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PREFACE

This Standard was prepared by the Standards Australia Committee EL-027, Power Electronics to
partially supersede AS 1955.1—1977, Semiconductor converters, Part 1: General six months after
publication.

The objective of this Standard is to provide designers, manufacturers and users with information on
extending the requirements of AS 60146.1.1 to special cases and types of line commutated converters.

This Standard is the second of a three part Standard; the parts of which are as follows:

AS 60146 Semiconductor converters

AS 60146.1.1 Part 1.1: General requirements and line commutated converters—Specifications
of basic requirements

AS 60146.1.2 Part 1.2: General requirements and line commutated converters—Application
guide (this Standard)

AS 60146.1.3 Part 1.3: General requirements and line commutated converters—Transformers

and reactors

This Standard is technically identical with, and has been reproduced from, IEC 60146-1-2:1991,
Semiconductor  converters—General  requirements  and  line  commutated  convertors,
Part 1-2: Application guide. Minor editorial changes have been made to the text such as the use of the
word ‘converter’ throughout the document (to standardize spelling across this series of Standards).

A reference to an International Standard identified in the Bibliography by strikethrough (example) is
replaced by a reference to the Australian or Australian/New Zealand Standard(s) listed immediately
thereafter and identified by shading (example). Where the struck-through referenced document and
the referenced Australian or Australian/New Zealand Standard are identical, this is indicated in
parenthesis after the title of the latter.

In January 1997, the IEC commenced numbering its Standards from 60000 by adding 60000 to the
number of each existing Standard. This coordinates IEC numbering with ISO numbering. During the
transition period an IEC Standard might be identified by its new number or its old number (for
example, [EC 60050 or [EC 50).

As this Standard is reproduced from an International Standard, the following applies:

(a) Its number does not appear on each page of text and its identity is shown only on the cover and
title page.

(b) In the source text ‘this International Standard’ should read ‘this Australian Standard’.
(¢) A full point should be substituted for a comma when referring to a decimal marker.

The term ‘informative’ has been used in this Standard to define the application of the annex to which
it applies. An ‘informative’ annex is only for information and guidance.
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STANDARDS AUSTRALIA

Australian Standard

Semiconductor converters

Part 1.2: General requirements and line commutated converters—Application
guide

Section 1 - General

1.1 Scope

This report gives guidance on variations to the specifications in IEC 146-1-1 to enable the
specification to be extended in a controlled form for special cases. Background information is
also given on technical points which should facilitate the use of IEC 146-1-1.

This report primarily covers line commutated converters and is not in itself a specification,
except as regards certain auxiliary components, in so far as existing standards may not
provide the necessary data.

1.2 Application of semiconductor power converters
Semiconductor power converters are used in most industries for the conversion of electrical

power and also to facilitate the conversion of thermal or mechanical energy into electrical
power and vice versa.

Examples:

1.2.1 Conversion equipment

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;

slip energy recovery;

machine-commutated converters;

self-commutated converters: voltage source;
current source;

d) adjustable speed drives (covered by specific IEC standards);

e) chemical processes (electrolysis, electroplating, electrophoresis);
f) computer power supplies;

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

i) electromagnets, field supplies;

j) radio transmitter d.c. supplies;

k) plasma torches;

1) arc furnace d.c. power supplies;

m) solar energy conversion;
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1.2.2 Supply source conditioning (active and reactive power)

a) HV or MV systems (transport and distribution, in-plant P.F. correction);
b) LV systems (energy saving);
c) Isolated or standby generating plant;

d) D.C. or a.c. supply particularly from solar, wind or chemical energy.

NOTE - Some of the applications listed above are the subject of particular IEC Publications now existing or in
preparation.

1.3 Equipment specification data
1.3.1 Main items of the specification

See 3.11.4 of IEC 146-1-1: Rating plate.

1.3.2 Additional information

In addition to the essential data such as should appear on the rating plate as specified in
IEC 146-1-1, the following list may prevent other important information being omitted from the
specification, concerning the purchaser’s requirements or the supplier’s product.

1.3.2.1 Supply source

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;

c) Other existing loads (motors, capacitors, furnaces, etc.);
d) Limits of disturbances (prevailing or permitted);

e) Type of earthing.

1.3.2.2 Output specification

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.

