal voltage RMS value is maintained constant, the AC system

ppdanma calses an additional \/nl’ragp rpglllafinn to appear on the DC terminals of the

(o]

QZ

F

th

Q=

—

(S

S

inusoidal currents drawn by the converter that influence the voltage regulation.

clirrent, due to AC system impedance. The corresponding voltage regulation Uy, y is:

bnverter.

his is a consequence of changes in waveform of converter terminal voltages, due to nop-

nis influence depends on the pulse number and the ratio (Rygc) of the short-gircuit power pf
e source to the fundamental apparent power of the converter at rated direct current.

DTE  Rg. is referred to the rated apparent power in IEC 60146-1-1:2009. It s ‘convenient to use R4 [to
Iculate the influence of the AC system impedance.

7.3.2 Calculation of the additional direct voltage regulation Uy, \ due to AC systen
impedance

=]

(2]
—_

gure 5 gives the additional direct voltage regulation<d|y in per unit of Uy at rated dire

UgLn = 9% Uy

not otherwise stated, it is assumed that.the RMS value of the line side terminal voltage pf
e converter is kept constant.

hen using the curves of Figure 5.for other loads than the rated load, the actual values of £,
t+ and d,, shall be taken to obtain"the actual regulation d| and from this the actual additiongl
gulation Uy, .

hat is:

/
dxt + dxb = (dXtN + dbe) x I_d
dN

used tao enter the diagram of Figure 5.
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Figure 5 — d|_\ as a function of d, for p=6 and p =12
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NOTE The parameter for Figure 5 is:

1 _Sun _Udixlan

Risc  Sc Sc

4.7.3.3 Measurement of the additional direct voltage regulation due to AC system
impedance

A voltmeter on the DC side of the converter does not indicate the inherent voltage regulatio
(see 4.7.2) but a larger regulation.

The influence of the AC system impedance cannot be measured directly by a voltmet
ndicating the RMS value on the AC voltage taken when the converter is on load.

The additional direct voltage regulation due to the AC system impedance can'be measurg
wjth sufficient approximation by an appropriate measuring circuit using an Quxiliary rectifi
connected to the line side terminals of the converter, through a transformerlif necessary.

This auxiliary rectifier have the same commutation number and pulse.number as the convert

voltage as the ripple of the converter direct voltage.

The per unit change of the output voltage of the auxiliary~rectifier during a change of th
converter load represents the per unit change in the converter direct voltage due to th
system impedance.

4/7.3.4 Influence on direct voltage regulation.of other converters connected to the
same system

flother converters are fed from the same AC system, these may cause an additional voltag
rggulation of the converter under consideration even in the case of constant RMS value of A
voltage at converter terminals.

Tp enable the supplier to take~such conditions into consideration, the purchaser shou
ndicate prior to order the power, connection, location and other main particulars of the oth
converters.

417.4 Information«to be exchanged between supplier and purchaser about direct
voltage regulation of the converter

give the AC~system data before the order. When the system short-circuit power is given f
tHis purpese; the value given should correspond to that configuration of the AC system f
which thestotal voltage regulation is to be calculated.

and the ripple of its direct voltage have the same relative phase position to the AC netwof

Tp enable the ssupplier to calculate the effect of AC system impedance, the purchaser should

n

d

U
-

C

TheSupplier should then indicate the following values:

— the inherent direct voltage regulation (see 4.7.2.6) of the converter

Ugin + UgbN

— the total voltage regulation of the converter, when the RMS value of the line side termin
voltage is kept constant

Ugtn + Ugbn + Ugin

When values of system impedance are not given by the purchaser, the supplier shou

al

Id

assume some specified finite value of the short-circuit power of the AC system or,


https://iecnorm.com/api/?name=bf82ac7c9f79181f13ec94352f99267e

- 36 - IEC TR 60146-1-2:2019 © IEC 2019

alternatively, should draw the purchaser's attention to Figure 5 by which the total voltage
regulation can be calculated for any value of the AC system short-circuit power.

Sample calculations of voltage regulation are given in Clause 5.

4.8 Voltage limits for reliable commutation in inverter mode

To prevent commutation failure or conduction-through, the design shall take into consideration
the required maximum current, the highest direct voltage and the lowest AC system voltage

mewwmmmwmm,n
into consideration.

not otherwise specified, the converter, when operating as an inverter, shall be able, to carfy
| rated current values according to the duty class, without conduction-through-at.the ratgd
minimum AC system voltage.

o =

C
O

hder transient conditions such as in the case of voltage dips due to distant faults in the A
system, a commutation failure may occur particularly at maximum DC w6ltage in the invert
mode.

W
-

The following means may be used together or separately to reduce commutation failures or
tHeir consequences:

—| lowering current limit setting;

—| higher secondary voltage;

—| lowering limit setting for rate of change of curréent;

—| fast DC circuit-breaker or magnetic contactor, to operate particularly in the inverter mode
—| higher setting of the under-voltage relay (within rated limits);

—| gate pulse train (instead of short gating signals);

—| AC filter on the synchronizing input to the trigger equipment to prevent disturbances gn
the gating angle.

These means may not prevent all of the commutation failures but they would greatly reduge
tHeir number in most applications.

Aputomatic restarting after a tripping may be specified separately, but strict precautions sha
bé¢ taken for the safety of the operators.

419 AC voltage waveform

The deviation of line-to-neutral or line-to-line AC supply voltage from the instantaneous valye
ol the-fundamental wave (for example during commutation of power converters) may reagh
0J)2 s.pu. or more of the existing crest value of the line voltage (Figure 6). Additionp
oscillations may appear at the beginning and at the end of each commutation.

Non-repetitive transients are mainly due to fault clearing and switching, as well as possible
lightning strokes on overhead lines, which may have some effect on MV and LV systems.

The following values are given as examples only on the basis of the individual converter
transformer characteristics and rating (S;y)-

a) Transient energy 400 Sy J

NOTE 1 Sy is expressed in MVA. The transient energy comes from the interruption of the transformer
magnetizing current. The magnetizing current of the transformer is assumed to be 0,05 p.u. of its rated current.

b) Rise time (0,1 to 0,9 peak value) 1 us
c) Repetitive peak value (U gy / U wm) 1,25 p.u.
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d) Non-repetitive peak value (U gm / U wm) 2,0..25 p.u.

NOTE 2 The peak value is given assuming a typical suppressor is used. Without suppressor, this value could
be 10 p.u. or more.

e) Duration above 0,5 p.u. 3..300 us

If several converters without individual transformers are connected to the same bus, the
suppressor circuits shall be coordinated with the common transformer.

