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FOREWORD

he International Electrotechnical Commission (IEC) is a worldwide organization for standardization,compr
Il national electrotechnical committees (IEC National Committees). The object of IEC is to promoté internat
p-operation on all questions concerning standardization in the electrical and electronic fields. To this end
addition to other activities, IEC publishes International Standards, Technical Specifications, Fechnical Req
ublicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC{ Publication(s)”).
reparation is entrusted to technical committees; any IEC National Committee interested_in the subject dealt
ay participate in this preparatory work. International, governmental and non-governmental organizations lia|
ith the IEC also participate in this preparation. IEC collaborates closely with thénternational Organizatio
tandardization (ISO) in accordance with conditions determined by agreement’between the two organizatio

he formal decisions or agreements of IEC on technical matters express, as hearly as possible, an internat
bonsensus of opinion on the relevant subjects since each technical, dommittee has representation fro
terested IEC National Committees.

FC Publications have the form of recommendations for internatiohal use and are accepted by IEC Nat
ommittees in that sense. While all reasonable efforts are made“to ensure that the technical content of
ublications is accurate, IEC cannot be held responsible for the way in which they are used or for
isinterpretation by any end user.

order to promote international uniformity, IEC National' Committees undertake to apply IEC Publica
ansparently to the maximum extent possible in their natienal and regional publications. Any divergence bet
ny IEC Publication and the corresponding national or regional publication shall be clearly indicated in the |

FC itself does not provide any attestation of conformity. Independent certification bodies provide confo
sessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible fo
rvices carried out by independent certification bodies.

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

o liability shall attach to IEC or its 'directors, employees, servants or agents including individual expertg
embers of its technical committees-and IEC National Committees for any personal injury, property dama
ther damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees)
xpenses arising out of the\ publication, use of, or reliance upon, this IEC Publication or any other
ublications.

ttention is drawn to theNormative references cited in this publication. Use of the referenced publicatio
dispensable for the ‘correct application of this publication.

ttention is drawn.tothe possibility that some of the elements of this IEC Publication may be the subject of p
ghts. IEC shalknot be held responsible for identifying any or all such patent rights.
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The

homena, of IEC technical committee 77: Electromagnetic compatibility. It is a Techn
oris
text of this Technical Report is based on the following documents:
Draft Report on voting
77A/1153A/DTR 77A/1159/RVDTR

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 Report 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 www.iec.ch/publications.

A list of all parts in the IEC 61000 series, published under the general title Electromagnetic
compatibility, 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

H <l 4 At bl olat +lo <l 4 H TN
Spe LITTO UUCUUTTITTTL. AU UITo UdlLle, 1T UuULTuUTTIicTie wiir T

e feconfirmed,
e Wwithdrawn,
e freplaced by a revised edition, or

e amended.

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



https://www.iec.ch/members_experts/refdocs
https://www.iec.ch/publications
https://webstore.iec.ch/?ref=menu
https://iecnorm.com/api/?name=0b1d2a3ddc876a2e7bebfd655f57f8d0

IEC

-10 - IEC TR 61000-2-15:2023 © IEC 2

INTRODUCTION

61000 is published in separate parts according to the following structure:

Part 1: General

General considerations (introduction, fundamental principles)

Defi

nitions, terminology

Part 2: Environment
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Con
Par

Emi

Imm
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Par

Med
Tes
Par

Inst
Miti
Par

Par

Eac

cription of the environment
sification of the environment
hpatibility levels

3: Limits
5sion limits

unity limits (insofar as these limits do not fall under the respohsibility of the pro
mittees)

4: Testing and measurement techniques

surement techniques
ing techniques
5: Installation and mitigation guidelines

bllation guidelines
jation methods and devices
6: Generic standards

9: Miscellaneous

or as technical specifications. ar;technical reports, some of which have already been publi

as {
num

Thig
mod

It fo
of p
nety

ections. Others will berpublished with the part number followed by a dash and a seg
ber identifying the subdivision (example: IEC 61000-6-1).

part of IEC 64000-2 describes the main phenomena which affect the power qualit
ern distribution-systems with high penetration of power electronics converters.

ower.electronic converters, instability issues for the equipment to be connected to the
vorks-

h part is further subdivided jnto” several parts, published either as international standjrds

juct

hed
ond

y of

cuses o the following main aspects: resonances in LV network, impact of increased number

LV

Those new aspects, organized and described in this document, can lead to new IEC
specifications; that is why a state of the art on this topic is necessary.
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ELECTROMAGNETIC COMPATIBILITY —

Part 2-15: Description of the characteristics of networks
with high penetration of power electronic converters

Scope

Thig part of IEC 61000, which is a Technical Report, addresses in particular the following.-n

phe
of p

homena, which affect the power quality in modern distribution systems with high penetra
pwer electronics converters. As some aspects of the subject have already been addres

in the past, considering the evolution of the LV and MV networks, this document focuses on
follqwing aspects:

esonances in the network, modelling and on-site validation;
supraharmonics and measurements issues;
mpact of increased number of power electronic converters;

stability and instability issues for the equipment to be connected
target phenomena and conditions of this document aré€.the following:

requency: < 2 kHz, 2 kHz to 9 kHz, = 9 kHz;
oltage levels: LV, MV;

harmonic sources: all types of converters (EVV'battery chargers, appliances, etc....).