1.3.2.3 Environment specification

a) Temperate, tropical, arctic climates;

b) Temperature, humidity, dust content (unless IEC 664, degree 1, is applicable);
C) Unusual service conditions;

d) Outdoor/indoor installation;

e) Protection class (according to IEC standards);

f) Compliance with specific standards (IEC or others, including safety standards).
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1.3.2.4 Electrical service conditions
a) Supply bus category:
- converter dedicated system (converters only);
- general purpose system (includes a.c. motor loads);

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

b) Immunity class of the equipment: a different immunity class may be selected for one or
more parameters.

1.3.3 Unusual service conditions

1.3.31 Abnormal temperature conditions
The preferred values of specified ambient temperature conditions are given in IEC 146-1-1,

222t02.2.21.
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 the converter transformer. The values of cooling medium temperatures relating
to the transformers are given in IEC 146-1-3 and those relating to assemblies are
given in IEC 146-1-1;

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

1.3.3.2 Dust and solid particle content
For particular applications the degree of pollution may be specified separately, according to

IEC 664 or other relevant IEC Publications, for example specifying pollution classes other
than degree 1 as specified in IEC 664.

1.4 Converter transformers and reactors
See |IEC 146-1-3.
1.5 Calculation factors

See table 1. For letter symbols and definitions refer to 1.4, 1.5 of IEC 146-1-1 and 1.7.2,
1.8.1.4 of this report.

1.5.1 Voltage ratios

Table 1 gives the ratios: column 10 column 11
Ys. Y
UvO Udi
where:
Ui ideal no-load direct voltage;
Uvo transformer valve winding voltage;
Uim ideal crest no-load voltage, appearing between the end terminals of an

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

NOTE - For connections Nos. 5, 11 and other connections employing interphase transformers, the ratio Ujw/Uq;
increases at no-load.
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1.5.2 Line side transformer current factor

The quotient of the rrm.s. value /" of the current on the line side and the direct current /4 is
indicated in table 1, column 8, on the assumption of smooth direct current, rectangular
waveshape of the alternating currents and on the following voltage ratio for single or double-
way connections:

phase— to—phase voltage online side U 1
voltage between two commutating phases on valve side Uvo

For different values of the voltage ratio, the line side current is approximately:

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

O<a<rl; l:‘lgzo,sm
3 Iy \3

T . I m—o

— <0< T - =

3 Iq T

1.5.3 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 /4 is indicated in table 1, column 9.

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

O<a<l: Ii=‘f£=0,816
3 Iy V3

b1 . Iy T - o

—<O<T, v

3 Iy m

1.5.4 Voltage regulation

Table 1, column 12, gives the ratio:

dxtN

exN

between the direct voltage regulation dy;y at rated load due to the transformer commutating
reactance, expressed as per unit of 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 alternating voltage U,y the secondaries being short-circuited according to
column 17.