Urm maximum instantaneous value of U, including repetitive over-voltages but excluding
non-repetitive over-voltages

lsm maximum instantaneous value of U, including non-repetitive over-voltages

gure 6 shows one non-repetitive transient with the amplitude U gy and~the typicpl

Ul
Uwwm maximum instantaneous value of U, excluding transient over-voltages
F
commutation notches of a 6-pulse power converter (connection No. 8, Table 1).

IEC

Figure 6 — AC voltage waveform

5| Application information

511" Practical calculation of the operating parameters
511 General

If a project requires the calculations to be performed a number of times, as an alternative to
using the figures and formulae in 4.6 and 4.7, it is expedient to use a computer or at least a
programmable calculator.

The formulae in 5.1.2 to 5.1.4 are sufficiently accurate for most cases, particularly for
standard design converters.

For letter symbols, see 4.6.2 and IEC 60146-1-1:2009, 4.2.
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5.1.2 Assumptions
The calculation implies that the following assumptions are valid:

— uniform connection;

— infinite smoothing inductance, i.e. negligible direct current ripple;
— pulse number p = 6; commutation number q = 3;

— negligible AC voltage unbalance;

— steadv.state 1 o constant dirget voltaas and currant:
teacf=-State—-6- HStaR—GH =eHag8——ahRa-cUHH-8h

9

—| angle of overlap u less than 2n/p.
5/1.3 Preliminary calculations

The fundamental apparent power is calculated as follows:
Sin = Ugi ¢ lgn

The inductive voltage regulation including the effects from the reactances of the supp
spurce and the feeder cable or line is calculated as below based on_the first formula shown
417.2.4.

oxqxs Ian
dyn =———x X, X O
xtN 2><7r><g sum Udi
where
L um = X+ X' + X', the sum of thelreactances below:
X is the commutation reactance of the converter transformer seen from th

valve side;

2
Al :[ﬂ] X is the reactance afithe cable or the line seen from the valve side through th

converter transformer;

2
Ac =[%} Xc is the reactance of the supply source seen from the valve side through th

converter transformer.

The formula above for d,;\ can be derived considering that the commutation current flow
frpom the supply source to the converter through the reactances between them. In other word
tHe commutation reactance is calculated from the sum of the reactances. In the calculatio
tHe values of reactances at the line side should be converted to those seen from the val
sides of 'the converter transformer since the voltage regulation is calculated based on tH

e

e

e

values of the valve side.

NOTE The calculations using the ratio (d,
equivalent and simple calculations. The equivalency is shown in Clause C.7.

Resistive direct voltage regulation at rated current:

A

U =
drN IdN

where

P, is the power losses in circuit resistance at rated load. The loss caused by thresho
voltages of valve devices is excluded.

I e,) in IEC 60146-1-2:2011 was removed and replaced with the

Id
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din = Pin/(Udi < lan) = BN/ St

5.1.4 Calculation of the operating conditions
5.1.41 Direct voltage
With the assumptions of six-pulse uniform connection, the following formulae apply:

a) for rectifier:

Udi XCOSa = Ud + UTO + (UdrN + UdXN)XI'L
dN

b) for inverter:

/
Ugi x cos(a + 1) = Ug +Uto + (Ugin — Ugsn ) x 2

lan

where

Ugi = Uy x32/;

Uto is the sum of threshold voltages of all valve devices connected in series in any

current path;

Il is the per unit direct current.

lan
In the common case of a converter for a DC motor-drive, the value of Uy is the DC motpr
cpunter e.m.f. E4 (proportional to shaft speed and motor flux) plus the armature voltage drqp

af rated current.

Ug :EdeEEd + Rg x IgN ><II—d

dN dN

In this case, the resistive voltage regulation Uy, includes all the voltage regulation caused Ry
tHe losses except the loss caused by threshold voltage of the valve devices: resistance of the
valve devices, armature, D€.and AC cables, smoothing inductor, transformer windings.

I other cases, Uy is the converter voltage at its DC terminals and then Uy, does not include
tHe losses in the DCycircuits outside of the converter (cables and load or source).

Ulxn includes:all the voltage regulation caused by inductances in the AC circuit: transformer
lgakage reactance, line or anode reactance, cable reactance, supply system reactance, etf.
qdee 5.1:3)

Il egrtain cases, not steady-state, the rate of current rise di/dt shall be provided for, by adding
theterm Ldi/dt to the converter DC voitage (L {5 the total inductance of the DC cifcuit):

NOTE In the case of a diode rectifier, « = 0, cosa = 1, the angle of overlap u is given by:

COS/J=1—2><%
i

The output voltage is given by:
Uqg = Ugi — (Ugr + Uto + Ugx)
5.1.4.2 Displacement angle

The following approximation gives a satisfactory result in most cases:
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Ug +Uto + Udrn x I4/14N
Ugi

CoS @y =

A more accurate formula is:

 2u+sin2a - sin[2(a + )]
~ c0s2a —cos|2(a + u)]

tan ¢

NOTE Radians are used in the latter formula.

=1

nd reactive power.

[V

=1

bwer are negative.

o

5(1.4.3 Rectifier and inverter operation

Table 4 — Example of operating conditions

Value Unit
Eun 450 \Y
lan 1812 A
Sc 115 MVA
Xe ! Rg 8 p.u.
Sin 1,25 MVA
€N 0,055 p.u.
en 0,012 p.u.
U 400 \
U6 2,1 \Y
R, 9,93 mQ

Table 5 — Example of operating points

rectifier operation, both current and voltage are considered as positive and also thé’acti

inverter operation, the current and reactive power are positive, the voltage and acti

Ap an example, Table 4 shows operating conditions and Table 5 shows operating points.

Rectifying Starting Inverting Unit
steady-state
Iyl Iy 1,03 1,6 1,175 p.u
E 1 Egy 1,055 0,0 -0,288 p.u
Uy, 540 540 540 \Y
o +5;6 2373 4 a4
Uy, 5,2 8,1 5,96 \Y
o 23,2 83,4 98,3 ° (degree)
u 5,2 4,97 3,7 ° (degree)
cosg, 0,892 0,072 -0,176 -
?, 26,9 85,9 93,3 ° (degree)
S, 1,01 1,57 1,15 MVA
P 1P, 0,899 0,113 -0,213 MW
QL 0,455 1,56 1,13 Mvar

e

e
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5.2 Supply system voltage change due to converter loads
5.2.1 Fundamental voltage change

The voltage change may be estimated using the formula:

AU S cos tan 1| XS -0
U " Se Re

here

W
X is the reactance of the supply source;
Ri- s the resistance of the supply source.

