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INTERNATIONAL ELECTROTECHNICAL COMMISSION

POWER QUALITY MANAGEMENT -
Part 3: User characteristics modelling

FOREWORD

ddition to other activities, IEC publishes International Standards, Technical Specifications, Fechnhical

Pullicly Available Specifications (PAS) and Guides (hereafter referred to as "IEC Publication(s)")

pre
ma

Sta

2) Thg formal decisions or agreements of IEC on technical matters express, as néarly as possible, an interr

con

interested IEC National Committees.

3) IEQ Publications have the form of recommendations for international use and are accepted by IEC N
Committees in that sense. While all reasonable efforts are made t@ ‘ensure that the technical content
Pulflications is accurate, IEC cannot be held responsible for ¢he way in which they are used or

mis|
4) In

trarnisparently to the maximum extent possible in their national*and regional publications. Any divergence b
any| IEC Publication and the corresponding national or regional publication shall be clearly indicated in th

5) IEC itself does not provide any attestation of conformity. Independent certification bodies provide cor

ass|
ser
6) Al

7) No
me
oth

expenses arising out of the pdblication, use of, or reliance upon, this IEC Publication or any oth
PuRlications.

8) Attgntion is drawn to the Narmative references cited in this publication. Use of the referenced publica
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9) IEQ draws attention to/the possibility that the implementation of this document may involve the use

pat
res
ma
the

shajl notbe held responsible for identifying any or all such patent rights.

IEC 6
energ

baration is entrusted to technical committees; any IEC National Committee interested injthe subject d

hdardization (ISO) in accordance with conditions determined by agreement betweéen the two organiza

ensus of opinion on the relevant subjects since each technical committee has representation fi

nterpretation by any end user.

rder to promote international uniformity, IEC National Committees undertake to apply IEC Publi

pssment services and, in some areas, access t6 IEC marks of conformity. IEC is not responsible
ices carried out by independent certification.bodies.

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

liability shall attach to IEC or its disectors, employees, servants or agents including individual expe|
nbers of its technical committeessand”IEC National Committees for any personal injury, property dan
er damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fegq

spensable for the cofrect application of this publication.

bnt(s). IEC takes 'no position concerning the evidence, validity or applicability of any claimed patent r|
ect thereof{As of the date of publication of this document, IEC had not received notice of (a) patent(s
be requifedto implement this document. However, implementers are cautioned that this may not re
latest infermation, which may be obtained from the patent database available at https://patents.iec.

International Electrotechnical Commission (IEC) is a worldwide organization for standardization-conjprising
ational electrotechnical committees (IEC National Committees). The object of IEC is to promote~interrjational
peration on all questions concerning standardization in the electrical and electronic fields. To'this gnd and

eports,
Their
It with

participate in this preparatory work. International, governmental and non-governmental‘organizations|liaising
with the IEC also participate in this preparation. IEC collaborates closely with the International Organiz

ion for
ions.

ational
fom all

ational
of IEC
or any

cations
etween
b latter.

formity
for any

rts and
age or
s) and
er IEC

ions is

of (a)
ghts in
, which
present
ch. IEC

R222-3 has been prepared by |IEC technical commitiee 8: System aspects of ele

ctrical

y supply. It is a Technical Specification.

The text of this Technical Specification is based on the following documents:

Draft Report on voting

8/1690/DTS 8/1702/RVDTS

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The language used for the development of this Technical Specification is English.
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This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at http://www.iec.ch/standardsdev/publications.

A list of all parts in the IEC 63222 series, published under the general title Power quality
management, can be found on the IEC website.

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

e reconfirmed,
e withdrawn, or

e reyised.

IMPORTANT - The "colour inside" logo on the cover page of this document indigates
that|it contains colours which are considered to be useful for-the correct understanding
of its contents. Users should therefore print this document'using a colour printer



http://www.iec.ch/members_experts/refdocs
http://www.iec.ch/standardsdev/publications
https://webstore.iec.ch/?ref=menu
https://iecnorm.com/api/?name=f60bfd6dfe426057496f1f65351073e1

1 S

-6 - IEC TS 63222-3:2024 © |EC 2024

POWER QUALITY MANAGEMENT -

Part 3: User characteristics modelling

cope

This part of IEC 63222 is intended to provide provisions regarding recognized engineering

practi
It su
gener
plann

This document focuses on frequency-domain modelling for AC power quality analysis in e
powel

3 kHz
sequ

on th
distur

Thesq guidelines will be valuable in the definition of power quality performance specific
for user equipment. They will also assist users when fodelling their installation to ass

demo

invesfigate and specify mitigation measures.

2 N

The fgllowing documents are referred telin the text in such a way that some or all of their c

consti

For U

amen

IECT

emissjon limits for the connection of distorting installations to MV, HV and EHV power sy

IECT

emissjon limits-fér the connection of fluctuating installations to MV, HV and EHV power sy

IECT
emiss

marizes the best practice in non-linear, unbalanced, impact and fluctuatinglog
btions modelling for power quality disturbance anticipation in public power systems
ng stage.

in 60 Hz systems). Unbalance is analyzed in three-phase systeéms and only ne

nce component is considered. The approach and modelling gudidelines provided arg
representation of user installations connected to power systems acting as sour

bance. Modelling of the network elements is out of the sgopg of the document.

nstrate compliance with the emission limits provided by the system owner/operator

lormative references

itutes requirements of this document. For dated references, only the edition cited af

iments) applies.

R 61000-3-6, Electromagnetic compatibility (EMC) — Part 3-6: Limits — Assessm

R 61000-3-7>Electromagnetic compatibility (EMC) — Part 3-7: Limits — Assessm

R 61000-3-13, Electromagnetic compatibility (EMC) — Part 3-13: Limits — Assessn
ionvlimits for the connection of unbalanced installations to MV, HV and EHV

gment.

ds or
at the

ectric

networks, typically in the range up to the 50th harmonic (2,5 kHZin"'50 Hz systems or

jative
valid
ces of

ations
PSS or
and to

bntent
plies.

ndated references, the latest edition of the referenced document (including any

ent of
stems

ent of
stems

ent of
bower

systems

IEC 61000-4-30, Electromagnetic compatibility (EMC) — Part 4-30: Testing and measurement
techniques — Power quality measurement methods
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3 Terms and definitions
For the purposes of this document, the following terms and definitions apply.

