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INTERNATIONAL ELECTROTECHNICAL COMMISSION

SEMICONDUCTOR CONVERTERS -

GENERAL REQUIREMENTS AND LINE COMMUTATED CONVERTERS -

Part 1-2: Application guide
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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 fourth edition cancels and replaces the third edition published in 1991. This fourth edition

cons

titutes a technical revision.

This fourth edition includes the following main changes with respect to the previous edition:

a) re-edition of the whole document according to the current Directives;

b) ¢

orrection of some errors.
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SEMICONDUCTOR CONVERTERS -

GENERAL REQUIREMENTS AND LINE COMMUTATED CONVERTERS -

Part 1-2: Application guide

1 Scope

This
IEC

cases. Background information is also given on technical points whighi

use

This

spedification, except as regards certain auxiliary components,

may

2

The

of th

part of IEC 60146 gives guidance on variations to the specifications give

not provide the necessary data.

Normative references

N in
ecial
the

pIf a
ards

hent.
ition

IEC p0050-521:2002, International Electrotecknica ictor
deviges and integrated ci

IEC p0050-551:1998, | dl Vocabulary — Part 551: Power electrohics
IEC p0050-551- ] Elextrotechnical Vocabulary — Part 551-20: Ppwer
elecironics — Harmogic apély

IEC p0146-1-1:20 L converters — General requirements and line commutated
converters Pa¢t 1-K ifice of basic requirements

IEC p0O1 Semiconductor converters — General requirements and line commdtated
convgrters Pa ormers and reactors

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

|IEC BO66B4-1 [nsulation coordination for pquipmpnf within Inw-\/nlfngp systems-
Part 1: Principles, requirements and tests

IEC 61378-1, Convertor transformers — Part 1: Transformers for industrial applications

IEC 61148, Terminal markings for valve device stacks and assemblies and for power
converter equipment

3 Terms and definitions

For the purposes of this document, the terms and definitions given in IEC 60146-1-1:2009,
IEC 60050-551, IEC 60050-551-20, several of which are repeated here for convenience, and
the following apply.
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3.1 Definitions related to converter faults

3.1.1

breakthrough

failure by which a controllable valve device or an arm consisting of such devices loses its
ability to block voltage during the forward blocking interval

[IEC 60050-551:1998, 551-16-60]

NOTE See Figure 1a). Breakthrough can occur in rectifier operation as well as inverter operation and for various
reasons, for example excessive junctlon temperature voltage surges in excess of rated peak off-state voltage,
excegsiverateofriseofoff-state vultagc Of apulluua gatc current:

3.1.2
false firing

firing of a latching valve device or an arm consisting of such device§
[IEC|60050-551:1998, 551-16-63]

3.1.3
breakdown (of an electronic valve device or of a

failure that permanently deprives an electronic valv
block voltage

g arm of its propenty to

[IEC|{60050-551:1998, 551-16-66]

3.1.4
firing failure
failure to achieve conductiQ
during the conduction i

[IEC|60050-551 ,

NOTEH

ice or an arm consisting of such deyices

3.1.5

conT/u
in in

normal conductignnl

f the

[IEC|{60050-551:1998,551-16-64]

NOTH .‘See Figure 1c)

3.1.6
commutation failure

failure to commutate the current from a conducting arm to the succeeding arm

[IEC 60050-551:1998, 551-16-59]
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Figure 1a) Breakthrough in arm 2 IEC 2983/10

Ur Us

IEC 2984/1()

Figure 1b) Firing failure i«

on through related to arm 3
IEC 2985/1

3.2
3.2.1

hnce
and

NOTH

3.2.2
commutation transients on the line (repetitive transient)
volt£e transients produced on the a.c. line after commutation

NOTE See 7.4

3.3 Definitions related to temperature

3.31

thermal resistance

Rin

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

[IEC 60050-521:2002, 521-05-13, modified]
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NOTE For most cases, the power dissipation can be assumed to be equal to the heat flow.

3.3.2

transient thermal impedance
Zi

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
gausing the change of temperature. Immediately before the beginning of this time intdrval,
the distribution of temperature should have been constant with time.

NOTH Transient thermal impedance is given as a function of the time interval.

3.3.3
virtdal (equivalent) junction temperature
T.
V|thu bl temperature of the junction of a semiconductor devi

[IEC|60050-521:2002, 521-05-15]

NOTH 1 The virtual junction temperature is no ice.
NOTH 2 Based on the power dissipation and the\ the fsta that
corre$ponds to the mode of operation, the virthal jurctie y cified
relatignship.

3.3.4

virtyal temperature
internal equivalent temperature (o s
theofetical temperature Whigh\ is based,“on_a—si

and

[IEC

4 | ductor power converters

4.1

4.1.1

Semjconductor power converters are used in most industries for the conversion of elecjrical
powersand also to facilitate the conversion of mechanical, chemical or other energy|into
electrical power and vice versa.

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

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) D.C. load, stabilized/adjustable voltage/current control;
b) A.C. power controllers (a.c. or d.c. output);
c) A.C. variable frequency:
— line-commutated converters;
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— slip energy recovery;
— machine-commutated converters;
— self-commutated converters:
— voltage stiff (voltage source);
— 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);

omputer power supplies;
raction substations, railways, tramways, mines, electric vehicles;

elephone power supplies;

adio transmitter d.c. supplies;

d
T
T

j) Hlectromagnets, field supplies;
F
Arc furnace d.c. power supplies;
S

olar photovoltaic energy conversion.

4.1.3 Supply source conditioning (active and r

c) lIsolated, standby or dispersed gen nt q
d) O.C. or a.c. supplies particuls olarswind @r chemical energy.
NOTH Some of the appligatiens,.lisied above { ubjeéct of particular IEC Publications now existing|or in

prepdration.
4.2 Equipmer@

4.2.1 Main itey
See 6.6.2 of
4.2.2

See |[EC 61148

4.2.3 Additional information

4.2.34+—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.

4.2.3.2 Supply source
The following information is necessary to confirm the supply source conditions.

a) Voltage and frequency (if applicable); Range of rated values, unbalance, short time
outage;

b) Short-circuit power (or description of cables, lines and transformers): minimum, statistical
average, maximum values;
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c) Other 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.

a) Output voltage and frequency (if applicable);
b) Required range of variation (continuous or stepwise);
c oltage and/or current reversing capability (quadrant(s) of operation);

o

imits of permitted voltage/current/frequency variation;

)
)
)
)
)

D

\
L
(Gharacter of load;
1

—h

)

4.2.3.4 Environment specification

ype of earthing.

The following information is required to design the cooling
converter.

a) Temperate, tropical, arctic climates;

b) Temperature, humidity, dust conte , IEC 60664-1, degr¢
i$ applicable);

¢) Unusual service conditions;

d) Qutdoor/indoor installation;

e) Hrotection class (accor

f) CGompliance with speci

4.2.3.5 Electrical s

The ffollowing in
to cqdnfirm the details

b) Immunity.Class ©

rIore parameters.
4.2.

4.2.41 Abnormal temperature conditions

The preferred values of specified ambient temperature conditions are given in IEC 6014
1:2009, 5.2.1 to 5.2.2.

For cases where special conditions have to be considered the following is applicable.

a) Different cooling medium temperatures may be specified for the assemblies and for
converter transformer. The values of cooling medium temperatures relating to
transformers are given in IEC 60146-1-3:1991 and those relating to assemblies are g
in IEC 60146-1-1:2009.

b) The maximum and the minimum ambient temperatures or the cooling medium tempera
may be specified by the purchaser or by the supplier.

e.and so on of the

e,

iven

the equipment: a different immunity class may be selected for one or

6-1-

the
the
iven

ture
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4.2.4.2 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 IEC 61378-1 or IEC 60146-1-3:1991.

4.4 Calculation factors

4.4.1 General

Calcplation factors are shown in Table 1 for each converter connec!
and fefinitions refer to 4.2 of IEC 60146-1-1:2009 and 4.6.2 of this

bols

©
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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;

U is the no-load transformer valve winding voltage;

Uim is the ideal crest no-load voltage, appearing between the end_terminals cl)f an
arm neglecting internal and external voltage drops in valyes, akno(lead.| The
ratio remains the same at light load current close to theAransjtion cugrent.