The inductive direct voltage regulation dy can be calculated from the knowledge of e, of a
three-phase transformer only for connections with a commutating number g = 3.
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Table 1 — Connections and calculation factors
Con- Transformer connection Valve connection P q &qgs |Line side cyrrent | Valve side U 7™ o pin Terminals to be shor-circuited at fransformer Total losses in windings | Terminals to be short-cir-
nec- —_— factor current factor 7 b loss test in convertor operation cuited for
tion g 3) Vo Ve e
1)
No. Line Valve side INGP I.114 A B o] @xu
side
1 2 3 4 5 8 7 8 ] 10 1" 12 13 14 15 16 17
Single convertor, single-way connections
1 ) \ 2 2 2 0,5 0,707 0,45 3,14 0,707 01 0-2 0,5(P4 +£g) 1-2
! iz (n) !
. e (%) | (%) (%)
| el o | 5
2 Y 2 3 3 K 3 0,471 0,577 0,675 2,09 0,866 1-2-3 Pa+1¥p/3 1.2.3
SR | g d GRRORICINCRRG
~ o\, 5 . 3 M n2 3 2
3 8 8 8 0,816 0,408 1,38 2,09 1,8 1-3-5 2:4-6 0,75(PA+PR) Average of 1-3-5 and
_’} 5, |;‘u,c 12 3 4 5 6 (\/_2) ( l) a0 (2—") o 46
w | ey S e R e
403 +
4 s 1 2 3 a4 5 8 6 8 8 0,816 0,408 1,35 2,08 1,5 1-2 2-3 Average of {Pa+2Pg+3Pc) /6 Average of 1-3-5 and
A ‘h;‘l (\/’5) ( 1 ) (35) (Zn) o . 45 135 2-46
o e = — X 2 -1 and
5 U & 3 3/2 0,408 0,289 0,675 2,42 05 1-3-5 2-4-6 0,5(PA +Pg) Average of 1-3-5 and
16 T35 2 4 6 -4-
TA N () () | ()] (22) 248
SV e vl I 44 4 44 ) IC ) | e | Lo
-] [ 2 23 0,272 0,238 0,45 3,14 0,75 1-3-6 2-4-6 1,125(Pa+Pg)/2 1-4
A " o 428 308 ! ( ,\/5) ( ] ) (ﬁ) (n) io -1 [ Farrell 25
40 24/ = ~ 0,5 3-6
22/ U, @m . 3v3 3z n
Single convertor, uniform double-way connection
7 { - 2 2 8 1 1 0,8 1,57 0,707 1-2 Pa 1-2
g o] RE A
[ e} l 2 ¥ (2] G 7
8 e 1 - 6 3 ] 0,816 0,816 1,35 1,05 0,5 1-2-3 Pa 1-2-3
LA TR W3 | (3| ER] 6
%4 S 3
< &N g % 3 8 n
9 12 3 3 0,788 0,408 1,35 1,05 0,26 1-3-5 2-4-6 1-3-5 0,035(P4 +PR) Average of 1-3-5 and
TAN A 5¢<2] NEEEREEE: ( /3) (L) 1)) () 246 +093P¢ 246
o 3 NEY T 3v2 n
AN AN Y VY Y9 YR 23 76 n 3
NOTES rp = resistance of one cell winding
1 Referto 146-1-2, 1.7.2 and 1.8.1.4.
2 Refer to transformer pnmarg.
3 Refer to transformer secondary.
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Table 1 — Connections and calculation factors (continued)

Con- Transformer connection Valve connection P q 6gs | Line side current | Valve side Va (7™ d,.,; a Terminals to be shori-circuited at transformer Total losses in windings | Terminals to be short-cir-
nec- — factor current factor v I . foss test in convertor operation cuited for
lion 9 3 o ] "
1
No. Line Valve side INZR 1,71, A 8 C L.
side
1 2 3 4 5 8 7 8 9 10 1t 12 13 14 15 16 17
10 12 3 3 0,789 0,408 1,35 1,05 0,52 1-3-5 1,07 Pc 1-3-5
Same as 3, but with two Same as 9 1+43 1 372 n 2-4-6 2-4-6
difterent transformers 20 Té o 3
1" 6 1 12 3 3 0,789 0,408 1,35 1,05 0,26 Average of 23 1-2 1,34 P4-0,08 Pg Average of 1-3-6 and
A y Y'Y ¥V ¥ 143 | 32 n 1-3-5 and a5 3-4 0,27 P¢ 2-4-6
: L [ PRI (o) | (5 |2
—< Panard Y SZJ‘ Yy v 9 273
12 A \ 2 1 12 3 12 1,577 0,818 27 0,524 0,26 1-3-5 2-4-6 ;32 0,33g(gé;PB) Average20216-3-5 and
4 - -4- .93 Pe -4+
RPN EEINER: CoONRt-RICOING
< | TN Y I \y ¥ 73 n
13 Same as 12 but with two Same as 12 12 3 12 1,577 0,818 2,7 0,524 0,52 1-3-5 1,07 Pc 1-3-5
separate transformers 1+V3 ( \/’5) (bfé) ( n ) 2-4-6 2-4-6
5] 3 n 6
Single convertor, non-uniform double-way connections
14 . - -la2| 2 . e \/T—'E o.Js_ 157 0'7017 4) 12 Pa 12
| 5| () | 3
NI ELiRE] " ER G| A
« + +
15 - 8 3 - See 1.5.2 See 1.53 1,35 1,05 05 1-2-3 PA 1-2-3
1 or Al ——
AL ET: (32)| (3)
— 2 H N4 OO A n
Double convertor connections
18 A s 123 e See connection No. 5
_< 25 0 - - ©
17 See connection No. 5
A 6, 1\Uo 138246 135248
or 2
—< 403 .
18 See connection No. 8
Wy Mo b b T
o A AA\U' 'b<u—<1& n§‘ uz .;S«' ugs zzS
~ St non Y VY Y, 3 4
19 See connection No. 8
3 oor 1 1 o
A AT FFFTR R
< | &N Y 9%, & &7