Sonpe of these frequency ranges have already been standardized in some countries (Jaj

Ger
des

many, Switzerland, etc.), but thesresulting phenomena developed will benefit b
cribed in more details, with a focis on the interaction between the converters and

elegtrical networks. The case of the,presence of a large number of converters is also at st
Sonpe complex phenomena can_also arise when the full system is not stable anymore.

NOT]
Ame

2

The

3

F Whereas it is expected that the models and derived calculations form this document can be applied t
icas electrical systems its formal validation studies are still pending.

Normative references

re are no ©hormative references in this document.

Term's and definitions

hain
tion
sed

the

ban,
bing

the
hke.

b the

No terms and definitions are listed in this document.

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

add

resses:

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

e |SO Online browsing platform: available at https://www.iso.org/obp
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Resonance phenomena with network and power electronics equipment
based on actual cases

023

Operation of overvoltage protection of earth leakage circuit breaker in Japanese

LV systems

.1 General

Overview

In Japanese LV systems, power outages due to the operation of the earth leakage circuit

noises generated by peripheral appliances can occur when particular appliances withpg
blectronics technologies are operating [1]7.

n some cases, the overvoltages exceed the rated voltage in the same LV system, cal
by harmonics within the frequency band of 2 kHz to 9 kHz in the LV line.

A\s a result of investigating these phenomena through verification tests and simulations,
bvervoltage was confirmed as attributable to a harmonic resonance between the harm
current produced by the power electronics appliance and the netwgork) circuit including
MV/LV transformer inductance, the LV line inductance and the=|ine capacitances
beripheral appliances. These resonance phenomena are also addressed in [7] [27].

[he case is addressed in detail in the following paragraphs,and other cases are mentio
n4.2.

Description of the conditions and their verification

n Figure 1, when a particular power electronics appliance in a home (source) connectel
b public LV system is in operation [1], an ELCBinvanother home (neighbour) connecte
he same LV system acted and trips or acoustic hoise from appliances occurred. The E
nas functions not only to detect the earth.leakage current but also to protect ags
bvervoltages. That overvoltage protectionvpperates when its amplitude exceeds 130 9
he nominal voltage.

LV lines
(100/200V)

P Q{,/ ‘

) 2-9kHz
{ Harmonic current

Pole mounted
Tr. S
i || Neighbor

ol

problems such as

+ unnecessary operations of ELCB
- audible noises from appliances
occurs.

Source

When a typical appliance
is in opergtion,

IEC

bhreaker (FI CB) with an overvoltage protection function, and due to the abnormal acoystic

wer

sed

the
bnic
the
with

ned

d to
d to
| CB
inst
o of

& ‘st it ’ ot . . b

The peak voltage in the waveform given by Figure 2 [1] exceeds 141 Vp of the normal peak

voltage at 100 V

rms

and includes harmonics in the higher frequency band. The overvoltage level

at the neighbour location is higher than the one at the source because of a harmonic resonance.

1

Numbers in square brackets refer to the Bibliography.
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Figure 2 — Waveform of the overvoltage at the neighbour side

In Higure 3, the equivalent circuit of this parallel resonance consists of a harmonic current

sou
an

app
volt

[ce I, with a particular power electronics appliance, an MV/LV transformer inductance
LV distributed line inductance L;,,, @ phase-to-phase capacitanceCy connected to

hge at the neighbor side is given by V', as shown in Figure 2 [1]

iance at the source side and a C; connected to appliances athe neighbour side. [The

Equivalent circuit

S LC -

Trans. . , -
1t LV line circuit n
L tr [mH] L line [mH]

Cx yF

Source

Co [pF] < - Co,Cx ‘Rgse-to-phase V/C : Voltage in the Neighbor
capacitance L=Ltr+Lling

Determination.of the frequency dependent grid impedance (FdGI)
From thé“equivalent circuit of an L, C parallel resonance, the resonance magnificg

Ising_the frequency dependent impedance with the inductance of the LV system and

Figure 3 — Description of an equivalent circuit modelling for harmonic resonances

EC

tion

actors-(RMFs) (V/A) have been determined by simulations [1]. It can be seen in Figure 4 ,

the

capdcitor of the phase-to-phase capacitances with appliances.

As the analytical parameters are in the frequency range from 2kHz to 9 kHz,
Cy=0,1~1000 pyF and Ly = 50 mH~1 000 mH, are used on the source side with the power

electronics appliance and Cq =1 yF~2 0 yF is used on the neighbour side corresponding

to the damaged equipment. The voltage when given by a current source of 1 A in
frequency band is defined as RMF.

the
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Parameters
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: Freq.=2~9 kHz
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413 Measurements on site

Figure 4 — Electrical circuit used in simulations;~and
results of resonance magnification factors (RMFs)

[Resonance Magnification [V/A]]
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The| experimental tests which simulate the impedance of aytypical LV system are performed in
order to reproduce these resonance phenomena [1].<Fhe capacitors at the connection point
assumed for each household are connected to-the emitted and the damaged deviges,
respectively, in Figure 5. In those tests, an appliance emitting harmonics at a terminal hquse
and|capacitors simulating the appliances of othefyhouses are connected to the LV system. [The

voltages and currents at each connection point have been measured.