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

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

e |SO Online browsing platform: available at https://www.iso.org/obp

3.1

powef quality
charagteristics of the electric current, voltage and frequency at a given point in an electric power
system, evaluated against a set of reference technical parameters

[SOURCE: IEC 60050-614:2016, 614-01-01 — The note to entry has been deleted.]

3.2
point|jof common coupling
PCC
point |n an electric power system, electrically nearest to a particular load, at which other|loads
are, of may be, connected

Note 1 [to entry: These loads can be either devices, equipment or systems, or distinct network users' installptions.

[SOURCE: IEC 60050-614:2016, 614-01-12]

3.3
point|of connection
POC
refereince point on the electric power system where the user’s electrical facility is connegted

[SOURCE: IEC 60050-617: 2009;.617-04-01]

3.4
system impedance
impedance of the electric power system as viewed from a designated point (e.g. pqint of
commlon coupling or(paint of supply)

[SOURCE: IEC{60050-614:2016, 614-01-13]

3.5
shorticircuit power
productofthecurrentim the short Tircuitata pointof a system and a conventionatvoltage,
generally the operating voltage

[SOURCE: IEC 60050-601:1985, 601-01-14]

3.6

RMS value

root-mean-square value

effective value

for a time-dependent quantity, positive square root of the mean value of the square of the
quantity taken over a given time interval

[SOURCE: IEC 60050-103:2017, 103-02-03, modified — The notes to entry have been deleted.]


https://www.electropedia.org/
https://www.iso.org/obp
https://iecnorm.com/api/?name=f60bfd6dfe426057496f1f65351073e1

3.7
volta

-8 - IEC TS 63222-3:2024 © |EC 2024

ge deviation

difference between the supply voltage at a given instant and the declared supply voltage

[SOU

3.8
volta

RCE: IEC 60050-614:2016, 614-01-04]

ge fluctuation

series of voltage changes or a continuous variation of the RMS or peak value of the voltage

Note 1

be spegified:

[SOURCE: IEC 60050-161:1990, 161-08-05]

3.9

flickey

impregsion of unsteadiness of visual sensation induced by a light stimulus-whose lumina
spectral distribution fluctuates with time

[SOURCE: IEC 60050-614:2016, 614-01-28]

3.10

volta

condi

(fundgmental component), or the phase angles between consecutive phase element vol
are ngt all equal

[SOU

3.1
unba

to entry: Whether the RMS or peak value is chosen depends upon the application, and which is used

should

?e unbalance
ion in a polyphase system in which the RMS «alues of the phase element vo

RCE: IEC 60050-614:2016, 614-01-32]

lance factor

ce or

tages
ages,

in a three-phase system, degree of unhbalance expressed by the ratio (in per cent) of thg RMS
values of the negative sequencecomponent (or the zero sequence component) to the pgsitive
sequgnce component of the findamental component of the voltage or the electric curren
[SOURCE: IEC 60050-634:2016, 614-01-33]

3.12

harmonic order

harmgnic number

the integralknumber given by the ratio of the frequency of a harmonic to the fundamental
frequengy

[SOURCE: IEC 60050-161:1990, 161-02-19]

3.13

harmonic content

the quantity obtained by subtracting the fundamental component from an alternating quantity

[SOU

3.14
nth h

RCE: IEC 60050-161:1990, 161-02-21]

armonic ratio

ratio of the RMS value of the nth harmonic to that of the fundamental component

[SOU

RCE: IEC 60050-161:1990, 161-02-20]
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3.15

total harmonic ratio

THD

total harmonic distortion
ratio of the RMS value of the harmonic content to the RMS value of the fundamental component

or the

Note 1

Note 2

reference fundamental component of an alternating quantity

to entry: The total harmonic ratio depends on the choice of the fundamental component. If it is not clear
from the context which one is used an indication should be given.

to entry: The total harmonic ratio can be restricted to a certain harmonic order. This is to be stated.

AT aVa¥ -l a Wl = = o4 20 49

SOU Yol L= 4. 2004 alafio ol 1 +lo + ne + "ol | .
ANV, TV UVUUJVUTJIU T.2VUVU T, VJ T72aUT T, TITUUTITCU mruare terrrt, auivul "nao VUTTIT UTlT

to "ra
altern

reference fundamental component of an alternating quantity"” and note 2 to entry has

added

3.16
interh
freque

[SOU

3.17

io", an equivalent term and an admitted term have been added; in the definition;

]

armonic frequency
ncy which is a non-integer multiple of the reference fundamentdl frequency

RCE: IEC 60050-551:2001, 551-20-06]

suddgn voltage reduction at a point in an electric power system, followed by voltage reg

after
secon

[SOU

4 Model category and modelling methodology

4.1

Powe
IEC TH
of pow
For st
stage
of mo

—  fre

volta{e dip

short time interval, from a few periods of the sinusoidal wave of the voltage to
ds

RCE: IEC 60050-614:2016, 614-01-08]

Model category used/for power quality assessment of distorting installations

R 61000-3-7, IEC(TR*61000-3-13). User characteristics modelling differs with three 5
er quality assessment. For stage 1, no power quality evaluation or modelling is nece
age 2, the simplified calculation method is used to evaluate the impact of equipmer
3, assesstment is generally carried out by power system simulation software. Three
Helling-methods are involved in stage 3, including:

nged
'of an

hting quantity” has been replaced by "value of the fundamental component ¢r the

been

overy
a few

quality predictive\nevaluation procedure follows three stages (IEC TR 61000-3-6,

tages
ssary.
t. For
types

gueney-domain modelling, with respect to simulations for analysis of harmpnics,
inferbtlarmonics and unbalance.

— electromechanical time-domain modelling, with respect to electromechanical transient
simulations for analysis of voltage dip/surge, fast voltage variation and flicker.

— electromagnetic time-domain modelling of equipment such as power electronic converter,
with respect to electromagnetic transient (EMT) simulations for analysis of harmonics and
interharmonics.

NOTE

"fa

power quality simulations can be carried out based on load flow results in two ways:

st RMS time domain modelling method" for analysis of voltage dip/swell, fluctuation, flicker, etc.

— "frequency domain modelling method" for analysis of harmonics, interharmonics and disturbances > 2 kHz, where

all

harmonic components are synchronized to fundamental voltages.
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4.2 Model structure
4.21 Power supply model

To analyze voltage deviation, voltage fluctuation, flicker, and voltage dip, an equivalent power
source model is recommended, as in Figure 1. The parameters in the equivalent Thevenin or
Norton source circuit is recommended in Table 1. This model can be used to represent
background voltage disturbances at point of common coupling (PCC) or point of connection
(POC).