NOTH For connections No. 5, No. 11 and other connections employing interphas \ j m/ Udi
incregses at no-load.

4.4.3 Line side transformer current factor

lqis
jular

The [quotient of the r.m.s. value /' of the current on
indigated in Table 1, column 8, on the assumptig

way fconnections:

whele
UL
Uyo is the vQ

For different value

NOTH

0<a«a

P I'L T—a
—< a<T; —
3 Iq V n:

4.4.4 Valve-side transformer current factor

The quotient of the r.m.s. value /, of the valve-side current in each terminal of the transformer
and the direct current /; 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<Z; ll=‘/§z0,816
3 Iy V3

£< o< T ll: Ta

3 ’ lq ks
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4.4.5 Voltage regulation

Table 1, column 12, gives the ratio:

dxtN
exN

between the direct voltage regulation d,,\ at rated load due to the transformer commutating
reactance, referred to Uy and the inductive component e,y of the transformer impedance
voltage at rated line current /| for the whole equipment, expressed as per unit of the rated
alter| alllig voltage U N, the seconddries Delng short-circuied according to COlumim 17

The of a

For exN
depgq

NOTH

NOTH e line
curre \ and
1,632

4.4.6

The ts in
Tablp

4.4.7%

Tablg 1, column 16, dives i ' i i d on
the phort-circuit fest i ing to
columns 13, 14 a .

The

4.5
4.5.1
4.5.1.

When dipdes or thyristors are connected in series or parallel, precautions should be takg¢n to
ensyrelthat all devices operate within rated values for voltage and current

4.5.1.2 Current balancing of parallel connected valve devices

Unequal 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. Differences
in the impedances of the parallel arms are also of considerable influence.

If factory matching of forward or on-state characteristics and turn-on time properties of the
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.
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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
for voltage adjustment or not.

a) Units not provided with means for voltage adjustment:

Ip the case of equipment units designed for parallel connection, * rallel
I[{ the equipment is required to operate in parallel with other<so 3 ssinilar
b) Units provided with means for output voltage adjustment;

hould be specified separately.
4.5.2.3 Series connection

Whenh assemblies or equipment unit ould

be taken to ensure that each unit ope a.c.
sidelis disconnected and the d.c. side is sti

In thle case of series connection, the woltage o ay be considerably higher than the
voltgge between the ter . i Se i lation should be designed and tgsted

accordingly.
4.6 Power fa(@
4.6.1 General

For ¢onverters

The |value whic normal purposes is the displacement factor cosg, of the
fundpmental

The displas 05 ¢4 is referred to the line side of the converter transformer.

For this reason, if>a_guarantee is required, it should, unless otherwise specified, refer t¢ the
disp%acement factor calculated under the assumption of both symmetrical and sinuspidal
voltgge.

The displacement factor for three-phase uniform thyristor connections should be determined
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 a.c. system.

When a converter is operating in the inverter mode, it is delivering active power into the a.c.
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 d.c.
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
cosg,y displacement factor at rated direct current for zero trigger delay angle
COS PN 4 displacement factor at rated direct current, for trigger delay angle a
dy = dy t+ d,pn» total resistive direct voltage regulation at rated curre(t in p\f\unit of Uy
din = dN + dypne total inductive direct voltage regulation at rate}k@rrent in\Qeru t of Uy;

O]

dion PxoN resistive (resp. inductive), direct voltage regulation due to Qthe c nt of th
converter, for example valve reactors, line side reactors.and\tra ers t
rated direct current, in per unit of Udi

TN, resistive (resp. inductive), direct voltage regulaw e&we er t%sformer aft

rated direct current, in per unit of Udi

din additional direct voltage regulation due to/Aa.c. i pedan eMressed in per unit of
Uy, at rated direct current /, when th ine sige terminals is kept
constant
N\, A,
Eyn d.c. motor counter e.m_§"at rated aft\ip}éd/’:mt{%fed f\@(
~
fiN rated line frequency \ )
4N rated direct current

N Rated r.m.s. current on(line Mof\o\n\e{te&r transformer if included)

LN r.m.s. \Qafu\e\of tryrftm{athnt\aQS}vpone tof Iy

P puI € nurber

PN = UL WN‘ éc\\a\po\&{M side at rated direct current

P ( wé Iosse%nﬁxcmhgw at rated direct current

Q“_N I?é(}t% wer\sQ Ii,Qx\sid>at rated direct current, related to l1LN

R, /\Q}}Qr a}r\atm{circubesistance

Rc sy\s{e}r\resﬁgn(%oﬁhe supply source

Risc \ \s\{\ort\QircN% reffered to the fundamental apparent power of the converter

N
SiN \ > * = U N * Iy N X ¥3 , apparent power on line side at rated load, based on thg
nd ntal component /,, \ of the line current
S¢ sr@'t-circuit power of the supply source
Sin transformer rated apparent power
u angle of overlap

Uy ideal no-load direct voltage

Ugn rated direct voltage
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Table 2 (continued overleaf)

Symbol Quantity
Ugn total resistive direct voltage regulation at rated direct current
Ugxn total inductive direct voltage regulation at rated direct current
Ude ideal internal direct voltage at rated load excluding the total resistive direct voltage
regulation
Xc system reactance of the supply source
a trigger delay angle of phase control in rectifier operation
B trigger advance angle of phase control in inverter operation
extinction angle of commutation for inverter operation (
N displacement angle (of fundamental component) of the line c en\t‘at rated dirgct curdent
(neglecting the transformer magnetizing current) A
a suffix for rectifier operation with the trigger delay angl;»q\ \ \/
s suffix for inverter operation with the trigger advance angle N \ \)
4.6.3 Circle diagram for the approximation of th of
the reactive power Q for rectifier and j
1LN
The for a
converter may be estimated by use of
1
A
Q /\ QiNg
LNS 1LN
Siln o~ N
B
PIN
w /4 a ¢ \ | P
- S
1,0 N Uangp 0 UdNa 1,0 1LN
) Ugi | Usi | |9
T
4.\ 2)
anN J COSPINg 1 COSO1Ng ' N ayN B
Ugip Uyi
io
U, ~ COs U, = COos«
de de di s di
IEC 2986/10
U, P;
1) cos pp = —2 _ “NF
Ugsi  Sun
U, P;
2) COS Py = —PNe _ TN

Udi SN

Figure 2 — Circle diagram for approximation of the displacement factor
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4.6.4 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 a.c. system reactance, from Figure 3 and

Figure 4, respectively. If not otherwise stated, it is assumed that the r.m.s. 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 ina
12-p Q For
phas S - ist under

the i

4.6.4.

If th
calc

cos @y, MYy be
al purposes

For an inverter, the abscissa in\Fi [ tage
incre -

4.6.4.

When using the cuyrye FNEi F Ctual
valu

Thatfi

/
dyt + dyp = (dxtN + dbe)XI_d
dN

is usIed to obtain cos¢g, from Figure 3 and Figure 4 respectively. Then:

cos@q,=cosa— (1-cosg,)
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cos g\

0,99 ™
™. \
\ N

o RSN C
0.96 0,15 }%\\ A Q
0,95 | \\\\ \ >

NOR D

W 0.06 007 0,08

dyN = dyN + dypn (P-U.)
IEC 2987/10

Oi92 /\ /\<

0,91

=Y/
W

™
N
NN\
0’93 X\//
N

o
=
o
a
o
o
N

a function of d, forp =6

0,96

//5{7

/
/
é:

4
/
ai/

\0
0,95

2 W ;‘\0,15
\ 3
0,1
0,94 N N
\ 0,05
0,93 N,
0,92
0 0,01 0,02 0,03 0,04 0,05 0.06 0,07 0,08
duN = dxin + Ixpn (P-U-)
IEC 2988/10

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:

1 Sun _ Ugixlan

Risc Sc  Sc

4.6.5 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).

The conversion factor should be given in addition to the power efficiency, especially for low
power—converters;,-forconverters—withputsenumber-of-6ortess—ifspecifredby-thepurchaser
and |n cases of applications where the power of the a.c. components of ¢ ts and yoltages
in the d.c. circuit is considered not to contribute to the useful power.