NDTE X/ Rg can vary from 4 p.u. to 10 p.u.
5/2.2  Minimum R;gc requirements for voltage change
The ratio of the short-circuit power of the supply source to the fundamental apparent power

the converter is:

S
Risc =

SN
The minimum R,gc as regards the voltage regulation between no-load and peak load is:

cos{tan‘(XCJ - q)1m}
_ Scmin " Rc

R in = =
1SCmin S1 = (AULJ
UL m

where

Shtm = Ugi * lguns

Iqun  is the rated continwous direct current (maximum value).
EXAMPLE

Agsume: XC / RC = 10, then tan_1(XC / RC) = 84,29°

Agsume: cos@yp = 0,1; then ¢, = 84,26°

Hence: ~cos[tan~ 1 (Xg / Rg) = ¢4l = 1,0

If: (AU 1 U ) = 0,08

then:  Ryscmin = 1.0/0,08 = 12,5
5.2.3 Converter transformer ratio

The actual system voltage change may be approximated in two or more iteration steps.

In the first iteration, P4, Qq, ¢4 are calculated using the estimated secondary voltage

corresponding to the on-load system voltage.

The voltage is then corrected to calculate the new values of Py, Qq, ¢4, AU /U, :
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UL(n+1) =Un x| 1-

AU

U
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The new voltage change may be used for further iterations in order to optimize the
transformer ratio and rating. However, other criteria may have to be considered such as the
voltage changes due to other causes.

As—an-exampleof calculation—operating-conditions-shown-in-Table 6-is considered—The rest
g o )

of the iteration is shown in Table 7.

Table 6 — Example of operating conditions

5.2.4 Transformer rating

The transformer current rating depends on the duty cycle.

Rated values Value Unit
C voltage Ugn 5000 \%
C current lan 2 200 A
C circuit resistance 4 0,136 Q
Transformer rating Sin 15 MVA
Short-circuit voltage
Inductive component e, 0,085 p.u.
Resistive component e 0,008 7 p.u.
$econdary voltage U 5080 \%
alve device threshold voltage drop Uio 38 \Y
S$upply source short-circuit power S¢ 150 MVA
e,y and e include AC cables)
Table 7~ Result of the iteration
Iteration
Initial Final Unit
U, 5080 4745 \Y
Uy 6 860 6 408 \Y
g 1,0 1,0 p.u.
Ey ! Egn 1,0 1,0 p.u.
Uy, 669 583 \Y
Uy, 66 57 \
a 32,7 27,6 ° (degree)
7 17,0 17,6 ° (degree)
cos g, 0,746 0,798 p.u.
? 41,7 37,0 ° (degree)
S, 15,1 141 MVA
P, 11,3 11,3 MW
Q, 10,0 8,5 Mvar
AU U 0,076 0,066 p.u.
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The transformer rating increases with the system impedance.

At no-load, the supplied voltage defines the core size and number of turns and the wound
conductor section is based on the current rating.

The transformer size also increases with tang,.

Some increase of the transformer rating can be required to provide for large overloads with a
high current rate of rise.

If
f4

=

In
th
fr

For low to medium size converters, the DC side inductance may be small and the’DC currept
ipple is high, requiring a higher current rating for the transformer.

The factor 0,816 (,/2/3, Table 1, column 8) may become as high as 0,85

ycle. Table 8 shows an example.

the minimum control angle is high for reasons of response speed, the average displacemept
ctor is lower and the transformer rating shall be increased.

3 Compensation of converter reactive power consumption
3.1 Average reactive power consumption

most cases, the converter load duty cycle is variable\with production requirements. It ip,
erefore, necessary to use a reference duty cyclecselected as the most likely or mopt
bquent.

ne average active and reactive power consumption is calculated for each portion of the duty

Table 8 — Example of calculation results of active and reactive power consumption

Constant Steady-state Constant Unit
acceleration deceleration

Duration 5 2 4.5 s
Qavg 36 12,2 21,4 MVA
P,avg 18,5 13,9 -7,06 MW
Savg 40,5 18,5 22,6 MVA
P,avg / S,avg 0,457 0,754 -0,313 p.u.
Stms 41,6 18,5 23,1 MVA

btal ‘eycle duration is 11,5 s ("forward" rolling speed).

5.3.2

Quyg = (36 x5+ 12,2 x 2+ 21,4 x 4,5)/ 11,5 = 26,15 Mvar

Pavg = (18,5 x5+ 13,9 x2-7,06 x 4,5)/11,5=7,7 MW

Srus=\(41,62 x5+18,52 x2+23 2 x4,5)/115 = 32 MVA

Required compensation of the average reactive power

The required compensation of the average reactive power is calculated using the required
value and the formula:
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Q¢ = Qavg — Pavg X tangreq = Payg x (tang,,g — tange,)

where

Pavg: Qavg is the active and reactive power consumption;
tang,yg is the calculated tang,, without compensation;
tanggq is the required average tangy;

Q. is the required reactive power compensation.

EXAMPLE

Using the data and results of the example in 5.2.2:

N Pavg = 26,15 /7,7 = 3,4

FQr: tanpreq = 0,4; Qg = 26,15 - 7,7 x 0,4 = 23,1 Mvar

It|will be found that the reactive power compensation is too high during certain intervals of the
duty cycle and too low in others. The succession of voltage changes may.require some means
of adjusting the compensation within closer limits of the required compéensation.

NPTE The publications being prepared by TC 77 and its sub-committees¢ace intended to give the acceptal]le
imits of voltage changes as a decreasing function of their frequency of occurrence and also the acceptable lim|ts
4 regards flicker.

o =
7

a

3.3 Voltage fluctuations with fixed reactive power compensation

Chpacitors used for power factor correction will/slipply more reactive power if the supply
vopltage increases and less if it decreases.

Tp account for this fact, an approximate method consists in deducting the capacitor bank
rgting from the system short-circuit powerwhen calculating the voltage fluctuation.

EXAMPLE
Using the data of the previous example@nd S, = 315 MVA
a)l The no-load voltage change, with 23,1 Mvar power factor compensation, becomes:

AU _ 231

—=——"——=0,0791
U 315-23,1

b) Peak load cerrected voltage: (acceleration at 2,3/4y and 0,978U4N)

AU _263-231+235/8

=0,021
U 315-231

The maximum voltage fluctuation is:
0,079 + 0,021 = 0,1 p.u.

NOTE The required tangoreq can be non-optimal for minimizing the voltage changes due to the resistive voltage
drop etc.

In the case of large fluctuating loads on relatively high impedance systems, the reactive
power correction may have to be adjusted rapidly, although switched capacitor banks may be
contemplated if the reactive power demand changes only two or three times per day.

Static switches or other means may be used for more frequent operations instead of
conventional contactors or circuit-breakers, which may suffer mechanical wear, and the delay


https://iecnorm.com/api/?name=bf82ac7c9f79181f13ec94352f99267e

IEC TR 60146-1-2:2019 © IEC 2019 - 45 -

time of the correction is such that the corrective action results in adding more voltage

changes and making the flicker more objectionable.