7

ZI’ 1

et ; . — [ I
apturatpower-suppiy-system - - Wz
fS - Equivalent to %Eoc or l.?]sc Yz
E [
s

uivalent power source ) ) L . -
ben from PCC or POC Thevenin equivalent circuit Norton equivalént cirquit
IEC

Key

E,. equivalent open-circuit voltage source (case Thevenin)
oo equivalent short-circuit current source (case Norton)
Z, Z; source impedance in complex values

Figure 1 — Equivalent power soutce model

Table 1 — Example of representation/Template of the equivalent power source

Case Thevenin equivalent circuit:

Phase Open circuit voltage Short=circuit impedance Short-circuit impedance
E,. real part Z, image part Z;
\Y Q Q

Case Norton equivalent circuit:

Short-circuit current Source impedance real Source impedance image
Phase Joe part Z, part Z,
A Q Q
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4.2.2 User model

For simulating harmonics and voltage variations caused by electric loads, a Thevenin/Norton
equivalent circuit of electric load is recommended, see Figure 2. The Thevenin/Norton
equivalent circuit is generally used and represented by means of an equivalent ideal current
source and equivalent impedance for each frequency of interest. The parameters involved are
shown in Table 2 and Table 3. In modelling of modern power electronic equipment such as
voltage source converter (VSC) or local generation unit, harmonic emission can be a type of
voltage source and should be modelled with Thevenin equivalent circuit. In both the two
equivalent circuits, I,, and E, are mutually converted at each frequency versus source

impedance. Regardless of the model used, the equivalent source and impedance should be
provi ' ' i icati hases
and ofher conductors such as neutrals of a distribution feeder shall be represented explicitly.
nlinear load models, the source E, and /, are not zero.

NOTE | For convergence issue of the actual power grid simulation, loads are often modelled, with impefdances
calculafed based on the P and Q at fundamental frequency (not with source E, or /).

Thevenin equivalent circuit Norton equivatent/circuit

Equivalent

; impedance

Q) @ U

) Equivalent current source

};c
Figure 2 — Thevenin/Norton:harmonic model including fundamental frequency

Table 2=Example of representation/Template of
theequivalent harmonic current source

Frequency Current source I or voltage source E,
Magnitude
Harmonic ofder AV Phase
Hz or

Ratio to fundamental
%

AW N
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Table 3 — Example of representation/template of the equivalent frequency impedance

Frequency Impedance Z
Harmonic order Impedance real part Impedance imaginary part
Hz R X
Q Q

~ [ w | N

4.3

To de
propo
proba
frequs
(typic
harmd

Any p

Consideration on modelling

scribe time-varying characteristics of users (see Annex A for typicaldisturbing user

bilistic distribution to represent the impact or fluctuating bghaviour. The fundarn
ncy current should be represented in the function of time er probability density fu
blly Gaussian distribution). For one instant of time or a-sample, the correspg
nic component can be obtained by Formula (1) and Farmula (2).

ower factor correction and harmonic filter capacitor banks associated with the ¢

should be modelled or included in the equivalent harmonic impedance.

4.4

The d
the m
manu

Input data requirement
ata required for modelling can be obtained from the frequency-dependent model b

acturer should be able to provide the operational impedances of the device ar

injectéd current at each of the harmonic frequencies of interest at full load and at v

opera
at var

can bp

requir,

ling conditions. Next, the background power quality data should be measured, pref
ous loading levels up to thefull load so that the background power quality characte
estimated and taken\into account as the second input data for the system mog
ement.

For thle purpose of load modelling based on measurement data, class A measuring equi

defing
and e
to obt

din IEC 61000-4-30 is required. The measurement methods, time aggregation, acq
valuation ¢methods associated with the equipment are recommended in I[EC 6100(
hin reliable, repeatable and comparable results.

Meas

includy

irements should be conducted as Iong as possrble |deaIIy for not less than three m

anufacturer of a device, or fromsmeasurement data provided by the operatol.

), the

sed model structure allows for the implementation of represeftative time seriles or

hental
hction
nding

evice

Liilt by
The
d the
arious
brably
Fistics
elling

bment
uracy
-4-30

bnths,

aggregated value is recommended to record In some cases, 3 s aggregated value or waveform
record are necessary. Half cycle value of reactive and active power should be simulated in

order

NOTE

1

to assess flicker level.

The aggregation method of phase angle can refer to IEC 61400-21-1 [7] 1,

Numbers in square brackets refer to the Bibliography.
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4.5

Characterization of measured data

When considering characteristics of disturbance varied with time, one often finds that the
disturbance contains a large number of irregularities which fail to conform to coherent patterns.
The variations generally have random characteristics and the behaviour can be described in
statistical terms which transform a large volume of data into compressed and interpretable

forms.

Numerical descriptive measures are the simplest form of representing a set of measurements.
These measures include minimum value, maximum value, average or root mean square value,
95th or 99th percentile value, and standard deviation. Mathematically, let a set of n

value

measwementsX i =1 nwith minimum valiig YV maximum-valug ¥ The averaae
A L min? max- I
Xavg gnd standard deviation o, are calculated by

Becal
meas
set of

n

X — i =1Xi

avg

se it is often difficult to determine a priori the best distribution to describe a

measurements that fall in various intervals.

5 Modelling for different powep quality indices

(1)

(2)

et of

irements, a more accurate method is a(histogram which shows the portions of th¢ total

5.1 |Voltage deviation
5.1.1 Simplified calculation for voltage deviation analysis
For a simplified calculation, the user installation should be represented as an equivalent power
mode|. The magnitude of the power source corresponds to the condition that the maximum
reactiye power is.drawn by the user. Voltage deviation is estimated as follows:
X + PR
oU :Q—2x100 % (3)

I I

YN
where
oU s the voltage deviation;
Un is the nominal system voltage in kV;
(0] is the maximum reactive power drawn by the user in MVar;
P is the corresponding real power in MW,
R is the resistance component of network equivalent impedance at the PCC in Q;
X is the reactance component of system impedance at the PCC in Q.
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5.1.2 Advanced model for voltage deviation analysis

To conduct a simulation analysis, the user installation can be modelled as an equivalent circuit
which comprises an equivalent power source and equivalent impedance at each frequency, as
shown in Figure 2. Interaction between the user facility and grid can be assessed with an
enhanced model (see 5.3.2). The power source and equivalent impedance in the model can be
represented as a function of time to simulate the time-varying characteristic, which can be
constructed based on 10 min aggregated values.