The [conversion factor should always be determined by the input/ egified

load|conditions.

4.7 | Direct voltage regulation
4.7.1 General

The |voltage regulation of a single converter conn . inglude

— resistive voltage regulation, i.e. th ithin

the converter;

— ipductive voltage regulation due( to ion\ Commutation distorts the voltage
waveform at the terminals of semigon S blies and change d.c. voltage thlat is
Rasically made up of gamp

— Voltage regulation due e line and non-sinusoidal input currenfts of

~—
=)
(0]
(¢}
o
-]
<
(0]
=
—
D
=
—
=y
Q
—
[¢)
oA
o
=
3
Q
—
o
o
=}
<
(0]
=
(0]
=
—
D
=
3
>
QL
w

The jdeal no-Ioa gould theén be referred to the voltage of the infinite bus, i.e.
voltdge regulation™sk ¥ de he “effeet of all |mpedances existing between such infinite
poweér source and \ £t

Howpgver thi hass es the r.m.s. line voltage to be constant at the a.c. terminals of the

Thug the id o-logd~difect voltage Uy; is referred to converter terminal voltage ang the
voltdge regulation resilts from two contributions:

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

o the additional direct voltage regulation due to the influence of a.c. system impedance on
the waveform of converter terminal voltage (see 4.7.3).

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
4.7.21 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.

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

For single-phase equipment, for equipment with non-uniform thyristor connections and for
converters with sequential phase control, the method of determining the inherent voltage
regulation will be specified

4.7.32.2 Resistive direct voltage regulation due to converter transfg and
interphase transformer

This|regulation is given by the formula:

whele

4.7.2.3 Resistive direct voltage regwation d

Examples of such components are serigs-smogthing
currgnt balancing means ristors\etc. Vo

deviges is excluded.

This|regulation is flc

whele

tors,
ge drop by threshold voltage of valve

4.7.2.4 vedirect voltage regulation due to the converter transformer

For alkKeonnections, the inductive voltage regulation can be calculated from the transformer
commuy i =Y-Ta ce test (see = 60 2 3:199 isi :

UgxiN = dxin % Uy

NOTE The formula is not valid for multiple commutation. For connections listed in Table 1, the voltage regulation
can also be calculated from the factor: dyyn/exn given in Table 1 and ey (see 4.4.5). In such case:

dy

_| 9xin

Udxtn —[ xeyn xUgi
€xN

Xl

4.7.2.5 Inductive direct voltage regulation due to other components

For example valve reactors, line side reactors, current balancing reactors, etc.
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The symbols given in Table 3 are used in the calculation formulae.

Table 3 — List of symbols used in the calculation formulae

Symbol Quantity

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

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

UgxbLN inductive direct voltage regulation, corresponding to d,,,

UgxbyN inductive direct voltage regulation, corresponding to d ;. \

Xbl_ reactance per phase on line side of reactor, transtormer etc.

Xy reactance per phase on valve side of reactor, valve reactors etc. K\

lon r.m.s. current in reactor, corresponding to /y, calculated on the basis-af rectangular
current waveform N to\

4N rated direct current \ \ )

bN rated phase-to-phase voltage at the line side terminaé owac\:tgr}fg S
\

number of commutating groups between which M\rs\di\\idei\\

A\
commutation number / ~ \ \

U
g
P pulse number
g
s

number of commutating groups in s’arigs\) N

) number of commutatirg/g}sgpsgéﬁ\nugting éim@ew per reactor

-

a) Hor reactors, transformers etc., on the |

_\/gxleXUdiXXbL . T
dxbLN — sSin| —
Uon p

/ X Ugi
and UgxbLN _ Lo L x Vi

V2 UbN

dxQgxs
and UgxbuN =LX/bN><va
2xmxg

The jnddctive direct voltage regulation due to other components is:

UdxoN = UgxbLN + Ydaxbun

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 = Ugrbn + UgxoN
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The inherent direct voltage regulation at rated direct current, is given by:

Ugin + UdgoN = Ugrtn + Ugxin + YdrbN + Udxon

4.7.3 Direct voltage regulation due to a.c. system impedance

4.7.3.1 Influence of a.c. system impedance on d.c. voltage regulation of the
converter

Even if the converter terminal voltage r.m.s. value is maintained constant, the a.c. system
impedance causes an additional voltage regulation to appear on the d.c. terminals of the

converter.

This|is a consequence of changes in waveform of converter termina
sinugoidal currents drawn by the converter, that influence the voltage

This|influence depends on the pulse number and the ratio (R,
the dource to the fundamental apparent power of the converter 3

NOTH Rgc is referred to the rated apparent power in IEC 60146
calculate the influence of the a.c. system impedance.

non-

er of

sc to

4.7.3.2 Calculation of the additional direct v¢ : i 4LN due to a.c. system

impedance

Figufe 5 gives the additional direct voltage\r

irect

If nof otherwise stated|{ is a 3 . . value of the line side terminal voltage of

the qonverter is keEt CO
When using the ctirve

dyy gnd d,p, have O
additional regula

her loads than the rated load, the actual values
the actual regulation d_ and from this the a

Thatlis:

I
dyt +dxp = (dxin + dxon) Xli
dN

bf /4,
ctual

is usled to-enter the diagram of Figure 5.
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din (p-u.)
0,08
0,07
0,2
0,06
0,15
005 - \\
) \\
\\\
0,04 0,1 \\\
\ \
0,03 ==
0,05 \
0’02 \‘\
— | \?
P— N \
S|
0 0 /
0 001 002 003 0 \/&0 0%6 007 0,08
G dyy (P-U.)
IEC 2989/10
Figure 5 forpy=
dy N (p-u.)

FINRED
&\3

0,1

0,0 o}s\
o,ooi\) \

7

\
0,005 —_—
-0,01
0 0,01 0,02 0,03 0,04 0,05 0.06 0,07 0,08
dyn (p-u.)
IEC 2990/10

Figure 5b) d| \ for p =12
Figure 5 — d| \ as a function of d, for p=6 and p = 12
NOTE The parameter for Figure 5 is:

1 _Sun _ Udixlan
Risc  Sc Sc
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4.7.3.3 Measurement of the additional direct voltage regulation due to a.c. system
impedance

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

The influence of the a.c. system impedance cannot be measured directly by a voltmeter
indicating the r.m.s. value on the a.c. voltage taken when the converter is on load.

The additional direct voltage regulation due to the a.c. system impedance can be measured
with sufficient approximation by an appropriate measuring circuit using an auxiliary rectifier
connlected to the line side terminals of the converter, through a transformer if necessary.

erter
work

This|auxiliary rectifier have the same commutation number and pulse
and the ripple of its direct voltage have the same relative phase posi
voltdge as the ripple of the converter direct voltage.

The [per unit change of the output voltage of the auxiliary_rex & the
conVierter load represents the per unit change in the 3 the
systém impedance.

4.7.3.4 e
same system

If oth tage

regu e of

a.c. yoltage at converter terminals.

To gnable the supplier {0 ta ould
indidate prior to order the powex| connesiian, location and other main particulars of the ¢ther
conyerters.

4.7.4 Inform

voltage r&

ould
n for
n for

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

Ugin + Ugpn

— the total voltage regulation of the converter, when the r.m.s. value of the line side terminal
voltage is kept constant

Ugtn + Ugbn + Ugin

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 a.c. system or,
alternatively, should draw the purchaser's attention to Figure 5 by which the total voltage
regulation can be calculated for any value of the a.c. system short-circuit power.

Sample calculations of voltage regulation are given in Clause 5.
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Voltage limits for reliable commutation in inverter mode

1(E)

To prevent commutation failure or conduction-through, the design shall take into consideration
the required maximum current, the highest direct voltage and the lowest a.c. system voltage
which may occur simultaneously. Both steady-state and transient conditions have to be taken
into consideration.

If not otherwise specified, the converter, when operating as an inverter, shall be able to carry
all rated current values according to the duty class, without conduction-through at the rated
minimum a.c. system voltage.

Undir transient conditions such as in the case of voltage dips due to distant faults in the
systeém, a commutation failure may occur particularly at maximum d.c. vg e.in the inv
mode.