dS'MI\: W

NOTES

1 Referto 146-1-2, 1.7.2 and 1.8.1.4.

2 Refer to transformer primary.

3 Refer to transformer secondary.

4 n<u 0.707(1/42) 1 a>u: 0.354(1/242) § cosual-Xox /{370,
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For all other connections with a three-phase transformer, the ratio between dgyn and ey
depends on the proportions of primary and secondary reactances in the transformer.

NOTES
1 It is assumed that the angle of overlap u is less than 2n/p, p being the pulse number. See 3.1.3.
2 For connection numbers 9, 12 and 13 the figures in column 12 assume that e,y is defined for the line current

of the whole equipment. If each transformer is tested separately with its rated line current (0,816 /qn and
1.632 Iyn respectively), the value of column 12 should read 0,5.

1.5.5 Magnetic circuit

The magnetic circuits corresponding to the connections supplied with three-phase currents in
table 1 are assumed to have three legs.

1.5.6 Power loss factor

Table 1, column 16, gives the relationship between power losses in converter operation and in
the short-circuit test at rated line current /; y for the whole equipment and according to
columns 13, 14 and 15.

The validity of this factor is restricted according to 4.1 of IEC 146-1-3.

1.6 Parallel and series connections
1.6.1 Parallel or series connection of valve devices

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.

1.6.1.1 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 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.

1.6.1.2 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.

1.6.2 Parallel or series connection of assemblies and equipment units

1.6.2.1 Parallel connection

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 should 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.
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1.6.2.2 Series connection

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.c.
side is disconnected and the d.c. side is still connected to an active load.

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.

1.7 Power factor
1.71 General

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 cos ¢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 to the
displacement factor calculated under the assumption of both symmetrical and sinusoidal
voltage.

The displacement factor for three-phase uniform thyristor connections should be determined
by calculation from the measured reactances in accordance with 1.7.4.

For single-phase equipment exceeding 300 kW rated output, for equipment with non-uniform
three-phase connections and for converters with sequence 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.

NOTE - For many applications, i.e. small PWM (Pulse width modulated) drives with small or no d.c. reactor, the
ripple influences very much the total power factor.
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1.7.2 Symbols used in the determination of displacement factor
COS P1N displacement factor at rated direct current for zero delay angle

COS P1aN displacement factor at rated direct current, for delay angle o

fo RN = dun t+ dipn, total resistive direct voltage regulation at rated load in per unit of
Udi

dyn = dyn + dypn, total inductive direct voltage regulation at rated load in per unit of
Udi

dipn, dypn resistive (resp. inductive), direct voltage regulation due to other parts of the
converter, for example anode reactors, line side reactors and transformers etc.,
if any, at rated current, in per unit of Uy,

drn, dxin resistive (resp. inductive), direct voltage regulation due to the converter
transformer at rated direct current, in per unit of Uy,

din additional direct voltage regulation due to a.c. system impedance, expressed in
per unit of Uy, at rated direct current /gy, when the r.m.s. voltage on line side
terminals is kept constant.

Egn d.c. motor counter e.m.f. at rated shaft speed and rated flux

fin rated line frequency

4N rated direct current

p pulse number

PN = Ugn % Ign + Prn, active power on line side at rated load

PN power losses in circuit resistance at rated load

Q1N reactive power on line side at rated load, related to /.y

R, motor armature circuit resistance

Re system resistance of the supply source

Rsc short-circuit ratio

Stn = Ug % Ign = Uln % 11N % \/§= apparent power on line side at rated load, based
on the fundamental wave I,y of the line current

Sc short-circuit power of the supply source

Sin transformer rated apparent power

u overlap angle

Ugi ideal no-load direct voltage

Ugn rated direct voltage

Udrn resistive direct voltage regulation, at rated load

Udpn ideal internal direct voltage at rated load including the total resistive direct
voltage regulation