5.4 Supply voltage distortion
5.4.1 Commutation notches

5411 Notch area

The area of a commutation notch Ay, as observed between any two lines (principal notch of

efich half period), may be evaluated from:

Ugi

Ay=——d
6Xf:| XR']SC

EXAMPLE 1
f1|= 60 Hz; U\ = 460 V; Rygc = 75; Ug; = 621,2 V; Ay = 23 000 V-pus

If expressed in p.u. (line crest voltage x degrees):

180 57,3
AE = I~
nxRisc  Risc

EXAMPLE 2
The same Rqgc gives Ag = 0,764 (p.u. x degrees).
5/4.1.2 Notch width

The notch width Wy may be calculated at the converter AC terminals neglecting the effect
sfray capacitance and inductance. If all>circuit capacitance is neglected, the notch wid
rgmains the same at other points of the supply circuit towards the infinite source, while th
nptch depth decreases.

The total width is expressed in angular measure and is equal to the angle of overlap u.

Oscillations due to stray, _capacitance and inductance may appreciably change the shape
tHe commutation notches.

Iflidentical converters are operated at approximately the same gating angle and supplied fro
tHe same sourte; they may be replaced by a single equivalent converter with a rating equal
tHe total rating and the same connection and pulse number. To get the equivale
commutation inductance, the individual inductances of the converters shall be connected
parallelsand added to the common inductance.

e

514473 Notch depth

The notch depth Dy at a given point is calculated by:

_AN

Dy =
NWN

a) Converters with individual transformer

The amplitude of the commutation notches due to the converter under consideration at the

points of connection of other converters depends on the impedance of the individu

al

transformer which may be considered as an inductive element of the total commutation

short-circuit power.
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The notch depth decreases from 1,0 p.u. at the AC terminals of the converter assembly to
zero at the level of the infinite source. The calculation is similar to that used for fault
currents.

Table 9 shows an example of notch depth at the next conditions.

EXAMPLE

Supply source (50 Hz) 63 kV, 730 MVA

Main transformer 63/20 kV, 40 MVA, 0,125 p.u.

Feeder cable 20 kV, 0,32 mH/km, 130 m

Converter-transformer 20104k 2 YA B0 F oo

Table 9 — Example of notch depth
Voltage 1/S. Short-circuit Notch\depth
power (.= 90°)
kV MVA-" MVA p.u.

6 Source 1/730 730 47,2/730 = 0,065
20 Transformer 0,125/40 222 47,2/222 = 0,213
2 Line 21 x 50 x 0,32 x 1073 x 0,13 / 202 221 47,2/221 = 0,214
0J4 Conv. transformer 0,07 /4,2 47,2 47,2/47,2=1,0
NOTE The notch depth in p.u. of crest voltage is independent of the converter load and is a maximum at « = 90°
a$ assumed here; it varies as sina.

Converters with a common transformer

In this case, the commutation inductancevincludes the inductance of the converter
connecting cables which is the only individual inductance of each converter.

Consider at the next conditions.

Using the same supply source at the 20 kV level as in a) above, each converter |s
connected through a 150 m, 400V cable to a 1,6 MVA, 20/0,4 kV transformer with
0,06 p.u. short-circuit voltage.

If the angle of overlap u is small (2° to 5°) and the converters are used with non-correlatgd
values of a, the commutation notch depth is calculated as before, only adding the 400|V
cable impedance.

Table 10 shows the notch depth caused by one converter. The notch area also decreasgs
from the converfer'to the infinite source but the width remains the same, if the effect pf
stray capacitance remains neglected.

If all the.converters were operated at the same control angle and assuming equpl
impedange* for all the converter lines, their impedances shall be paralleled for worst cage
conditions.

Far example, if ten converters are connected to the same 400 V transformer and operaie
at,the same time and the same control angle, the total short-circuit power would Qe

H 14 404 NANI A/ 4 ! £ =7 A NN\ AN Lis H 4 | ! 41 H )
meredascu U 19,59 WIiVvA (ITTstSal UT 7,09 WIVA ] TCSUTUTTY 1T yrediclh TTULITT UTPUT a5 15 STTUV n

in Table 11.
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Table 10 — Example of notch depth by one converter with a common transformer

Voltage 1/S. Short-circuit Notch depth
power (a=90°)
kV MVA-1 MVA p.u.
63 Source 1/730 730 7,34/730 = 0,010 1
20 Transformer 0,125/40 222 7,34/222 = 0,033 1
20 Line 2m x 50 x 0,32 x 1073 x 0,13 / 202 221 7,34/221 = 0,033 2
0 4 r‘r\n\l. trancfaormar n‘nn L *I‘R ')Q‘Q 7‘QA/')’2’R = ﬁ”lﬁR
0J4 cCable 27 x 50 x 0,32 x 1073 x 0,15/ 0,42 7.34 7.34/7,34 = 1,0
Table 11 — Example of notch depth by ten converters operating at the same time
Voltage 1/S¢ Short-circuité Notch depth
power (a =90°)
kV MVA-1 MVA p.u.
68 Source 1/730 730 19,4/730 = 0,027
2 Transformer 0,125/40 222 19,4/222 = 0,087
2 Line 271 x 50 x 0,32 x 1073 x 0,13 / 202 221 19,4/221 = 0,088
0J4 Conv. transformer 0,06/1,6 23,8 19,4/23,8 = 0,815
ola cable 1/10 x 21 x 50 x 0,32 x 1073 x 0,15 / (0542 19.4 19,4/19.4 = 1,0

5l4.2 Operation of several converters on.the same supply line

If|several converters are connected to the same line, the interactions between the convertefs
all be considered, particularly in the d&sign of the RC circuits connected in parallel to eagh

Ive device.

The losses in the damping RC-circuits will increase with the number of converters. For|a
six-pulse bridge converter @perating alone on the line, with RC circuits in the arms, the
losses in the resistor duelto commutation notches are in the worst case (that is with the
trigger delay angle a =°90°):

Prax = 3,5 x Uv2 x C x fy

where

C is the\capacitance in one RC circuit;

v, is‘the RMS voltage at the terminals of the converter assembly;
f4 is the fundamental frequency;

Ruriax is the losses for one RC circuit.

In practice, the converters will operate with a = 90° only for short periods of time and the
losses will then be much lower (exception: for example paper machines, when cooling of
drying cylinders, may run for several hours at 0,02 p.u. to 0,05 p.u. speed). The following
formula may be used:

Payq = 3,5 x U2 x C x f; x sina

avg
If several converters operate on the same line, the losses in the damping RC circuits of
each converter will increase in proportion to the amplitudes and number of notches at its
line terminals.