The [following means may be used together or separately to redué

their|

— lpwering current limit setting;
— higher secondary voltage;

— lpwering limit setting for rate of change of current,

f
|.

Thede means may not prs

their

4.9

The deviatioR
of the fupda

0,2 }.u. or 1
oscillations m

Non{repetitive transi

lightn

g
— 4g.c. filter on the synchronizing inpgt to the
t

Automatic resta@af
be tgken for the s .

consequences:

nts are mainly due to fault clearing and switching, as well as pos
ing'strokes on overhead lines, which may have some effect on MV and LV systems.

a.c.
erter

S or

bde;

juce

shall

alue
bach
onal

Sible

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

a) Transient energy 400 S;N J (NOTE 1)
b) Rise time (0,1 to 0,9 peak value) 1 us

c) Repetitive peak value (ULRM/U,_WM) 1,25 p.u.

d) Non-repetitive peak value (ULSM/ULWM) 2,0..2,5 p.u. (NOTE 2)
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.
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ULrM maximum instantaneous value of U, including repetitive over-voltages but
excluding non-repetitive over-voltages

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

ULwm maximum instantaneous value of U, excluding transient over-voltages

NOTE 1 Syy 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.

NOTE 2 The peak value is given assuming a typical suppressor is used. Without suppressor this value could be
10 p.¢—ormore.

IEC | 2991/10

Figufe 6 show non-repetitive transient with the amplitude U, gy, and the typical
commutation.notct

5 Application information

51 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 following formulae are sufficiently accurate for most cases, particularly for standard
design converters.

For letter symbols see 4.6.2 and IEC 60146-1-1:20009, 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 a.c. voltage unbalance;

— steady-state, i.e. constant direct voltage and current;

. c . : - o/
- qiidie O ovellap fdiess Uidllh 21/ P.
5.1.3 Preliminary calculations

The fundamental apparent power:

Sqn = Ugi x lan

The jnductive direct voltage regulation at rated direct currex

whet

For gi

Induftive direct voltage regulation:

n d S
dypy = % DxtN o S1LN

3 €xN Scom

Resistive direct voltage regulation at rated current:

P.
Ugn = -
IdN
where
PN is the power losses in circuit resistance at rated load. The loss caused by

threshold voltages of valve devices is excluded;
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din = Pin/(Ugi x Ian) = Pin/Sin (see NOTE 2 below of this subclause).

NOTE 1 The formula for dyyy is derived as follows for Uy /ULN =1 and assuming all a.c. inductances are merged
in the transformer reactance Xy giving Sgom:

. 2 )
dyin :stin[ﬂj S =IgN X\/E D X = Uin : Sin[ﬁj =05 ; UN _mxUgi.
ULN 6 3 Scom 6 3\/5

hence:

NOTH 2 The transformer load losses may be expressed as:

erN x SN

and the other losses are added giving:

(erN x Syy + other losses
diN =

SN

The gquation is correct only if S,y is based on the rated d.c eyrnent },

5.1.4 Calculation of the operating condi
5.1.41 Direct voltage
With[{the assumptions of six-pulse uniform

a) fpr rectifier:

I
+(Udrn + Udxn) % IL
dN

b) for inverter:

I
(o + 1) = Ug + Uto + (Ugrn —deN)XIdLN

Uro is the sum of threshold voltages of all valve devices connected in series il any

rerant ~ ot
CUrTcoIit patit,

lq /ldN is the per unit direct current.

In the common case of a converter for a d.c. motor drive, the value of U, is the d.c. motor
counter e.m.f. E4 (proportional to shaft speed and motor flux) plus the armature voltage drop
at rated current.

Ud =EdN><EEd +Ra XIdN Xll—d

dN dN



https://iecnorm.com/api/?name=f220246f066cc4ce6240eba9c7aacf44

- 36 - TR 60146-1-2 © IEC:201

1(E)

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, d.c. and a.c. cables, smoothing inductor, transformer windings.

In other cases, U, is the converter voltage at its d.c. terminals and then Uy does not include
the losses in the d.c. circuits outside of the converter (cables and load or source).

U4 includes all the voltage regulation caused by inductances in the a.c. circuit: transformer
leakage reactance, line or anode reactance, cable reactance, supply system reactance, etc.

(see

5.1.3).

NOTEH
Ldi/d

NOTH

The 9

5.1.4

The

A mq

NOTEH

5.1.4.

In re
and

Inin
are 1

1 In certain cases, not steady-state, the rate of current rise di/dt has to be provided for, by adding ‘the
to the converter d.c. voltage (L is the total inductance of the d.c. circuit).

2 In the case of a diode rectifier, a = 0, cosa = 1, the angle of overlap uis giyé

cos;::%Zxﬂ
i

utput voltage is given by:

Uq = Ugi - (Ugr + Uto

.2 Displacement angle

re accurate form

2sin2a —sin[2(a + u))
0s 2 — cos|2(a + 1)

reactive pawer.

verter operation the current and reactive power are positive, the voltage and active p
egative.

term

ctive

bwer

As a

n example, Table 4 shows operating conditions and Table 5 shows operating points.
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Table 4 — Example of operating conditions

37—

Value Unit
Eqn 450 \Y
lan 1812 A
Sc 115 MVA
Xo /R 8 p.u.
Sin 1,25 MVA
e 0,055 p.u.
UI’N U,UTl<Z pP.u.
U 400 \Y
Uro 2,1 Vv
R, 9,93 mQ

Table 5 — Example of operahr@@

Rectifying

steady-state

Starting

£\

Inv t|n

Unit

Id/ldN

Eq/Eqn

1,03
1,055
540

p.u.
p.u.

\

° (degree)
° (degree)

° (degree)

MVA
MW

Mvar

5.2

5.2.1 Fundamental voltage change

The /nlfngn r-hnngn may be estimated ||eing the formula:

AU 81'- x cos| tan™’ 1| Xe — 01
U SC Rc

where
Xc is the reactance of the supply source;

Rc is the resistance of the supply source.

NOTE X, /R, may vary from 4 to 10 p.u.
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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 of
the converter is:

Sc
Risc = ——
S1LN

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

-1 X¢
_ Scmin _ Rc

— ®Im

whele

Sitm = Ugi * lgun:

lqun I8 the rated continuous direct current
EXAMPLE
Assyme:

AssUme:

Hen

then

5.2.3

The

In the first(iteration "P,, Qq, ¢, are calculated using the estimated secondary voltage
corrg¢sponding to the on-load system voltage.

Th rolia o H thon vy tadl ¢ oot +h -V VIRUP-N I £ D O AL 1] -
e UTtdyt© 1o UITIT LUTTTULLITU TU Larvurdatc e 11evw varutco Ul T 1, W’I, 1/11, /_\ULIUL

AU
U ns1) =Un % 1—[U—L]
L /n

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 exapmle of calculation, operating conditions shown in Table 6 is considered. The result
of the iteration is shown in Table 7.
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Table 6 — Example of operating conditions

Rated values: Value Unit
D.C. voltage Ugn 5000 \%
D.C. current lan 2 200 A
D.C. circuit resistance A 0,136 Q
Transformer rating N 15 MVA

Short-circuit voltage:
Inductive component €N 0,085 p.u.
Resistive component en 0,0087 p.u.
Becondary voltage U 5080 V
alve device threshold voltage drop Uro 38 .

Bupply source short-circuit power S¢ 180 \@
eyN and ey include a.c. cables)

5.2.4

Table 7 — Result of the m&w

It atlﬁu\ \
Initial f\\)/ /{inah\ Unit
u, 5 086 CaJra v
Uy, 6°86 64 Vv
Iy Ty 1,0 1,0 p.u.
E,/ E,y % 1,0 p.u.
Uy, 583 Vv
U, ( 6 57 Vv
a 7 27,6 ° (degree)
Q 0 17,6 ° (degree)
cosg, 0,746 0,798 p.u.
41,7 37,0 ° (degree)
15,1 14,1 MVA
11,3 11,3 MW
10,0 8,5 Mvar
AUT 0,076 0,066 p.u.

N

Transformer rating

The transformer current rating depends on the duty cycle.

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,.

NOTE 1

current rate of rise.