5.2 Voltage fluctuation and flicker
5.2.1 Simplified calculation for voltage fluctuation and flicker analysis

To anLIyse voltage fluctuation and flicker caused by impact or fluctuating loads (simpli]ied to
rectanjgular variation form), the user installation should be represented as variable-powers P
and ¢ model.

Steadly state voltage change can be estimated as follows:

AU, :RxAP+X><AQ
Uy

(4)

whereg

is the steady state voltage change inkV;

AP and AQ is the change of active power inMW and reactive power in MVar, respectively;

Uy is the nominal system voltageiin kV;
R is the resistance compaoneéent of network equivalent impedance at the PCC in Q;
X is the reactance component of system impedance at the PCC in Q.

For a|periodic and equally spaced rectangular wave (or step wave) load, the resultant flicker
can bg estimated by relative voltage change d and voltage change frequency per minute|r. d is
given |by the following formula:

d=AU_ /U, (5)

Whenld ahd r are known, the relative voltage changes d,.., corresponding to short term flicker

limit can be found from r using the P = 1 curve in Figure 3, and the short-term flicker value
can be calculated as follows:

Fy=—— (6)


https://iecnorm.com/api/?name=f60bfd6dfe426057496f1f65351073e1

IEC TS 63222-3:2024 © |EC 2024 - 15—

Source

For n
load

10 | 10101 1 LAL il

1 1L | LLLL

| . IR | LARIL]

4% See Clause 5 for limits in this area
\‘ [} 5
L%
[
3 4 .“Hn\\.\ 4 s atda .
'."q"*-..
g, ™~
= [ e e f
|
L
| '~.
f \
0,3
0,1 - - - -
10-1 100 10"  Approx. 102 103 104
25 changes/min
r IEC

IEC 61000-3-3, 2013, Figure 2 [8].

Figure 3 — P, = 1 cutve

bn-periodic loads, the flicker can be estimated by the flicker coefficient according
Characteristics. For example, the flicker, caused by the electric arc furnace c

to the
AN be

calculpted according to Formula (7), and the maximum voltage change d,,,, caused by the

electr

whereg

c arc furnace at the PCC can be obtained by Formula (5).

Pst = Klt X dmax

is device dependent. For AC electric arc furnace K, =0,48, for Consteel electrs
furnace(K,*= 0,25, for DC electric arc furnace K, =0,30, for refining electric arc fu

K 50,20,

(7)

C arc

rnace

5.2.2

Advanced model for voltage fluctuation and flicker analysis

For simulation analysis, user should be modelled as an equivalent power model of P and Q.
The time interval used in the equivalent voltage fluctuation and flicker modelling should be as
short as possible, at least one cycle of fundamental frequency. The main difference between
voltage fluctuation and voltage deviation lies in the time interval considered in voltage variations.
Representative load model time series can be identified from monitoring data covering all
process states of the user’s installation and should be capable of reflecting the impact and
fluctuating characteristics of the user. With the recent grid monitoring system, it is possible to
record RMS values every half cycle (equivalent 100 Hz in 50 Hz system), see Electric Arc

Furna

ces (EAF) application case in B.2.2.
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It is possible to consider flicker attenuation phenomenon from higher voltage level to lower
voltage level through analytical, laboratory, and field measurement. Aggregated flicker model
is proposed for a number of distribution loads in order to assess flicker propagation effect, see
clause 4.3 in reference [9]. For a flicker source in the HV grid that produces some measurable
Pg value, the corresponding flicker level measured in a local MV area will likely be less than

that present in the HV supply. This attenuation is largely due to the load response to the voltage
fluctuations. It is certain that the load power is not constant under the conditions of fluctuating
voltages, but the manner in which the load changes dynamically remains the subject of research.
Variable P&Q load models with voltage sensitivity, variable load impedances, and complete time
domain simulations can all be used to capture the attenuation phenomenon (refer to Annex B

for ap

5.3
5.3.1

Non-li
The n

plication examples).

Harmonics/interharmonics

Simplified calculation for harmonics/interharmonics analysis

th harmonic ratio of the resultant voltage U,, % at the PCC to which)a“nonlinear (

conngcted can be estimated as follows:

J3Z,.1

U, %=
10U,

where

Z, is the system harmonic impedance in Q;

I, is the RMS value of harmonic currentiinjected by the user in A;
Uy [is the nominal voltage at the PCClin kV.

Note {hat the background harmopic-voltage is neglected in Formula (8).

As to

the aggregation of harmonic sources which are assumed to be time independent,

phasg angles are known;.the resultant harmonic current can be calculated by Formula

the p

Formyla (10):

I, =12+ 1% +2I,,1,,c080,

where

1, is the current magnitude at harmonic order #;

1,4 is current magnitude of harmonic source 1 at harmonic order n;

I, is current magnitude of harmonic source 2 at harmonic order »;

6 is the phase difference between harmonic source 1 and 2 at harmonic order n.

near users should be represented as an ideal current source for each frequency of interest.

ser is

(8)

if the
(9); if

hase angles are)unknown, the resultant harmonic current can be calculat¢d by

9)
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L= I (10)

where

I,; is the magnitude of the various emission levels at order n to be combined;

o 1o an avinanant \whioh mainhy danande Aan tha doaran towhich indngadaal b
ot ety sty -G e p e eSOt e e grecto Wt o T

T CXpPo y 154
vary randomly in terms of magnitude and phase.

je-eurrents

5.3.2 Advanced model for harmonics/interharmonics analysis

As to [thyristor or IGBT based loads, both harmonic emissions and harmonic.impedance |of the
devicg¢ should be taken into consideration. The Thevenin/Norton equivalent¢ircuit model ghould
be used to reflect the interactions between the harmonic sources and networks.

For nopn-linear time-varying installation, statistical techniques for_harmonic analysis are| more

suitabjle. A harmonic current phasor can be described by its,'magnitude and phase /0 .
Typically, it can be assumed that its magnitude varies randomly with a uniform distripution

betwelen 4, and @, , while its phase varies randomly with/a uniform distribution between {}, and

Hz.Th joint probability density function of the sum ofijndependent phasors can be obtained by

applying convolution of bivariate functions. Such. integrations are complicated and one| often
resorts to Monte Carlo simulation. If a relatively, large number of phasors are to be addgd and
none pf the phasors is dominant, then the central limit theorem can be applied.