Therefore, the losses induced in a converter by notches originating from another converter
are mainly dependent on the trigger delay angle of both converters, the possible overlap
of commutations and the relative importance of individual impedances.
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In most cases, it will cause no problem to connect up to 4 converters to the same line, if
sina. < 0,5. If more converters shall be connected, the problem requires to be considered
in detail.

The damping capacitor in the parallel connected converter will also increase the di/dt
stresses if the decoupling inductance between converters is low, which is the case if the
connecting line is short and no line side reactor is included.

The converters will also cause a voltage drop in the line, which shall be considered in the
converter specification. This is especially important if the converters shall be used in the
inverter mode.

[3,)

(=2

5.1 RMS value of the line current

M.S value of the line current can be calculated as follows.

Quantities on the line side

First approximation (neglecting overlap), see 4.4.3.

A more accurate formula may be used for a three-phase bridge,connection when the
trigger delay angle « and angle of overlap u are known:

I (et 1) = I xy[1-3y(a p1)

where

I_ is the value by the first approximation;

sin u x [2+cos(2a +,u)]—yx ['1 + 2% cos a x cos(a +y)]
vl u)= >
2x 1 x [cose — cos(a + u)

using angles in radians.

The values of /'(a,1)/I, can be found.in Table 12.

Table 12 - Values of I (a,u)/I,

It (et )/
H a=0° a=15° a=30° a=60° a=90°
degrees
5 0,994 0,993 0,993 0,993 0,993
15 0,983 0,979 0,979 0,979 0,979
25 0,972 0,966 0,965 0,965 0,965
35 0,960 0,953 0,951 0,950 0,950

c)

When the relative DC side inductance is low, the real RMS value of the line current may
become larger than what is calculated by the methods indicated in a) and b) due to the DC
current ripple. See also 5.2.4, two last paragraphs.

5.5.2 Harmonics on the line side, approximate method for 6-pulse converters

5.5.2.1 General

At an early stage of the design, the formulae and Figure 7 of the following 5.5.2.2 and 5.5.2.3
may be used when the converter size is known by its transformer rating. Harmonics can be
calculated easily by a computer simulation.
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5.5.2.2 Current

The following formula can be used to calculate the harmonic current spectrum when the
trigger delay angle o and the angle of overlap x are known and direct current ripple can be

neglected.

\/a2 +b?% —2xaxbxcos(2a + u)

Ihe =1L % g

where

I44  is the fundamental current;

h is the harmonic order;
al= 1 xsin{I=xu :
h-1 2
bl 1 Xsin(h+1)xy;
h+1 2
d|= h x {cosa — cos(a + u)} or
d|= 2 x h xd,.
Flgure 7 shows results at some typical cases.

The fundamental current is given by:

clhart assumes smooth direct ctirrent.

P

expected cancellation.

I, is the harmonic current at the trigger delay angle o;

In the case of inverter operation, use extinction angle y instead of trigger delay angle «. Th

NDTE 1 Depending on the DCMNoad circuit inductance, the direct current ripple can increase the 5™ harmor
cyrrent by 0,3 p.u. or more andthe 11" ... (6k — 1) to a lesser extent. The 71" ... (6k + 1) is normally lowered.

DTE 2 Other uncharacteristic harmonics can remain due to the supply voltage unbalance which prevents t

S

ic

e
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Figure 7 — Harmonic current spectrum on the AC side for p
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5.5.2.3 Voltage

The harmonic voltage U, is the product of the harmonic current /,, and the harmonic
impedance of the system Z,;

Upg =2Zp x Ipg

The harmonic impedance of the system, in the absence of capacitor banks and long supply
lines, may be approximated using the following formula applicable to transformers:

24| =

U, [1+1/(Qx Q) +1/(hxQ,)?
Sc 1/Q,% +1/h?

here

W,
Qs =Xs/Rg(about 8 p.u.to 12 p.u.);

= Rp I Xg (about 80 p.u. to 120 p.u,);

5 = U X

is the series resistance corresponding to the load losses;

is the parallel resistance corresponding to the no-load ‘losses;
is the leakage reactance of the main transformers:

ne following formula gives the relative harmonic! voltage referred to the line-to-neutrpl
ltage.

|Uh0‘| _SIL Ipg \/1+1/(QSXQP)2+1/(’7XQS)2

B L LN ELU TN
Un/43 Sc I 1/Qp2 +1/h?

[3,]

5.3  Minimum R, g requirements for harmonic distortion

Harmonic distortion may be reduced by increasing the pulse number p of the converters. Thijs
usually done by a combination of several basic 6-pulse converters.

&

The order of characteristic harmonics is given by:
h=kxp+1; k= positive integer

Those harmonics that result to be characteristic for the basic 6-pulse converter units and nop-
characteristic for the complete converter usually are not completely cancelled and may reagh
0J05.p:d. to 0,15 p.u. of the value for the basic 6-pulse converter.

Using the conservative value of 0,15 p.u. for non-characteristic harmonics, Qg = 8 p.u,,
Qp =100 p.u., the following Table 13 has been calculated for different values of

S 1
Sc  Risc

andp=6-12-18 — 24.

It also gives the value of the lowest order characteristic harmonic and the notch area in
p.u. x degrees (Ag at a = 90°).
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Table 13 — Minimum R;gc requirement for low voltage systems

THD 2 p=6 p=12 p=18 p =24
R1SC A Us R1SC AE Uq1q R1SC A Uq7 R1SC Ag Uzs
p.u. p.u. p.u. p.u. p.u. p.u. p.u. p.u.
X X X X
deg. deg. deg. deg.

0,01 231 0,25 | 0,004 1 | 150 0,19 0,004 3 | 106 | 0,18 | 0,005 5 99 0,14 0,005 4
0,015 154 0,40 | 0,0062 | 100 0,29 0,006 5 71 0,27 | 0,008 1 66 0,22 0,008 1
0,03 77 0,74 10,0123 50 0,57 0,013 0 35 0,551 0,016 5 33 0,43 0,016 3
0,05 46 1,24 10,0206 | 30 0,93 0,021 7 21 0,91 | 0,027 5 20 0,72 0,026 §
0,08 29 1,98 | 0,0327 19 1,51 0,034 2 13 1,47 | 0,044 4 12 1,19 0,044 74
0,1 23 2,48 | 0,0409 15 1,89 0,042 8 10 1,84 | 0,0555 9 1749 0,055

NOTE 1 For MV systems, use R gcpin = 3 X Rygc @ minimum requirement (resonance allowance).

NOTE 2 For HV systems, use R 2 x Rygc @s minimum requirement (resonance allowance).

1SCmin ~
NPTE 3 Not to be used for systems with directly connected capacitor banks or filters:
NOTE 4 Use S, for distortion corresponding to rated apparent power.