X system reactance of the supply source

o angle of delay of phase control in rectifier operation

angle of advance of phase control in inverter operation

Y extinction angle of commutation for inverter operation

Q1N displacement angle (of fundamental wave) of the line current at rated direct
current (neglecting the transformer magnetizing current)

o suffix for rectifier operation with the delay angle «

§ suffix for inverter operation with the angle of advance 3
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1.7.3

10

Circle diagram for the approximation of the displacement factor cos ¢,y and of

the reactive power Q. \ for rectifier and inverter operation

The approximate displacement factor cos ¢4y and the approximate reactive power Q. for a
converter may be estimated by use of the circle diagram given in figure 1.

b Quy
1 O S”_N
|
/ LN
QLN6 LN
S1LN \- (p1NB B
P) h o (PING o PL
-1,0 Uane s Ugna 1,0 S
Udi . Udi ;' drN
= o
drN cos (p1NB1) B Cos‘pmuz) du
b Usgip - Ui i
dx,;:jx,;< Uy = cos B> U, - cose _
Udpng PN

1) COS Q1N — —dpNB _ NP

Ugi  Sin

u

2)  cospy =2 = P

U SiN

Figure 1 - Circle diagram for approximation of the displacement factor

1.7.4 Calculation of the displacement factor cos ¢,
1.7.41 Displacement factor, at rated direct current, for zero delay angle cos o1y
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Figure 2 is used for 6-pulse connections.

Figure 3 is used for 12-pulse connections.

This is obtained, for the appropriate value of a.c. system reactance, from figures 2 and 3,
respectively. If not otherwise stated, it is assumed that the r.m.s. value of the line side
terminal voltage is kept constant.

The values of «, indicated in figure 3 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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Cosy ,, p=6
0,99 N
0.98 \ °'°5\\
0,97 \\Q‘\\
- E\\\\\\
0.2
s N %\\
SN
0,03 \\\\‘
A NN

0,92 \
0,91

0 0.01 002 003 004 005 006 007 008

Cos 0
1

o
i

e = d + dyn(p.u)

Figure 2 - Displacement factor as a function of dyy for p = 6

0,99 =

0,98

Q, (deg.)

0,97

0,96

0,95

0,93

0,92

Accessed by MONASH UNIVERSITY LIBRARY on 16 Jun 2015 (Document currency not guaranteed when printed)

www.standards.com.au

Full document details: AS 60146.1.2-2002 (2013)

0,02

NOTE - The parameter for figures 2 and 3 is:

0,03

0,04

0,05

Sc

SIN _ Ydi X/an

Sc

0,06 0,07 0,08
A = dw + dg (pou)

Figure 3 - Displacement factor as a function of dxn for p =12
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1.7.4.2 Displacement factor cos ¢4.n, at rated direct current, for delay angle «

If there is phase control with delay angle «, the corresponding value cos ¢,y Mmay be
calculated from the following formula, which is sufficiently accurate for practical purposes:

COS PN = COS @ - (1 - COS @qn)
For the inverter range, the displacement factor may be obtained from the following formula:
COS @y = COS P + (1 -cos @qn)

For an inverter, the abscissa in figures 2 and 3 represents the inductive direct voltage
increase at rated load in per unit of Uy; .

For non-uniform connections, the following formula is applicable:

o, 1-cos
cos i =cos (%) - =250
)

cos
( 2

For asymmetrical control, with delay angles o4 and «,, respectively, the following formula is
applicable:

COS Py = COS (OL—] + 0Olo ) _ 1- COS_:])»]N
coSs (M)
1.7.4.3 Displacement factor at loads other than rated load, cos ¢,

When using the curves of figures 2 and 3 for other loads than the rated load, the actual values
of /4, dx, dx» Should be used to obtain the cos ¢4 for the actual direct current /4.

That is, the value:

Oyt + dyp = (duin + dxon) X IL
lan

should be used to obtain cos ¢4 from figures 2 and 3 respectively. Then:
COS @1, = COS o - (1 - cOs @)

1.7.5 Conversion factor

For converters with a pulse number of 6 or more, the conversion factor and the power
efficiency are almost equal (see IEC 146-1-1, 1.5.24).