With recent power electronic based loadsythe disturbance behaviours are not always as current
source type (thyristor-based), i.e., theload current harmonic emission depends considgrably
on grid impedance and grid backgréund harmonics (magnitude and phase angle).

Five disturbance modelling approaches are studied in [10], in which at least 4 methods dan be
used fo make harmonic modelling. These approaches give different degrees of accurgcy in
disturpance modelling.

1) Simplified constant/passive model (for all frequencies);

2) RMS parameters variation for analysing interharmonics (f < 50/60 Hz);
3) Equivalentfrequency domain source model (see 4.2.1, 4.2.2);

4) Lgcal (time domain model of nonlinear load (or other dynamic models sug¢h as
frgquency-coupling matrix and artificial intelligence models) within hybrid simylation
platform (See B.T.4);

5) Model with built-in statistical functions.

Among above modelling methods, the local time domain model of the nonlinear load concerns
the simplified time domain model of a disturbance source, or the dynamic model (the rest of the
simulated grid is modelled in frequency domain or time-variable RMS model) which can take
into account the interactions between the grid (impedance and background disturbances) and
the load. Consequently, a time domain solver or EMT simulation tool is needed to simulate the
local time domain model and get steady state current spectra as output results. If many dynamic
models are used in the same network, iteration or hybrid simulations should be carried out in
order to guarantee the convergence.

NOTE Full time domain modelling and simulation can give precise results if all models are available. However, it is
not very easy in practice to get precise models of all power electronic structures and control algorithms.
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5.4 Unbalance
5.4.1 Simplified calculation for unbalance analysis

To analyse the impact of unbalance loads, the load should be represented as a negative
sequence current source. Assuming the positive sequence impedance at PCC is equal to the
negative sequence impedance, the negative sequence voltage unbalance factor can be
calculated as follows:

(11)

Euz

(&

~8C

I is the negative sequence current;
U, |s the phase-to-phase voltage;

Ssc [s the short-circuit power at PCC.

Considering the background voltage unbalance, the resultant unbalance factor can be
estimated as follows:

eut =%/E0. TEUs (12)

whereg

eyt [is the total negative sequence Voltage unbalance factor;
eyL ['s the negative sequence-voltage unbalance factor induced by the load;
eyg [is the background voltage unbalance;

a is the summation-exponent whose value range is typically within [1, 2].

For wprst-case study,”«a shall be taken as 2, except for worse-case study.

The magnitudeof the negative sequence current can be obtained by statistical analysis of
monitpring-data considering different operating conditions of load.

5.4.2 —Advanced-modetforunbatance-analysis

For simulation study, full phase representation of a network and multiphase analysis is required.
Single-phase users connected in different phases of a system can only interact with each other
through the system. Each single-phase user should be modelled separately. A three-phase user
should be modelled as a multiphase model. To study the characteristics of variation, the model
should be represented in the function of time.

Unbalance behaviour of induction motors should be studied with a dedicated model. In fact, in
an industrial network, an induction motor has a special behaviour to unbalanced voltage. The
correct way is to model an induction motor with positive sequence impedance and negative
sequence impedance, see Figure 4. For a general induction motor, negative sequence
impedance is smaller compared to the positive one, while this is the key parameter to be
considered to access the overall grid unbalance.
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with R° << R

R, =R (for positive sequence)
R, =R’ (for negative sequence)

IEC

Figure 4 — Equivalent phasor model of induction motor

Figure 5 shows the effect of negative sequence impedance of general induction motors under

1 % of vottageunbatance—the currentunbatance 55,7 (theassessment resutttimke;
motorfmodels is very important).
Negative
20kV| sequence 200 V 400 V, 500 kVA 0,1 km Ineg/Tpos = 1 % 106,8 KW
Iam -4 . @) Mo
-
k- With impedance model Z,q 3
Y Uneg/Upos = 1% :
Errs 9 neg - pos Uneg/Upos = 10,
a) R2=R
Negative
20k}  sequence 200 V 400 V, 500 kVA 0,1 km Ineg/Ipos = 5,781%  106,8 kW
. . } oy —
o 3 = @ W
l \9 k- With impedance model Zp,y <<
e ,
2D Uneg/ Upos 07916 4 % Uneg/Upos = 0889 1%
b) Ry=R’
Figure 5 — Unbalance modelling of induction motor based on negative impedan
5.5 [Voltage dip
5.5.1 Simplified calculation for voltage dip analysis
During start-up, an.induction motor takes a larger current than normal, typically five to six

as large. This clrrent remains high until the motor reaches its nominal speed, typically in' s
seconds to ene/minute. Inrush current due to the starting of induction motors could re

voltage dip ;at the PCC. To analyse the voltage dip, the
impedanee; as shown in Figure 6.

load should be represented

g with

neg

IEC

pos

IEC

times
bveral
sult in
as an

ZS
PCC
Other 7
load M
IEC

Figure 6 — Equivalent circuit for voltage dip due to induction motor starting
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The voltage dip experienced by a load fed from the same bus as the motor can be derived from
the voltage formula:

R
¥ Zo+ 7y,

(13)

where
Zg [isthe source impedance;
Zy  [the motor impedance during run-up. The motor impedance during starting can be @bfained
as follows:
2
ZM — rated (14)
ﬂSmotor

whereg
Uated| 1S the rated voltage of the motor;
Smoto] 1S the capacity of the motor;
S is the ratio between the starting current'and the nominal current.
5.5.2 Advanced model for voltage dip analysis
For simulation analysis, an impact load\should be represented as an ideal current soufce or
impedance in a function of time. The-time interval should be as short as possible, at leagt half
cycle [ (IEC 61000-4-30). Representative load current time series can be identified| from
monitpring data of RMS currents_or waveforms during the starting of the load, see exaniple in
Clausg B.3 (Figure B.12).
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Annex A
(informative)

Typical disturbing users and power quality parameters to be concerned
Table A.1 gives the types of installation.