NOTE 5 Interpolation: THD x R,g = constant for a given p.

NPOTE 6 The total harmonic distortion is given as the contribution of the converter to the existing distortion.

NPTE 7 The notch area is given for one single notch, without multiple commutation.

O

THD = total harmonic ratio (total harmonic distortion)

[3,]

5.4 Estimated phase shift of the harmonic currents
Uking the simplifying assumption of astrapezoidal wave-shape, the phase shift is given by:

—| for the fundamental current (see 5.1.4.2): ¢,

—| for the harmonic current of-erder h:
ph=(1xtkxp)xp;+kxpx0

where

k is a positive integer;

p is the pulse number;

6@ is'the transformer phase shift.

5155 Addition of harmonic currents

If several converters are supplied from the same source, the harmonic components of like
frequency may be added up vectorially if the phase relationship is known, including
transformer phase shift, if any. However, minor fluctuation on design parameters, operating
conditions, etc. may lead to a low accuracy in the calculated results, particularly for harmonic
orders above 13th or 17t because the angle error is multiplied by kp (for example 12 or 18).
In the higher range of the harmonic spectrum, the uncharacteristic harmonics may well
exceed the characteristic harmonics.

5.5.6 Peak and average harmonic spectrum

Harmonic currents are proportional to the fundamental current. Peak load harmonic currents
and voltages and their effect, particularly on the crest voltage of capacitors, should be
checked. But capacitors and other circuits elements are capable of short time overloads


https://iecnorm.com/api/?name=bf82ac7c9f79181f13ec94352f99267e

IEC TR 60146-1-2:2019 © IEC 2019 - 53 -

particularly if their average overloading is moderate. Therefore, the RMS current in capacitors
is allowed to exceed the capacitor rated current (for example 1,3 p.u. rated current,
continuous duty).

5.

5.7 Transformer phase shift

Using the appropriate transformer winding connections, the harmonic current phase shift may
be used to virtually eliminate some of the harmonic currents. Table 14 shows examples.

Table 14 _ T g | hift and | . I

Transformer phase shift Harmonic orders

Pulse number

degrees Uncharacteristic Characteristic

Py
(o) I N ¢ BN \V]

0 30 5-7,17-19, .. 11-13, 23-25,)..
0 20 40 5-7-11-13, .. 17-19, 3%-37, ..
0 15 30 45 5..19, 29..37 23-25,.(47-49) ..
0 10 20 30 40 50 5..31, 41.. 85-37

In

of

5

n

Other factors such as direct current ripple, phasesunbalance, also have an effect on th
h

s¢quential gating of converters may be\used with advantage:

actual transformer design, particularly for small numbers ofutfs, the exact cancellation
bt possible and uncharacteristic harmonics may be expected to'remain, up to 0,05 to 0,2 p.
the theoretical value for the equivalent 6-pulse connectionwith the same (total) rating.

rmonic spectrum.

5.8 Sequential gating, two 6-pulse converters

certain cases where minimizing reactive power consumption is considered essentig

the reactive power consumption”is considerably reduced for DC voltage values belg
0,5 p.u. of the rated or maximum value. This is particularly useful for large reversing mil
where the roll bite occurs at*about half speed and the steady-state intervals are relative]
short;

the two 6-pulse conyerters may be fed from the same transformer YY or DD. The harmon
spectrum is nearér, that of the 12-pulse connection than that of the 6-pulse connectio
whenever:

aq — 0y = 30°

fornetworks where short power outages are to be expected, the operation of the invert

pwever,\these advantages may not be sufficient to compensate for the other consequences|:

S

j o=

e

W
Is

y

ic

eI

section is impaired with passible tripping or fuse blowing:

the harmonic spectrum is often similar to the 6-pulse connection typical spectrum: the
reduction of the 5t-7th 17th-19th = harmonics is valid only when |ay — a,| = 30°.

Therefore the harmonic filter, if any, shall be designed for it;

the reduced reactive power demand would permit the capacitor rating to be lowered but

the harmonic overloading may require some oversizing of the capacitors.

Therefore, it does not seem possible to give a simple rule in such cases and several
alternatives may have to be compared in each case of application, depending on the supply
system and operating conditions.
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5.6 Power factor compensation and harmonic distortion
5.6.1 General
The use of power capacitor banks is increasingly necessary due to the energy saving policy:

a) the Supply Authority may specify a minimum power factor;
b) the power losses in cables and transformers are increased by the reactive power;

c) the transformers, cables, switchgear may be overloaded without compensation.

9

Hpwever, the use of capacitors should be studied carefully if converter loads are a significa
part of the system load.

6.2 Resonant frequency

ay be used at a preliminary stage of the design to find the estimated resonant frequenc
nd amplification factor. The system impedance is assumed to be purely inductive/resisti
(Rs =8 p.u., Qp =100 p.u.). The cable capacitance should be added tg the capacitor bank.

5
ALC motor loads may significantly change the harmonic impedance and the chart in Figure
m
a

5/6.3 Directly connected capacitor bank

Ffom experience, the use of directly connected capacitor banks on the AC side of a convert
wjthout transformer is not recommended, particularly if the“minimum operational AC mot
lgad is small.

The power factor correction would be provided {for preferably on the primary side of tH
converter transformer to avoid extremely high di/dt stresses on the semiconductors. Chok
rgactors may be used to minimize these stresses, but the harmonic currents may still overlozg
directly connected capacitors, although the“capacitor connecting cables introduce son
rgactance.

Cpre should be taken also in the Gase of radio interference filters which may suffer fro
harmonic current overloading.

516.4 Estimation of the resonant frequency

The resonant frequency of’a capacitor bank with the system inductance is given by:
fr = hr X f1

where

fr :VSC/QC ;

8

e

® Qd® O

m

Q.\.vis the capacitor bank rating.

If the AC motor load Sy, is significant, use Figure 8

where

S S
Rey ==% and Ryy =M
sY =5 MY =5

Cc Cc
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o A Amplification factor
170 S - /‘\\
160 / =
AT
150 /
4
T ] / 4 3
130 ! / / \Z /
/ / [ / /
120 f i > 5 >
I / // e
110 # ~ ~
/ / ><
100 | / //
,' / \/ / - h=13
/
90 | I / / -
80 | | / / _
| I / 7 7
70 L ! / z
I T 7 7 V
60 A / // b R
T T 7 / pd
| / 4 s -
I iy y / - h=11
/ P -
402 —=F—J=g==4f __./ / -
40 ;T / &[ P
30— L1 A = d
N ViVaZA h=7
20 H ¢/
/ &
10 : S
| h=5
0 ' -
0 1 3 4 5 6 7 8 R,

IEC

NOTE The amplification factor value is only/valid in the regions close to the intersections, not along the dott¢d
pgrt of the lines.