The conversion factor should be given in addition to the power efficiency, especially for low
power converters, for converters with pulse number of 6 or less if specified by the purchaser
and in cases of applications where the power of the a.c. components of currents and voltages
in the d.c. circuit is considered not to contribute to the useful power.

The conversion factor should always be determined by the input/output method for specified
load conditions.
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1.8 Direct voltage regulation

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
dissipation within the converter;

- inductive voltage regulation due to commutation. Commutation distorts the voltage
waveform at the terminals of semiconductor assemblies and change d.c. voltage that is
basically made up of samples of the a.c. voltages;

- 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 should include the effect of all impedances existing between such
infinite power source and the a.c. terminals of the converter.

However this report assumes the r.m.s. line voltage to be constant at the a.c. terminals of the
converter, not at infinite power source.

Thus the ideal no-load direct voltage Uy should be referred to converter terminal voltage and
the voltage regulation results from two contributions:

- the inherent direct voltage regulation, i.e. the voltage regulation of the converter itself
(see 1.8.1 and IEC 146-1-1, 1.5.28.1);

- the additional direct voltage regulation due to the influence of a.c. system impedance on
the waveform of converter terminal voltage (see 1.8.2).

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

1.8.1 Inherent direct voltage regulation

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 con-
stant.

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 sequence control, the method of determining the inherent voltage regulation
will be specified.
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1.8.1.1 Resistive direct voltage regulation due to main and interphase transformer

This regulation is given by the formula:

Uan _losses in transformer windings at rated current
lan
1.8.1.2 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.

This regulation is calculated from the formula:

UdrbN _losses in the components at rated current
lan
1.8.1.3 Inductive direct voltage regulation due to the converter transformer

For all connections, the inductive voltage regulation can be calculated from the transformer
commutating reactance test (see IEC 146-1-3) using the formula:

Uaxin = dyin % 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: dun/exn given in table 1 and exn (see 1.5.4). In such case:

dxtN
Uguin = [ X e XUy
exN

1.8.1.4 Inductive direct voltage regulation due to other components

For example line side reactors, current balancing reactors, etc.

The following symbols are used in the calculation formulae:
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dybLN inductive direct voltage regulation at /yy due to line side reactors in per unit of
Udi

AybyN inductive direct voltage regulation at /;y due to value side reactors in per unit of
Udi

UdxbLN inductive direct voltage regulation, corresponding to dy,.n

UdxbyN inductive direct voltage regulation, corresponding to dypyn

XbL reactance per phase on line side of reactor, transformer etc.

Xby reactance per phase on valve side of reactor, transformer etc.

lon r.m.s. current in reactor, corresponding to I4y, calculated on the basis of
rectangular current waveform

l4N rated direct current

Upn rated phase-to-phase voltage at the line side terminals of the reactor etc.

g number of commutating groups between which /4y is divided

p pulse number
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q commutation number
number of commutating groups in series

o) number of commutating groups commutating simultaneously per reactor

a) For reactors, transformers etc., on the line side:

For three-phase systems:

\/EXIbN X XbL

dyoLN = sin (EJ and  Ugpin = V3 X Iy X Ugi X X sin (EJ
Uon P Upn
For single-phase systems:
T Jon X XpL 1 o % XpL x Ug;
dypin =—=x2N220L  and Ugygony =—=x 2N 2bl Z=di
xb \/E UbN dxb! \/E UbN

b) For valve side reactors:

OX(QXS$S X%Nxxm B o
2xmxg Ugi 2xmxg

dybvN =
The inductive direct voltage regulation due to other components is:

Uaxon = Uaxon + Udxoun

1.8.1.5 Inherent direct voltage regulation of the converter

The direct voltage regulation at rated direct current due to main and interphase transformers
(if any), is given by:

Ugtn = Ugrin + Ugxin

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

Udbn = Udron + Uaxon
The inherent direct voltage regulation at rated direct current, is given by:
Udgtn + Uabn = Uanin + Ugxan + Uaron + Uaxon

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

1.8.2.1 Influence of a.c. system impedance on dc. 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 terminal voltages, due to non-
sinusoidal currents drawn by the converter, that influence the voltage regulation.

This influence depends on the pulse number and the ratio (Rsc) of the system short-circuit
power to the fundamental apparent power of the converter.
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