Table A.1 — Type of installation

Installation type included Power quality parameters to be concerned
Wind farm Flicker, harmonics (Interharmonics)
PV station Harmonics, disturbances > 2 kHz
AC electrified railway Unbalance, harmonics, voltage dip, flicker
DC electrified railway Harmonics
AC electric arc furnace Harmonics (Interharmonics), flicker, tnbalance
DC electric arc furnace Harmonics, flickér
Induction heating furnace Harmonics (Interhafmonics), flicker
Polysilicon ingot fur_nace, monocrystal Héphenics
oven, crucible oven
AC/DC rolling mill Harmonics™(Interharmonics), flicker
Electric welding machine Harmonics, flicker, unbalance
Electrolysis Harmonics

E

getric shovel, cargo lifter and gantry Harmonics (Interharmonics), flicker

crane
ASD Harmonics

Switched mode power supply Harmonics
EV charger Harmonics
Energy-efficient lighting Harmonics

Induction motor (starting mode) Voltage dip
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Annex B
(informative)

Model example applications

B.1 New type of installations with power electronic interface

B.1.1 Device with rectifier and inductive DC bus

A controlled (thyristor) or uncontrolled (diode) rectifier with inductive DC bus is one of the most
traditipnal power electronic structures used in electrolysis, DC motor control, high powerf/peed

drive,|etc. This convertor is found in LV and MV industrial applications, from fractional kK\V to a
few thousand kW. There is a relatively large DC link inductance to stabilize the DE)currepnt.

For harmonic penetration studies in the frequency domain, the common model for this Kind of
rectifier is the ideal harmonic current source model, at the characteristic (and Aon-charactgristic,
if applicable) harmonic frequencies.

For sinplified approaches, harmonic currents could be given by Formula (B.1) and Formulp (B.2)
as follows (n is the harmonic order, k is an integer, and p the pulse number such as 6-pulse,
12-pujse, etc.). The potential worst case in terms of ampeéeres (highest magnitude gf any
harmgnic component) is expected to correspond to the maximum load.

]—n_l B.1
I (8.1)

n=kxptl,k=1,2,3... (B.2)

B.1.2 Device with rectifier and capacitive DC bus

An uncontrolled (diode).front-end rectifier is one of the most common configurations used|in EV
charggr, computers, variable frequency drives, etc. This convertor is found in LV and low power
commlercial and light industrial applications, from fractional kW to a few thousand kW. THere is
arelatively large{DC link capacitor to stabilize the DC current, which is controlled to be corJstant.

For harmonic penetration studies in the frequency domain, the common model for diodg front
end Joltage source converter (VSC) is the ideal harmonic current source model, at the
characteristic (and non-characteristic, if applicable) harmonic frequencies. In addition to this
model, any power factor correction and harmonic filter capacitor banks should also be
represented separately.

In reality, the AC input inductance, which is mainly caused by the feeding network and supply
transformers as well as the converter transformer winding and the load current will have a
significant effect on the AC input current waveform. The percent distortion currents for an actual
diode rectifier can be significantly different compared to the theoretical values. For more
realistic adjustments of harmonic current magnitudes, a look-up table approach is
recommended, thus different load conditions, different AC grid inductance or DC link inductance
values and the effect of unbalance in the supply voltage can be considered.
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For harmonic assessments in the frequency domain, if equivalent model for "diode rectifier +
DC capacitor" is used, Formula (B.2) is always correct, but the harmonic magnitudes and phase
angles can’t be estimated with Formula (B.1) because the DC current can be in discontinuous
mode. Some simplified formulas can be extracted from a given rectifier structure, but it is
difficult to build general models. In practice, the equivalent spectral model can be built by means
of:

— electromagnetic transient (EMT) simulation,

— local time domain model of nonlinear load within hybrid simulation platform (see 5.3.2,
B.1.4),

— on-site measurements,

- mzlichine learning model built from tests and measurements.

For mpre accurate spectral assessment, simplified time domain model should be used-on flypical
convefrter working points. In the case of a controlled rectifier and if the contrél -algorifhm is
unkndwn, the following simplified models (see Figure B.1) together with input) EMC filtefs can
be uspd under time domain simulation for building disturbance spectra (see Clause H.3 for
waveform and spectral examples).

R ————

EMC filters [— | T EMC filter, f—1 < T of

'EEAN 0T e ¢ |

Figure B.1 — Simplified harmonic models by small size
simplified time domain equivalent model

Based on laboratory tests, it is also possible to build an accurate harmonic model by machine
learnipg on testing results, i.e. the ‘above time domain simulation circuit can be replaced by a
frequency-coupling matrix or maghine learning model.

In pragtice, if the above equivalent time domain model can’t be totally put into force, at minfmum,
it is rgcommended to takeiinto account the input EMC filter together with an equivalent current
source¢ method mentjoned before. In fact, EMC filters have a significant impact on overdll grid
impedance, resonance’ frequencies and harmonic levels, especially on high order ones.

B.1.3 Device*with PWM rectifier

An effective)and often cost-effective alternative to diode rectification is the switch-mode|PWM
rectifier,<Fhe active rectifier offers the features of reduced low-order input current harn||onics
for smaller filter requirements and near unity power factor operation.

It should be noted that the presence of the rectifier's PWM carrier frequency (typically from
3 kHz to 15 kHz for medium and high power installation, 20 kHz to 140 kHz for small power
electric appliances) and the associated harmonics will be seen in the input current but are
usually above the frequencies of interest for this document. However, in medium voltage high
power devices, to reduce switching losses, the carrier frequency can be lower, normally below
1 500 Hz. In that case, the harmonics cannot be neglected.

The harmonic emissions from the rectifier into the external system are sensitive to background
harmonics due to interaction with the PWM controls. It is hereby recommended to use a model
structure represented as Thevenin/Norton equivalent circuits at each harmonic frequency of
interest.
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The steady state operation of a PWM rectifier can be characterized by a Thevenin/Norton
equivalent representation based on equivalent ideal current sources and equivalent operational
impedance at each harmonic frequency of interest. The equivalent sources and impedances
will be dependent on the converter control frequency response (due to the interaction between
the PWM controls and the background harmonics) at a particular frequency. The equivalent
current sources in the model represent the disturbance caused by (non-ideal) PWM switching.
Any harmonic filter/PFC (Power Factor Correction) capacitor banks associated with the device
should be explicitly modelled or included in the equivalent impedance.

If passive filters are used to mitigate the effects of the sidebands of the PWM carrier frequency,
they should be included with the Thevenin/Norton equivalent circuits.