NOTE 2

Some increase of the transformer rating may be required to provide for large overloads with a high

If the minimum control angle is high for reasons of response speed the average displacement factor is
lower and the transformer rating is to be increased.
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NOTE 3 For low to medium size converters the d.c. side inductance may be small, the d.c. current ripple is high,

requiring a higher current rating for the transformer.
The factor 0,816 (J2/3 , Table 1, column 8) may become as high as 0,85.

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 pverage active and reactive power consumption is calculated for ea
cycle¢. Table 8 shows an example.

Thble 8 — Example of calculation results of active and reacti

p

ion of\the[duty

Constant Steady-state

acceleration

Durat|on S

Qayg MVA

Pavg MW

Savg MVA

Pavg/ S,avg p.u.

Stms MVA

Total cycle duration 11,5

5.3.2 nsation of the average reactive power

The [requi ion of the average reactive power is calculated using the required

valug¢ and the

Q.= Qavg - Pavg x tan(/)req = Pavg X (tangaavg - tangoreq)

where
Pavg» Qavg  is the active and reactive power consumption;
tang,,q is the calculated tang,, without compensation;
tangeq is the required average tang,;
Qg is the required reactive power compensation.
EXAMPLE

Using the data and results of the previous example:
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tanpg,q = 26,15 /7,7 = 3,4

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

NOTE

1 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 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

Capacitors used for power factor correction will supply more reactive ([power\f the su

voltg

To 3

rating from the system short-circuit power when calculating the
EXAMPLE

Using the data of the previous example and S = 31f

The

NOTH
drop

NOTH
may

demand changes only twe

Statig

Voltage fluctuations with fixed reactive power compensation

ge increases and less if it decreases.

eak load corrected v

maximum volt

ted rapidly, although switched capacitor banks may be contemplated if the reactive
or three times per day.

ave to bg adjus

switches or other means may be used for more frequent operations instead of conventional contact

pply

bank

ltage

pction
bower

rs or

circui

-breakers, which may suffer mechanical wear and the delay time of the correction is such that the corr

pctive

action results in adding more voltage changes and making the flicker more objectionable.

5.4

5.4.1

Supply voltage distortion

Commutation notches

5411 Notch area

The area of a commutation notch Ay, as observed between any two lines (principal notch of
each half period), may be evaluated from:

Ugi

Ay=——d
6Xf:| XR']SC
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MPLE 1

f, = 60 Hz; Uy = 460 V; Rysc = 75; Ugi = 621,2 V; Ay = 23 000 V-us

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

c - 180 573
nxRisc  Risc

1(E)

EXAMPLE 2

The pame R g¢ gives Ag = 0,764 (p.u. x degrees).

5.4.1.2 Notch width

The potch width Wy may be calculated at the converter a.c. te ct of
stray capacitance and inductance. If all circuit capacitance \is ne vidth
remains the same at other points of the supply circuit to the
notch depth decreases.

The fotal width is expressed in angular measure and is eqaldoithe a

Oscillations due to stray capacitanc e of
the gommutation notches.

If idgntical converters are operated at a i S me gating angle and supplied [from
the game source, they mayk e alent converter with a rating equal to
the |total rating and the £ i pulse number. To get the equivalent
com[nutation inductange thedi idual i of the converters are to be connectgd in
parallel and added to t

5.4.1.3 Notc@p ,

The hotch depth

a) Converters™with\ne

The lamplitude, 0f\the xommutation notches due to the converter under consideration a} the
poinis of seonnection of other converters depends on the impedance of the indiv|dual
trangformer which may be considered as an inductive element of the total commutation short-
circdit\pewer.

The notch depth decreases from 1,0 p.u. at the a.c. 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 1

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.
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Table 9 — Example of notch depth

Voltage 1/S¢ Short-circuit Notch depth
power (a =90°)
-1
kV MVA 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 21x50x0,32x1073x0,13/202 221 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 a = 90°
bs assumed here; it varies as sina.
b) CQonverters with a common transformer
In thiis case the commutation inductance includes the indycta of\tie converter connegting
cableés which is the only individual inductance of each converter.
Congider at the next conditions.
EXAMPLE 2
Using the same supply source at the 28 erter
is connected through a 150 m, 400 V cabte p.u.
shor}-circuit voltage.
If th¢ angle of overlap u ated
valugs of a, the comm able
impgdance.
Tablge 10 shows@ pses
from stray
capdg
If all Ance
for a
For e at
the g dto
19,4

Voltage 1/S¢ Short-circuit Notch depth
power (a =90°)
KV MVA~ MVA p.u.

63 Source 1/730 730 7,34/730 = 0,0101

20 Transformer 0,125/40 222 7,34/222 = 0,213

20 Line 21x50%0,32x1073x0,13/202 221 7,34/221 = 0,214

0,4 Conv. transformer 0,06/1,6 23,8 7,34/23,8 = 0,308

0,4 Cable 21x50%0,32x1073x0,15/0,42 7,34 7.34/7,34=1,0
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Table 11 — Example of notch depth by ten converters operating at the same time

Voltage 1/S¢ Short-circuit Notch depth

power (a=90°)

KV MVA~ MVA p.u.

63 Source 1/730 730 19,4/730 = 0,027
20 Transformer 0,125/40 222 19,4/222 = 0,087
20 Line 21x50x0,32x1073x0,13/202 221 19,4/221 = 0,088
0,4 Conv. transformer 0,06/1,6 23,8 19,4/23,8 = 0,815

D4 Cable 1710x21x90x0,32x1077x0,15/0,4 19,4 19,4/19,4 = 1,0

5.4.2 Operation of several converters on the same supply line

If sejeral converters are connected to the same line the interactio
havg to be considered, particularly in the design of the RC cifcui
each valve device.

rters
el to

a) The losses in the damping RC circuits will increase wi or a
six-pulse bridge converter operating alone on the i the
Ipsses in the resistor due to commutation notches arst case (that is with the
trigger delay angle a = 90°):

whefe

C
UV
f1
Prax 1

In practice, the cery i Wi the

loss¢s will then bg g of

dryinig cylinders, mula

may|be used:
Pavg = 3,5 x U,2 x C x fy x sinq

If seyeral conve
converter willJincre
termjnals-

Qperate on the same line the losses in the damping RC circuits of pach
se in proportion to the amplitudes and number of notches at its| line

The fUIU thc :UDOUO ;Ildubcd ;II d bUIIVUItUI by IIUtUhUO uﬁy;uat;uy fIUIII GIIUthUI UUIIVCItU are
mainly dependent on the trigger delay angle of both converters, the possible overlap 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 sina
< 0,5. If more converters are to be connected, the problem requires to be considered in detail.

b) 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.

c) The converters will also cause a voltage drop in the line, which has to be considered in the
converter specification. This is especially important if the converters are to be used in the
inverter mode.
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Quantities on the line side
R.M.S. value of the line current

S value of the line current can be calcuated as follows.

a) First approximation (neglecting overlap), see 4.4.3.

b) 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 (e, 1) = I xA1=3yrler, 1)

<

—

~
f

sing angles in radians.

he values of I (a,x)/l, can be found in Table 12

here
is the value by the first approximation;
l//(Ol ,U) Slnyx[2+cos(2a+,u ] yx 1+2><COSa><C(Qa\§
: 2xmx[cosa - cosw@

Table 12/-Qe v/a@ei i a@h

o/

U a=0° =3 a=60° a=90°
degrees

5 0,9 0,993 0,993 0,993

15 0,983 0,979 0,979 0,979

25 ,972 0,965 0,965 0,965

35 > 05960 0,951 0,950 0,950

c) V
b
c

5.5.2

5.5.2.

ductance is low, the real r.m.s. value of the line current
calculated by the methods indicated in a) and b) due to th
» NOTE 3.

At an early~stage of the design the formulae and Figure 7 of the following 5.5.2.2 and 5.

may

b€, used when the converter size is known by its transformer rating. Harmonics ca

calcllated pneily hy a computer simulation

may
e d.c.

b.2.3

Fbe

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? —2><a><b><cos(2a+y)
d

Iha =1L %

where
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lha is the harmonic current at the trigger delay angle ¢;
I is the fundamental current;
h is the harmonic order;
a=—1 xsin(h_1)xﬂ;

h-1 2

1 (h N 4

b= x 8in-= I

h+1 2

d=h x {cosa— cos(a + u)} or
d=2xhxd,.
Figufe 7 shows results at some typical cases.