Figure 8 — Influence of capacitor rating and AC motor loads
on the.resonant frequency and amplification factor

XAMPLE
92 MVA, 20 kV

1 MVA (total 850 kW, cos gy = 0,85)
500 kVA (400 kW DC motor)

2 MVA, 20/0,4 kV, e = 0,06 p.u.

Lpply source:
C motor/load:

Lpply transformer:

E
S
A
Cpnvertef load:
S
P

bwer factor correction: AC motor: 250 kvar
converter: 360 kvar
total: 610 kvar
Short-circuit power at 400 V bus: 24,5 MVA
Expected resonant frequency:
£ o 245t _634xf,
0,61

Co-ordinates for use of the chart, Figure 8:
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Ryy = Sy / Qe =1/0,61=1,64

Rsy = Sc/ Qy = 24,5/ 0,61 = 40,2

The corrected resonant frequency is found close to 7f;.

The amplification factor may be expected to be about 4.

9

The R4 is 24,5/0,5 = 49 and from Table 13 (6-pulse converter), the THD would be 0,05 p.u.

a
th

a

nd the 7th harmonic 0,02 p.u. but the amplification factor would give 0,02 x 4 = 0,08 p.u.\f

c] In order to limit the inrush current, choke reactors,are often used with about 50 uH
60 uH inductance (MV system). However, the{resulting series "tuning" frequency sfll
remains in the order of 50 to 70 times the rated.frequency for MV capacitor banks.

d) If the parallel resonant frequency is found:te be close to one of the existing harmonics,
may be necessary to use a detuning reactor with a larger inductance than that of a chok
reactor. For example, in the case of’a 12-pulse converter, the residual 5t and 7
harmonics if amplified by a factor of*6-to 10 may result in capacitor overloading and oth
unwanted effects.

e) In such a case, a detuning reactor may be used to shift the resonant frequency to a low
value (below the 5t" but not{o coincide with the 4th nor the 3™ harmonic). Damping ma
be improved by an additional resistor.

f)l The following formula'may be used as a first approach:

A1, Q
hr|2 haZ SC
where
h, f+ s the new resonant frequency;
hff; is the tuning frequency;
Q is the capacitor rating:
Sc is the system short-circuit power at the capacitor bus-bars.

EXAMPLE

Q. = 2,56 Mvar

h', =425

Sc =125 MVA

h, =5,35

fa = ha f1

e 7th harmonic which may be acceptable for an in-plant bus bar, but not for a public netwo

6.5 Detuning reactor
detuning reactor should be adopted to prevent resonance.

A power capacitor is usually made of a number of parallel and series-connected capacit
elements, made from aluminium foil wound with a dielectric film. The inductance of th
capacitor gives a self-resonant frequency in the order of 10 kHz t0.50 kHz.

In addition to this, the inductance of the connecting cables may introduce a lower resona
frequency, which may be as low as 2 kHz to 5 kHz depenhding on the length, size ar
arrangement of the cables. (The cable capacitance/may be neglected against th
capacitor bank up to several kilohertz).

Dr
k.

DI

t

th

This is the required tuning frequency.
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NOTE In this example, the tuning frequency is above the 5™ harmonic, but if AC motor or other loads and sever
values of S; have to be considered, the formula above and the chart Figure 8 may not be sufficient, particularly
the R, 4 factor is on the borderline of the required compatibility level.

5.6.6 Ripple control frequencies (carrier frequencies)

al
if

In most public networks, the remote control and monitoring (switchgear, voltage control, load
flow parameters) are operated using a superimposed control voltage with a particular rated
frequency which may be 175 Hz, 188 Hz, 595 Hz or other frequencies different from any

significant harmonic of the power frequency.

ncrease the system impedance at a particular frequency, which may amplify stray transie
which could impair the ripple control system.

This problem should be examined in co-operation with the relevant authorities.~The use
blocking filters may be contemplated, for preventing both the attenuation)of the wante
signals and the amplification of stray transients in the frequency range of\the ripple contr
system.

The RMS value of the harmonic component of order h, of the stiperimposed AC voltage (ripp
¢mponents), referred to the no-load ideal DC voltage is{ calculated by the next formul
Flgure 9 shows its results for p = 6.

5|7 Direct voltage harmonic content
c

_Vdai

2

Up x\/ez+f2—2><e><f><cos(2a+y)

Harmonic order h = k x p; with: p = pulse number; k = positive integer.

where

el= L xcos(h_1)xy;
h-1 2

fl= 1 xcos(h”)xﬂ.
h+1 2

NDTE A harmonic component of order 2f, will appear if the AC side voltage is unbalanced. Its magnitude referr

to|Uy; is approximatgly,equal to the negative sequence voltage referred to the rated value (positive sequence).

Other non-characteristic harmonics will also arise if the gating signals are unevenly spaced over a period.

I certain cases, the use of capacitor banks, possibly with choke or detuning reactor, Wt
i n

ill
]

Df
d
DI

e

bd
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Figure 9 — Direct voltage harmonic content for p = 6

5|8 Other considerations
5/8.1 Random control angle

For the case of many converters used with uncorrelated duty cycles, the estimation of th
rgactive power demand.and harmonic current spectrum may be based either on the wor
case conditions or-@n the available data: type of industry, type of application or previoy
experience on similar applications.

The worst ¢ase approach leads to a higher safety margin, the usual result being increasq
size, cost and losses. It should not be used, unless the worst case conditions may exist wi
more than, for example 0,05 p.u. probability or for more than a few minutes per hour.

In-most cases,the design-should be based on the most likely conditions subject to checkir

g

that no damage would occur in the worst case conditions although the performance may not

be achieved.
In certain cases, the optimum design requires the consideration of a number of alternatives.

5.8.2 Sub-harmonic instability

Cases of sub-harmonic instability have been recorded, some of them attributable to excessive
harmonic distortion with variable wave deformation. This is a case of a converter being
disturbed by itself due to the influence of unsuspected resonance of a capacitor bank with the

system inductance. It may appear for a frequency up to that of the 4th harmonic, particular
for high performance, fast response control.

ly
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5.8.3 Harmonic filters

If no solution can be found with changing the resonant frequency or the capacitor rating and
generally if the distortion is too high, a harmonic filter may be required.

This is outside the scope of this document.

5.8.4 Approximate capacitance of cables

|f§mwmmmwmmmwmwwma
particularly for extensive systems.

Table 15 was calculated using the average value of 0,32 uF/km to 0,25 puF/km depending gn
tHe insulation level and cable section.