In the
each

intera
sourc

recommended equivalent Thevenin/Norton model, both the source and the impeda

Ction to background harmonics at each harmonic frequency. Ideally, theequi

availaple from the device manufacturer over a range of loading levels for thé)particular d

If not,

then the harmonic behaviour of the device can be investigated based on time-d

nce at

harmonic frequency are dependent on the rectifier control strategies -and” dontrol

valent

bs and the operational impedance at each harmonic frequency of interest shodld be

pvice.
bmain

simulations with a manufacturer’'s model (if it is available). The time)domain steady|-state

respo
could
in and

nse should be reflected in the frequency/harmonic domain. If not-available, measure
be made at the input to the actual device. Measurements should consider the devic

account.

B.1.4

As m
frequd
and a
doma
that f|
intere

Example of hybrid power quality simulation

ncy domain simulation to get correct interaction between grid back ground distur
n simulation loop. The harmonic current spectra obtained by hybrid simulation ar

5ting for power quality assessmentlin large scale power grid.

ments
e both

out of service so that the natural background harmonics egan/be estimated and takgn into

entioned in the above sections, a dynamiexharmonic model can be integrated in a

pance

nonlinear load. Figure B.2 shows an EMT>model of EV charger integrated in a freqrency

near

fom whole time domain EMT simulation, but with less computation burden and are
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Figure B.2 — Harmonic assessment results based on frequency domain
and time domain hybrid simulation

Traditional disturbing installations

Large drive systems

bn to the characteristic harmonics.

at 'each harmonic frequency of interest. For the particular cycloconverter of infe
a.special-purpose application-dependent power converter and a significant sourc

——————————————————————————————————— ! lteration -------—---—immm D] - —

I I I I T y 1 1
0 0,005 0,01 0,015 0,02 0 0,005 0,01 0,015 0]02

Time (s) Time (s)
) Current (A) simulated with EMT simulation b) Current (A) simulated with hybrid simulation
IEC

-controlled cyclocenverters are in use for many industrial applications such as cg¢ment
Bll mill drives, mine winders, rolling mill drives, drives for hydro-electric pumped st¢rage,
ne disadvantage’ of cycloconverter is that it generates a wide band of interharmonics in

yclocanverter is expected to have a model structure represented as a Norton equiyalent

rest,
of a

wide range of harmonics, the specialist manufacturer should be able to supply the spectrum
and the operational impedance at each harmonic. If the cycloconverter uses dedicated harmonic
filtering/PFC capacitor banks, the design details of these should also be provided by the
specialist manufacturer and captured in the model.

The input currents of the cycloconverter are expected to have complex harmonic patterns. The
input current harmonics are at frequencies:

(nxp+1) fitmx f, (B.3)
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the input frequency to the rectifier;
the output frequency;

constrained by the following requirement:

(nx p£1)+m=odd integer

2024

(B.4)

where

p
m

n
B.2.2

Almos

compared to the short circuit capacity at their connection point:(Fhey are known to be sg

the m
opera

There
strikin
gener
meltin
but th
strong
state
to wh
case"

There
electr
furnag
is usy
even
as ha
qualit

is the pulse number;
is the integer;

=1,2,3....
Electric arc furnace (EAF)

t always connected to the transmission grid, EAF usually have large power require

ost disturbing applications from the perspective ofipower quality. Their non;
lion produces an input current that is fluctuating, unbalanced and very rich in harm

g, start of melting, melting, refining, etc.cThe start of melting is a chaotic stat
ally results in the worst case for power fluctuation and harmonic generation whi
g process is more stable and having generally lower levels of harmonic current injed
s state persists for longer periods of time than for initial melting. The disturbing beh
ly depends on the process state, which changes the operating point of the furnace
can be characterized by a harmonic current spectrum. Thus, decisions shall be m3
ch process states of the furnace cycle should be considered; perhaps a single
is sufficient for some needs:

are two kinds of EAF: AC arc furnaces and DC furnaces. An AC EAF has three gr
bdes, electrode arms; a high current system with currents up to 80 kA and a three-

ally supplied, by/a 12-pulse or 24-pulse thyristor rectifier. Both kinds produce od

narmonics and‘a continuous spectrum in the harmonic range. Additional equipment
monic fikers, SVCs or STATCOMSs, are frequently installed at EAF plants to keep
(normally flicker, unbalance and harmonics) within specified limits.
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For harmonic assessment, it is recommended that the EAF is represented by its transformer

with a Norton (or Thevenin) equivalent having a harmonic current (or voltage) source at each
frequency along with its internal harmonic impedance, see Figure B.3.
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Transformer
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Figure B.3 — Norton equivalent model
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In some cases, multiple models can be required in order to capture different process states.
This can be implemented by means of look-up tables. It should be noted that the harmonic
components generated by AC EAF are not, in general, independent from one another and this

should

also be reflected in the harmonic source model.

The generation of harmonic currents by DC furnaces strongly depends on the rectifier type.
Assuming ideal commutation and smoothing conditions, the harmonics are generated at orders
n=kxp+1 (p is the pulse number and & is an integer) and can be estimated using the

well-known formula based on the ideal square wave or stepped square wave input current:

One gquivalent impedance per harmonic frequency for each stage of the lprocess (or

(B.5)

each

relevgnt operating point of the furnace) is also needed. This impedancefepresents the passive

behaViour of the furnace components (including any power factor correction device, har

filters
In adqi

in thelharmonic impedance.

When|frequency domain models are not sufficient to captdre the complex behaviour of the
time domain simulations with detailed models of the installation can be needed. For the c
subme¢rged arc furnaces, it means a detailed representation of the converter compg
(thyrigtors) and their control laws. These time-domain models can also be used to deve]
validate simplified models for frequency-domain analysis according to the structure shq

Figure
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(Figune B.4 for a 60"MW EAF). Here is the simulation scheme and results with 10 ms
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etc.) and accounts for the influence of the furnace on the network harmonic impeg
tion to all passive assets, the influence of the controller (if applicable) shall be ca
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ker assessment, it is recommendéed that the EAF is represented by variable imped

000-4-15 [11] flicker meter istone of the easier ways to evaluate fast voltage fluct

variations of an electric arc furnace are very irregular. One proposed metho
ns a simplified dynamic EAF model by setting a chaotic variation on equivale
nce. The principle of this method is based on the theoretical P and Q locus o
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Xavier YANG has kindly provided the above figure.