The fundamental current is given by:

In the case of inverter operation, use
charf assumes smooth diregt current.

This

NOTH 1 Depending on th
current by 0,3 p.u. or more a

NOTH 2 Other ung sferig
expedted cancellatio

monic

s the
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IEC 2992/10

Key:
d, = Inductive direct voltage regulation
a = Trigger delay angle (in the case of inverter operation, use extinction angle y)

Figure 7 — Harmonic current spectrum on the a.c. side forp =6
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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,

Uhg=2Zp x lpg

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:

Ui’ \/1+1 Qs x Q)7 +1/(hx Q)

24| =

Sc : 1/Q,% +1/h?
where

Qs = X5 /Rs (about 8 to 12 p.u.);

Q, = R, /X (about 80 to 120 p.u,);

Sc = Un2/Xsi

RS

Ro

X, is the leak

S

The [following formula

voltgge.
1+1/(Qs x Qp)? +1/(hx Qs )?
X
1/Qp2 +1/h?
5.5.3 equirements for harmonic distortion

Harmonic dista
is usjually dohe 't

be reduced by increasing the pulse number p of the converters.|[This
gmbination of several basic 6-pulse converters.

The prder-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 non-
characteristic for the complete converter usually are not completely cancelled and may reach
0,05 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

Si_ 1
Sc  Risc
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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°).

Table 13 — Minimum R;gc requirement for low voltage systems

THD 2 p=6 p=12 p=18 p=24
Risc Ag Us Risc AE Uqq Risc | AE Uq7 Risc Ag Uss
p.u. p.u. p.u. p.u. p.u. p.u. p.u. p.u.
deg. deg. deg. deg.
0,0 231 0,25 0,0041 150 0,19 0,0043 106 | 0,18 | 0,0055 (99 14 0,0054
0,015 154 0,40 0,0062 | 100 0,29 0,0065 71 0,27 | 0,00 < GQ 0y2 0,9081
0,0 77 0,74 0,0123 50 0,57 0,0130 35 | 0,55 | 0,6465 33 043 0,0163
0,0% 46 1,24 0,0206 30 0,93 0,0217 21 0,91 /\(NZS\ 2 2 0,0268
0,0 29 1,98 0,0327 19 1,51 0,0342 13 1,47 N 0,044\ 19 0,0447
0,1 23 2,48 0,0409 15 1,89 0,0428 10 84 k{)% 9 1,49 0,0559

N

NOTE 1 For MV systems use R gcmin = 3 X Rygc @ minimum fequi nce gllowance).

NOTE 2 For HV systems use R gcmin ance allowance).

NOTE 3 Not to be used for systems with direstly cogne rfilters

NOTE 4 Interpolation: THD x R, 4. = constant fo

NOTE 5 The total harmonic distortion is given\as t e converter to the existing distortion
NOTE 6 The notch area is gi multiple commutation.

NOTE Use S, for distL}k{n;\o espor@ﬁgto

a THD = Total hary&»'\c rétgo (Tot%fﬁ@oNﬁQﬂi&
N

oh=(1xkxp)xpy+kxpx0

where
k is a positive integer;
p is the pulse number;
12 is the transformer phase shift.

5.5.5 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 k, (for example 12 or 18).
In the higher range of the harmonic spectrum the uncharacteristic harmonics may well exceed
the characteristic harmonics.
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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
particularly if their average overloading is moderate. Therefore the r.m.s. 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

Usingthre—appropriate transformer-witndingconmections, thetrarmornic current phase shiftymay
be uped to virtually eliminate some of the harmonic currents. Table 14 sho

Table 14 — Transformer phase shift and harmonic

Pulse number Transformer phase shift ﬂa{m%QiC\QNs \/
degrees Uncharacteristic Characteristic
fgie N eharacs

12 0 30 1143, 23-25, ..

18 0 20 40 A9, 35-37, ..

24 0 15 30 45 23-25, (47-49) ..

36 0 10 20 30 40 50 N3 35-37
In aqtual transformer design, particularly umb rsKelf)t s, the exact cancellatipn is
not possible and uncharacteristic harmoxi beexpested tg remain, up to 0,05 to 0,4 p.u.
of the theoretical value for the equivale onnection with the same (total) rating.

Othgr factors such as dire
harmonic spectrum.

alance, also have an effect on the

5.5.8 Sequential g
In cprtain case@ izi active power consumption is considered esseftial,
seqgyential gating of < g ged with advantage:

— the reactive p G considerably reduced for d.c. voltage values below 0,5
p.u. of thé Ta a um value. This is particularly useful for large reversing |mills
Wwhere the\roll bitgescur about half speed and the steady-state intervals are relaflively
ghort

the two~G-pWse\ converters may be fed from the same transformer YY or DD.|The
RHarmonic~spé&ctrury is nearer that of the 12-pulse connection than that of the 6-pulse
g

a1 - a2=30°

However, these advantages may not be sufficient to compensate for the other consequences:

— for networks where short power outages are to be expected, the operation of the inverter
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 |a4; — ay| = 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.

However, the use of capacitors should be studied carefully if converter loads are a significant

part pf the system load.

5.6.2 Resonant frequency

A.C.|motor loads may significantly change the harmonic impeda
may|be used at a preliminary stage of the design to find the esti
and famplification factor. The system impedance is assumed {0 bé-pure
(Qs ¥ 8 p.u., Q, =100 p.u.). The cable capacitance should pe

5.6.3 Directly connected capacitor bank

re 8
ency

istive

Fro the~a.c. side of a convgrter
without transformer is not recommende i inimpm operational a.c. motor
load|is small.

The [power factor correction would beg i preferably on the primary side of the
conv 3ses on the semiconductors. Choke
reacfors may be used to the harmonic currents may still ovefload
direqtly connected capac itor connecting cables introduce qome
reacfance.

Carg should ben 3 i : padio interference filters which may suffer [from
harmonic current ayerpading.

5.6.4

The pacitor bank with the system inductance is given by:
fo=h, xf

wher

:1’SC/QC ;

Q. is the capacitor bank rating.

If the a.c. motor load Sy, is significant, use Figure 8

where

RSY :S_C and RMY :S_M
QC [of
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Amplification factor

170 10

160

150

140

130

120

110

\h=1

90

RN

80

/ <\ [\

70

PE NN SN

60

e )

50
40,2 |

-

10

30

20

10

NOTH The am i exis only valid in the regions close to the intersections, not along the

part gf the lines\

EXAMP
Supply sourceés

A.C.[motor/load:

92 MVA, 20 kV

1 MVA (total 850 kW, cosgy = 0,85)

8 R

IEC]

Converter load:

Supply transformer:

Power factor correction: a.c. motor:

converter:
total:

Short-circuit power at 400 V bus:

500 kVA (400 kW d.c. motor)

2 MVA, 20/0,4 kV, e,y = 0,06 p.u.
250 kvar

360 kvar

610 kvar

24,5 MVA

Yy

2993/10

otted
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Expected resonant frequency:

24'? xf; = 6,34 xf,

Co-ordinates for use of the chart, Figure 8:

Ruy = Sw/Qe = 1/0,61 = 1,64

/ /
Rgy FSc/Q; = 24,5/0,6T= 40,2
The porrected resonant frequency is found close to 7f,
The pmplification factor may be expected to be about 4.

The Rygc is 24,5/0,5 = 49 and from Table 13 (6-pulse converte
and the 7th harmonic 0,02 p.u. but the amplification facto
the Jth harmonic which may be acceptable for an in-plan

5.6.5
A de|

a)

A and series connected capg

dielectric film. The inductance o

is found to be close to one of the existing harmon
letuning reactor with a larger inductance than that of a ¢
e case of a 12-pulse converter the residual 5th and
Wy a factor of 5 to 10 may result in capacitor overloading and

p.u.
. for
work.

citor
f the

nant
and
the

still

cs it
hoke

7th
bther

bwer
may

where

h, f; is the new resonant frequency;

h, f; is the tuning frequency;

C. s the capacitor rating;

Sc  is the system short-circuit power at the capacitor bus-bars.