Table 15 — Approximate kvar/km of cables

Supply frequency System voltage kV
Hz 6 10 13,8 15 20 25 30 63 90 150
50 3 8 16 19 33 51 73 317 643 177G
60 4 11 20 22 42 65 92 391 784 2 121

5/9 Calculation of DC short-circuit current of converters

The steady-state value of some converter currenis_in case of short-circuit on the DC side pf
tHe converter can be evaluated using Table 16.

The table gives the ratio of the short-circuit current to the value of Igy/exn for some of the
connections listed in Table 16.

Table 16 — Short-circuit values of converter currents

Table 1 Valve side current Arm current value DC current
conr::ftion RIS RMS Poak Average average value

p.uU. p.u. p.u. p.u. p-u-
1 0,71 0,71 1,41 0,45 0,90
2 0,74 0,74 1,15 0,55 1,65
3 0,33 0,33 0,66 0,21 1,27
5 0,29 0,29 0,58 0,18 1,10
6 0,22 0,22 0,44 0,14 0,85
7 1,00 0,71 1,41 0,45 0,90
8 0,82 0,58 1,15 0,37 1,10
9 0,40 0,28 0,56 0,18 1,07
12 0,80 0,56 1,12 0,36 1,07

5.10 Guidelines for the selection of the immunity class
5.10.1 General

As for electromagnetic compatibility, see IEC 60146-1-1:2009, 3.9, 4.3.3 and 5.4.1.
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5.10.2 Converter Immunity class

The immunity classes A, B and C and immunity levels for each class are defined in
IEC 60146-1-1:2009, 5.4.1.

a) Class A levels are used for converters intended to meet severe line conditions such as in
the case of several converters directly connected to a common transformer (converter
dedicated bus bar) with low Ryg¢.

Such converters may also be preferred for cases where the probability of exceeding class
B or C levels is low but the consequences of a failure would be costly or dangerous or if
other converters or disturbing loads are planned to be added in the future.

b) Class B levels are used for converters intended to meet the average conditions)'to he
expected in most places, most of the time. They may be used on generak purpoge
industrial systems, together with other types of loads such as AC motors.

Such converters may also be used for severe line conditions, provided corrective means
are used to improve these conditions (surge suppressors, isolating transformers, harmonjc
filters, static compensators) as required to keep the disturbance levels below class |B
immunity levels with a low enough probability of being exceeded\to® meet the requirgd
availability.

O

c] Class C levels are used for converters that may be used in thelcase of widely disperse
low power units with a relatively large R4g¢, for non-critieal functions, on systems with
fairly constant load.

These may be used on high quality systems provided.their use on such systems does npt
appreciably change the disturbance levels.

10.3 Selection of the immunity class

L

bnditions that are to be compared with the\specified immunity levels of immunity classe

5

The selection of the immunity classes of converters implies the assessment of their servige
c

Therefore, a good knowledge is required ofthe operating conditions of the supply network.

It|is assumed that the design of supply network follows good engineering practice with dye
rggard to current carrying capability,~short-circuit and overvoltage protection, power factor, efc.

It]is also assumed that the network capacity is adequate to supply active and reactive power
as$ required by the loads inctuding converters, within allowable voltage immunity levels. As|a
first step it is deemed neceessary to get information on conventional network parameters sugh
a$ frequency variations' and AC voltage amplitude and unbalance at the most important
junctions of the (network, under steady-state and transient conditions. In so doing,
consequences of non-linear behaviour of converters can be disregarded and only fundamentgl
components oficonverter quantities taken into consideration.

Then, toscomplete assessment of electrical service conditions of converters, all aspec}s
pertaining to voltage and current waveforms should be considered.

This wittattowa good adaptation of converters to their fimat uses and to the etectricat service
conditions of their supply buses. But one should keep in mind that those conditions may vary
with the number of loads connected, the supply bus connections, the variations observed on
public network, etc.

Evaluation of the parameters of voltage and current distortion can be performed using
information already given in this section.

An example is added in the following.

If a converter complies with immunity levels of a certain class, say B, converter generated
disturbances, when added to existing disturbances on the line, shall not exceed the immunity
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limits of the selected class (class B in this example). Therefore, transformers or AC reactors
are usually needed, with the only possible exception of class A converters.

EXAMPLE

See the diagram of Figure 10 that shows a simplified diagram of power distribution for an
industrial plant (below the dashed line) and the relevant elements of its supply network (above
the dashed line).

Ratlngs and other relevant quantities are included Iin Figure 1TU.

HT = 130 kV
S, =2000 MVA

40 MVA
TA 130/20 kV
0,125 p.u.

MT = 20 kV

HT = 130 kV
S, =2000 MVA

40 MVA
TA 130/20 kV
0,125 p.u.

MT =20 kV

PUBLIC DISTRIBUTION S, =275 MVA S, =275 MVA

N.O.

500 m cable
0,32 mH/km

pCC
S, =260 MVA

INPLANT DISTRIBUTION

T1 N 400 kva T2 N 1mva T3 600 kvA T4 -\ 1 MVA
20/0,4(kV 20/6 KV 20/0,4 KV 20/0.4 KV
0,045.p.u. 0,045 p.u. 0,045 p.u. 0,045 p.u.
BT1= 400 V MT=6KV |BT2=400V BT3 =400V
)= 2,6 MVA S.= 13,8 MVA S, =20,5MVA
60 uH
CDSO kVA 20 m cables
(0,04 p.u. SR
c1 M1 M2 c2 c3 c4 c10
M M
~ ~
250KVA  AS 800 KVA 350 kVA S, = 300 KVA 8 DC motor drives

S, N = 50 kVA U =400V
PM =100 kW each

IEC

Figure 10 — Example of power distribution
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NOTE 1 The HV to MV transformers (TA and TB) are never operated in parallel. In case of failure of one
transformer the other can supply also the loads of the failed transformer within its overload capability
(1,3 p.u.).This prevents any change of short-circuit power on public distribution network.

NOTE 2 The example does not include power factor correction capacitors, as usual in case of a first approach for
evaluation of the severity of voltage distortion.

NOTE 3 The DC motor drives connected to LV3 bus-bar are assumed equivalent to a single converter with a
diversity factor of 0,8.

NOTE 4 The example does not take into consideration the contribution to the short-circuit power from the AC
motors.

Apsumptions on types of lines:

MV "public distribution" (outside user's premises) and "in-plant distribution;

LYV1 "high quality line" for sensitive (low immunity) equipments and\ convertefs
complying with immunity levels of class C, like C1;

LY2, MV1 "in-plant distribution line" for general purpose equipments-and convertefs
complying with immunity levels of class B, like C2;

LY3 "converter dedicated line" for converters complying with immunity levels pf
class A, like C3 to C10.

Cpbnverter classes

Cpnverter C1: class C

Cpnverter C2: class B

Cpnverters C3 to C10: class A.

Table 17 shows calculated data for the plant of\Figure 10.
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