Figure B.4 — EAF modelling by two chaotic functions per phase
and simulated flicker levels
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The above modelling method can be also used for flicker assessment of a welding machine,

see [12] for detail simulation parameters.
B.2.3 AC electrified railway
B.2.3.1 Traction power system

An AC electrified railway is a typical non-linear, unbalanced, impact and fluctuating load.
Harmonics and negative sequence are the focus of power quality assessment. For the purposes
of power quality assessment, the railway electrification system consists of three principal parts,
the transmission/distribution network, the traction power system and the interface between

these
etc. (9

Trg

two systems. which can consist of traction transformers. compensation equipment.

filters,

ee Figure B.5).
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Figure B.5 — Principal arrangement of traction system

f the main challenges when assessing*the power quality impact of electric railways
ution of the rolling stock along the railway route in both time and space. Electric ra

to some degree need to be assessed as one system, not as individual indepe

ivalents which together represent the entire railway effect on the transmission/distri

epresentation of .the "railway system should consider all trains operating on a
ule or timetable:\lt/is recommended to utilise network equivalents of each feeder g
ttion supply point which accounts for the effects of the ac traction system impedan
rmonic prepagation through the system and the aggregated traction load.

2 Traction load equivalent

IEC

is the
Iways
boints
ndent

ctions. One way of achieving this is to represent the traction power system by a nimber

bution

given
tation
ce on

nces,

rain“acts as a harmonic current source or voltage source with series/parallel imped3

with the fundamental and harmonic currents propagating through the catenary system, traction
transformer and into the EHV/HV system, as illustrated in Figure B.4. The fundamental and
harmonic current distribution will depend on the catenary system parameters, train parameters

and tr

ain location.

The network equivalent should adequately represent the system at each traction power supply
point in order to account for all parameters. The equivalent should account for several trains
(potentially of different types) running to a given timetable. Different equivalents can be required
for different railway sections, modes of train operation, timetables, train types, etc. Some
averaging methods can be employed to simplify the process. The feeder currents in traction
substation can be represented by statistical characteristic quantity over a period of time e.g.,

one w

eek, such as maximum, average, RMS, 95 % percentile value and variance, etc.
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For a new railway, the statistical characteristics of the feeder currents can be estimated by
traction calculation simulation or in-situ measurement data analysis from similar situations.

1) In traction system simulation, all trains moving along the railway route in line with the
timetable need to be taken into account. Different operation modes of trains, e.g.
accelerating, coasting, braking and stopping at stations, also need to be considered.

2) In the statistical analysis of traction load, the probability distribution can be estimated by a
parametric method or nonparametric method. Parametric method is recommended and the
probability density of feeder current can be assumed to conform to beta distribution. The
parameters of the traction load probability density are affected by the number of trains,
trafflc den3|ty, I|ne cond|t|ons etc. Based on the measurement data of existing railway

aggrepation rule. Power electronic converters typically used in trains-can require different
summiation law. For non-synchronized sources, linear summation is recommenddgd for
harmgnics less than order 6th, RMS summation for harmonics above order 6th. For synchrgnized
sources, linear summation is recommended.

For thie linear summation rule, the total current i;, obtained as the sum of moduli is

iin = D50 (B.6)
For the RMS summation rule, the total~eurrent ig\ 5 obtained as the square root of the gum of

squargd moduli is
. 2
lRms = /zln (B.7)

B.2.3/4 Case study of power quality modelling of a high-speed train traction system

B.2.3/4.1 General

The case otudy [12] introduees powet qua“ty |||;t;yat;uu app“uat;uu of hlyh opccd Hatrance.
In this case, voltage unbalance and harmonic compensations have been committed in a HV
substation which supplies high speed train traction systems. This application is a general case
where single-phase loads are connected to a HV grid whose short-circuit power was not high
enough to absorb neither unbalance currents nor harmonic currents generated by traction loads
at this substation.
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Facing this problem, French railway companies, TSO and R&D of Electricité de France (EDF?2)
have built a partnership that resulted in a real experimentation of a voltage sourced converter
(VSC) based imbalance compensator rating 20 MVA, which was connected to a 90 kV railway
substation. Based on the feedback on the commissioning of this installation with a particular
emphasis on the results of unbalance and harmonic field measurements, simplified modelling
and simulation have been carried out (see Figure B.6). The following sections give the main
figures of the performance simulation of the power quality mitigation dedicated to the train
traction system.

Recorder Recorder
1 2
Substation 1 K% . 7l Substation 2
‘—J;
HV | HV

7 ! i

Train substation
VSC

Train feeders
IEC

Figure B.6 — High speed train traction system with PQ recorders and VSC compensator

B.2.3/4.2 Unbalance compensation and modelling

Since|high-speed trains are single-phase loads, and each train is connected to phase-phase
voltages, one important power quality issue in traction system is voltage unbalance. According
to Frgnch TSO power quality contract and Eutopean power quality standard EU 5016Q [13],
voltage unbalance should be less than 2 %,

The following figure illustrates the on-site measurements during commitment the tests pf the
VSC. |In the absence of VSC compefsation, substation voltage unbalance exceeds 2 %} As a
resultfof VSC compensation, voltage unbalance in substations has been limited to less thgn 1 %
(Figune B.7).
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Xavier YANG has kindly provided the above figure.

Figure B.7 — Recordings of voltage unbalances with and without VSC compensator

2 This trade name is provided for reasons of public interest or public safety. This information is given for the
convenience of users of this document and does not constitute an endorsement by IEC.
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The site recordings have been used to compute detail power quality indices and to build
simulation models (Figure B.8).
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a) Unbalance and phase currents (case without VSC compensation)
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b) Unbalance and phase currents (case with VSC compensation)

Xavier fANG has kindly provided the above figure.

Figure B.8 — On-site measurements with and without VSC compensator

B.2.3/4.3 Unbalance modelling with on-site measurements

Train [load between phase 1 and phase_ 3, is modelled with on-site recordings, i.e., phase
currents of train at 10 MVA power level{Figure B.9). Theoretical VSC injection currents are
deduded from frequency domain simutlation. Unbalance voltage and current are compufed at
90 kV| busbar only for fundamental frequency according to unbalance definitipn in
IEC 6[1000-4-30.
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Xavier [YANG has.kindly provided the above figure.

Figure B.9 — Simulation of unbalances and with VSC compensation

B.2.3.4.4 Shunt active harmonic compensation: measurements and modelling

Furthermore, harmonic issues can be also important in the traction system in presence of power
electronic converters. The above-mentioned VSC compensator has another built-in function:
active harmonic filter by shunt current injection.
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