EXAMPLE
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Q. = 2,56 Mvar
h,=4,25
Sc =125 MVA
h, =5,35
fo =h, 1 This is required tuning frequency
NOTH In this example, the tuning frequency is above the 5th harmonic, but if a.c. motor or other |oadf and
severpl values of S; have to be considered, the formula above and the chart Figure 8 maynot be'sufflcient,
particularly if the Rysc factor is on the borderline of the required compatibility level
5.6.6 Ripple control frequencies (Carrier frequencies)
In mpst public networks the remote control and monitoring (s load
flow [parameters) are operated using a superimposed control ated
freqyency which may be 175 Hz, 188 Hz, 595 Hz or o any
significant harmonic of the power frequency.
In ceértain cases the use of capacitor banks, poss ar/detuning reactor] will
incrgase the system impedance at a particular f way amplify stray trans|ents
which could impair the ripple control
This|problem should be examined in the Televant authorities. The uge of
blocking filters may be contemplated hoth the attenuation of the wgnted
signals and the amplificati ffequency range of the ripple cantrol
system.
5.7 | Direct voltage haimn
The |r.m.s. valu t of order h, of the superimposed a.c. voltage
(ripple componen load ideal d.c. voltage is calculated by the |next

formpula. Figure 9 sh

Harmonic orde p; with: p = pulse number; k = positive integer.
whefe
o= xcos(h_1)xﬂ;
h-1 2
f= L xcos(h+1)xﬂ.
h+1 2

NOTE A harmonic component of order 2f; will appear if the a.c. side voltage is unbalanced. Its magnitude
referred to Uy is approximately 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.
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age harmonic content for p =6
5.8
5.8.1
For oriverters used with uncorrelated duty cycles the estimation of the
reacti demand and harmonic current spectrum may be based either on the Worst
casg conditiens o the available data: type of industry, type of application or preyious
expdrience on similar applications.
The Wworsttase approach feads to a higher safety margin, the usual Tesutt being increased

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.

In most cases, the design should be based on the most likely conditions subject to checking
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
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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.

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 application guide.

5.8.4 Approximate capacitance of cables
If the system voltage is 15 kV or above, the cable capacitance cted
particularly for extensive systems.
Tablge 15 was calculated using the average value of 0,32 to the
insulation level and cable section.
Table 15 — Approximate kva
Spupply frequency
Hz 63 90 150
50 317 643 | 1[r70
60 391 784 | 2[121
5.9 | Calculation of d.c. s
The [steady-state valu ¢ in case of short-circuit on the d.c. sige of
the qonverter can be e J usi
The [table gives@ p art-circuit current to the value of Igy/exn for some of the
conrjections listed j
(\ hort-circuit values of converter currents
Table Arm current value D.C. current
Conpectio r.m.s. Peak Average Average valug
No. 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 0,060 0,21 527
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 Guide-lines 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 imunity levels for each classe 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.

xpected in most places, most of the time. They may be used bose

b) %Iass B levels are used for converters intended to meet the average conditions\tp be
industrial systems, together with other types of loads such as a.c.

Yuch converters may also be used for severe line conditions, ! i Eans
gdre used to improve these conditions (surge suppressors, isolating txan S onic
fliters, static compensators) as required to keep the disjdrba 5S B
immunity levels with a low enough probability of being lired
duailability.

c) (lass C levels are used for converters that may bg i \ sed,
[pw power units with a relatively large R gc, fQ t with
fairly constant load.

Tlhese may be used on high qualit 5 not

dppreciably change the disturbance
5.10{3 Selection of the immunity clg

The |selection of the immupjty classes\of ¢ Fvice
conditions that are to b ' pecifi ses.
Thernefore a good knowledge i

It is Jassumed th
regard to curren i

due

, etc.
It is plso assum bwer
as regquired ) ing-ebnverters, within allowable voltage immunity levels. |As a
first ptep it i 2d i to get information on conventional network parameters puch
as ffequency\variati@ a.c. voltage amplitude and unbalance at the most impofrtant

junchon ¢, under steady-state and transient conditions. In so dging,
congequenses ORNoN-Tineaf behaviour of converters can be disregarded and only fundamegntal
components of\convekter quantities taken into consideration.

Then, tad complete assessment of electrical service conditions of converters, all aspects
pertaining to voltage and current waveforms should be considered.

This will allow a good adaptation of converters to their final uses and to the electrical 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 a.c. 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).

Ratings and other relevant quantities are included in Figure 10.

HT =130 kV
Sc =2 000 MVA

40 MVA
TA @ 130/20 kV

0,125 p.u.
PUBLIC MT = 20 kV
DISTRIBUTION Sc = 275 MVA Sg’= 275 MVA

T DISTRIBUTION

Ty 1 MVA T3~ 600 kVA T4 N 1 MVA
2:3 20/6 KV 20/0,4 kV 20/0,4 kV
N ) 0,045 p.ul_ 0,05 p.u. 0,045 p.u.
BT1 = 400 MT =6 KV | BT2 =400V BT3 = 400 V
Se =26 MVA Se = 13,8 MVA S, = 20,5 MVA

g 60 uH
5 20 L deUiUb
8 0,35 uH/m
0,04 p.u.

c M1 M2 C2 C3 c4 C;‘
M M
~ ~
250 VA AS 800 kVA 350 KVA Sj_y =300 kVA 8 d.c. motor drives

SiLN =50 kVA
ILN Uq = 400 V

Pnm = 100 kW each
IEC 2995/10

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 d.c. 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 a.c.
motors.

Assl mlntinnc on ’rylm:xq of lines:

MV “PUBLIC DISTRIBUTION” (outside user's premises
DISTRIBUTION”;

“IN-PUANT
LV1 “HIGH QUALITY LINE” for sensitive (low immunity). _equiph Irters
LV2,[MV1 “IN-PLANT DISTRIBUTION LINE" for general p 3 \ rters

LV3 “CONVERTER DEDICATED LINE* for,

class A, like C3 to C10.
Conyerter classes
Conyerter C1:
Conyerter C2:

Convyerters C3 t@):

Table 17 shows ca

Is of

thenptant of Figure 10.
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Table 17 — Calculated values for the example in Figure 10

1/S. Sc Total Converter Harmonic Notch AUIU
MVA-' MVA load load distortion depth p.u.
KVA kVA p.u. p.u.
Line 130 kV 2 000" 2 000 0,007
Transformer TA 32071
40 MVA
20 kV bus 275.8
MV cgble (0,32 mH/km) 7 9571 —
Pointjof common coupling 266,6 2 300 1250 0,0112 ( 0,1b 0,004
Transformer T4 8,971 A ) (\
Line |V 8,6 300 50 0,013¢ 0.12% "\ 0024

Transfformer T, 1,2571

N\
Converter terminals 1,09 50 / b\106\ N \,0
Transformer T3 1271 \ \

Line ]V, 13,76 | 600 /§oo/\ 7)\95\ 0,38 0,03

Y
Motor] 350 kVA 2,275° 300 /\\ ) / N
Reacfors 60 pH 8,57 /\ /\\ > ( \)

Convérter terminals 5,25 300 \ /5,132 1,0

Transformer T4 22,271 /

Line |v3 20,5\ (900, W) 0,101 0,97 0,031

Cabld 400 V 20 m, 8//(0,35 82\ N7)
pH/m N

Convérter terminals [ \{0 " 900 0,104 1,0

a 0,0004 + 0,0026 8

b 0,0041 + 0,02 + 0,075 £ 0,1

¢ 0,3p x 6,5 = 2,275 {for Near

NOTH 1 The calculat WHOMC distortion, notch depth and voltage regulation AU/U take into
cqnsideyati nly_theXeffekt of loads shown in Figure 10. The contribution of other loads that influenjce
the MY bus

NOTH 2 As can the values of Table 17, converter loads can be tolerated without problems,
thanks to the“rerative stiffness of PCC. In Table 17 the three figures that sum the total harmonic distortjon
ard notch_depth at are the individual contributions of the three converter loads.

NOTH 3(A.C. reactors are necessary on the a.c. supply of converter C2 to avoid notch amplitude on L2
e)ceeding the maximum allowable value for class B.

6 Test requirements

6.1 Guidance on power loss evaluation by short-circuit test
6.1.1 Single-phase connections

Power losses could be determined from a direct measurement of input and output power at
rated load or could 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).

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

The [d.c. Terminals of the stack or assembly are o be shori-circuited and its a.c. terminal$ are
to be supplied through sufficient reactance to cause the input currep be practically
sinusoidal and at a voltage sufficient to cause the desired value of ¢ ated
freqyency. The input power is to be measured at the a.c. terminals oKthe nbly.
The [accuracy of the watt-meters used should not be impaired b S , for
example low voltage, stray magnetic fields, etc.
Two and
at k k Iyn.
whefe
_FFs .
FF '
FFg
FFy  is the form
A first measurement o N- A
second measur nt to
IdN.
The Pans
of th
p-K P kxp,
Where appropriate, the loss in the d.c. short-circuiting connections and shunts, if apprecigble,
is to|be’measured and deducted from P4 and P,.

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

The method is valid under the following assumptions (see also IEC 60146-1-1:2009, 7.4.1.1):
a) The forward voltage drop in the valves can be represented by a constant 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 r.m.s. values of the test currents.

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

NOTE In double way connections the inductance of the d.c. circuit can cause, through free-wheeling, d.c. output
current larger than the corresponding a.c. current.
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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
circuits and surge diverters, if any, are to be calculated and added. In the case of thyristor
converters the control angle should be set at the minimum possible value.

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.

IEC 2996/10

Key:

Pd

>
N

s <

Figure 11 — Test method A1

This[measurement is to be performed at 1.1 x /4y and /Iy and the power loss in the assembly
in service at rated direct current is taken to be:

P=191xPy,-1,1x P,y (see NOTE)
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 to 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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NOTE The form factor of arm current in real service (neglecting overlap) has the value \/E =1,73.
The form factor of a semi-sinusoidal waveshape, as in test, has the value /2 = 1,57.

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

6.3.2 Method B

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

In throse—Tases—where a compteteconverter, inctodimg—transformrer, is—supplied—by] one

manpfacturer and when it is convenient to measure only the total converterlqsses, a.m¢gthod
of measurement similar to A1 is used, but with the wattmeters connected e line sige of
the transformer.

The ftransformer should have reached steady-state temperature,.co and the
trangformer copper losses should be corrected to referenc 3 spegified
temperature rise plus 20 K.

Measurements made under method B may be used z S S grmer temperature
rise fletermination.

6.3.3 Method C

This

A cqli pr of
methHod B. The losses of the i test
trangformer.

The |actual transfgrm and used as the test transformer when separate
lossgs are requi

6.3.4
This

The
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Key:

R rectifier stack or assembly under test, having n arms secondand\ast aré shown)
T rectifier transformer, either transfor ui vatent test

t

a current ratio of transducer “t*

w low-voltage wattmeterfresistance o

A i Q. S.
A, d.c. amme<:n>ji ating av
A, d.c. ammetehuhditating

Figure 12 — Test method D

As g check on the current measurement in the rectifier arm, the relationship between the

readlngc of ammeters AA and AJ 1s verified

NOTE Where the current rating of the rectifier is small enough, the transducer t may be omitted and A4, Ao and W
connected to measure the rectifier arm current directly.

The measurements are to be performed at average arm currents:

Iy _JoN ang I, —kx N
n n

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

k :\/§/FFT for polyphase 120° conduction;
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k :\/E/FFT for polyphase 60° conduction;

FF+ is the form factor of rectifier arm current in the test at /, =/4y/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

IZ — n art Z — I\ n
respgctively, then the power loss in the rectifier stack or assembly at ed d current /4y
is taken to be:
P:nxax(k-”xPz —kx Py
whefe
a i$ the ratio of transducer t.

If the supplier certifies that the ar
identical, then it could be regarded as su
the hiddle of the assembly and one nea
The |arms chosen should not be 180° a
trangformer if any.

fially
near
d the average of the losses is tgken.
the same side of the interphase

All dther losses in theg \ included in the loss measurement, shall be
sepdrately measured Qr ca

ified
ified
btion

If the test appara
aboVe, then meas
valugs and the
between these

NOTH In jrés hould
be cafriedqut bxattackis duct
(d.c. ¢ollectorhar).

The duct loss is to be~gbtained separately:

a) by [calculation or

b) by lseparate measurement

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=UxIx (FFg)?

where
u is the voltage drop of section, average value;
/ is the current of section, average value;
FF is the real service current form factor in section.

S

6.3.5 Method E

This method is suitable for single-way connections.
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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

(duct).

6.3.6 Method A2

This method is suitable for single-way connections.

MetHod A2 is substantially the same as method A1, with the d.c. transducg
bars|of a single commutating group of the single-way connection as
method D.

The p.c and d.c. ammeters shall be used, as in method D.

Measurements may be made successively on individual
testdd in this manner, the temperature of the transfg
apprpximately the same internal temperature as in ng

7 Performance requirements

71 Presentation of rated peak load curre

All information on permissible peak Iads
durations and repetition f
pringiple.

In cgses where no~suite : € 5s can be found in IEC 60146-1-1:2009, Tab
ther¢ are many in whict load information can be given. The examp
Figufe 13 and Figure serve the purpose to introduce the basic approad
presgntation in theca iRg 6ads and repetitive peak loads.

Wheh the basexlo is less than Ilyyy, peak loads of the value /;y ma
supgrimposed for AL but only with long enough intervals to assure equml:

temper ed before each peak load.

equdl to T.4kis to oted that the dlagram for repetitive peak loads as given in the exa

is valid only. for one single value of the base load /.

O nected in the

2 of

d. If
btain

des,
this

e 12,
le in
h of

y be
rium

rvals
mple

W hateverformrof presentationmisused; thecooting conditions strattbe—specified:
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_pt
lgmn 4

lgmN > 14> 12 > 13

p1 IgmN is the rated continuous direct current
I 11, I etc. are different values of base load current I,

7.2 Letter-syx

The |etter symbols

10 100 1000 tp [s]
EC 2998/

(=]

Figure 13 — Single peak Igad

100 1000 T [s]
IEC 2999/10

Figure 14 — Repetitive peak loads

related to virtual junction temperature

related to virtual junction temperature are given in Table 18.

Table 18— L
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)
7“-_ maximum instantaneous value of the virtual junction temperature

J
T temperature in a specified external reference point x, for example the ambient temperature

X p p p p p

of a converter
avg mean value of the on-state or forward power losses averaged over one period of the supply

frequency
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Symbol Quantity
p maximum instantaneous value of the on-state or forward power losses
"5avg maximum instantaneous value of Pavg
Py mean value of If’a\,g , averaged over one period of the load cycle
AP the step of power loss at the instant ¢
k number of power loss steps preceding the instant ¢,
t equivalent conducting period of one arm of a converter connection
tp equivalent pulse duration of the peak load pulse
fin rated supply frequency r\
T one period of the load cycle (\\ N\
Tin one period corresponding to the rated supply frequency (\ \ \
Rin thermal resistance (see 3.3.1) \
R Ry, corresponding to the interval T \ \ \ \/
Zy, transient thermal impedance (see 3.3.2) & \ \ \
Z, Z,, corresponding to the interval t, —t /\ N\ \
Z,, Z,, corresponding to the interval t, ( (7 \/
Z; Z,, corresponding to the/'QtervaI T( \\// /\ \
Zoor Z,, corresponding to tﬁeiin%*{a{% + T( \ N )\/
th Z,, corresponding to thei)@rvah\::R \ N
7.3 | Determination of pe : abili N
temperature
7.3.1 Genera
The [calculation of load
capad rrassemblies, but generally such temperature is not the
only
Due 3 L oR\the ddty cycles, it is often convenient to use computer programs to
calclilaté_virtual jon . load
dutiq i veen
temy
A me¢thod for calculating virtual junction temperature is shown in 7.3.3 to 7.3.6.

The

method is valid under the following assumptions:

a) The virtual junction temperature to be calculated depends only on power of the power

S

emiconductor 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

d

issipating 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
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.
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