Transformer
30 kVA

points

o . . . -
Figure 5=Descriptionof-theexperimentat-testconfiguration

6600 V/100 - 200V

Connection

LV line

1p3 W, 120 mm?2 PE insulated, 30 m
Service drop wires
1p3W, 3,2mm Vinyl, 25 m

Connection
points

Connection
points

IEC

As measured on site [1], a high-order harmonic voltage propagates to all the devices connected
to the same system as the source. The resonance conditions depend on the impedance
characteristics, so that the voltages are different depending on the measured location as shown

in Figure 6:
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Figure 6 — Measurement performed during the experimental tests

In Figure 7, the voltage peak measured on site and the one obtained by simulation, under| the
same conditions, are in good agreément with a peak value equal to 65 V at 4,5 kHz [1].
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-~ | frequency[Hz]
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Figure 7 — Resonance magnification factors (RMFs)
using measurement and simulation

The line resistances in the experimental LV system are considered as similar to those in the
real LV system. However, the resistance loads contributing to the damping are not considered
because there are many LV systems with almost no load.
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4 Technical or regulatory aspects

To establish countermeasures for these issues, the Japanese Industrial Standard on Technical
Specifications JIS TS C 0058 [2] stipulates the emission limit values and assessment methods
for harmonic currents in the range of 2 kHz to 9 kHz.

Reference [2] is intended to prevent the performance degradation and disturbances of other
electric or electronic devices connected to public LV distribution system. The current emission
limits of 2 kHz to 9 kHz are determined so that the voltage distortion does not exceed the
immunity level of appliances. In addition, the overvoltage level is assumed by multiplying the
harmonic current (A) by the resonance magnification factor (V/A).

The
buil

lower than this limit value for each frequency of harmonics. The emission limit of the EUT

cau
the
cap

The
“Me
isa

EUT design information (inverter control method, maximum input power; line capa
bCity).

flowchart in Figure 8 shows two types of assessments: “Design assessment”

emission limits are calculated by using the capacity of the phase-to-phase capacitgnce
into the EUT (equipment under test) as a parameter. The measurement value |would be

that

5es trouble is converted from “current value” to “power value” and can be, assessed from

citor

and

asurement assessment” in order to reduce the cost for manufacturers. “Design assessmgent”
lopted so that the appliance complying with [2] can be assessed from the design informdtion

of the EUT to know in advance without measurements the switching frequency, the capacitgnce
Cq qf the phase-to-phase capacitance with or without the intetleaved mode. For instance, in the

cas

b where the switching frequency of the EUT is above 9 kHz or below 2 kHz, the

conplies with [2] at the “Design assessment” stage.

Eve
the

h if it does not satisfy the “Design assessment” conditions, the EUT complies [2] prov
measurement results satisfy the harmonic,current limits in Figure 9 [2]:

@xecute Assessme@

5

‘Design change
A '

4 Satisfy
conditions /~ N\

Design Assessment

Not satisfy

or omit Complies with TS

Assessment by using

Satisfy \ /

conditions

- Does not satisfy

@es not comply with E

FUT

ded

—

IEC

Figure 8 — Flowchart to assess an appliance’s compliance with JIS TS C 0058 [2]
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Figure 9 — Harmonic current limits for measurement assessment

e |mpact on the equipment

Reference [2] which stipulates the current emission limits in_the range of 2 kHz to 9 kHg, is
significant not only for sustaining the power quality for\ten Japanese DSOs (“distribdtion
system operators”), but also for producing the ~power electronics appliances| for
manufacturers [1]. The number of inquiries to DSQs regarding this issue decreased year
pfter year thanks to the effort on [2] as shown\in Figure 10. The appliance, which |[has
narmonic current sources of 2 kHz to 9 kHz, was improved by the manufacturers before
bublishing reference [2].

Number of inquiriesto 10 Electric Power Companies
120

100 Ngt

80 B Num.of inquiries B Num.of troubled devices

i |I|| I| || II II "

2008/ 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
IEC

I
o

N
o

Figure 10 — Trends of the number of inquiries regarding
current emission limits in Japan

Finally, these japanese technical specifications have been upgraded to a JIS Standard in
2020 [3].

4.2 Analysis and modelling of an EV charging hub with PV production

A measurement campaign has been carried out in a commercial building with an EV charging
infrastructure and photovoltaic installations [4] (see Figure 11). High current peaks of up to
1,3 A on the 8th harmonic were measured at the fast charging stations during the transmission
of ripple control signals transmitted at a frequency of 396 Hz. Although there were no problems
with the transmission of the ripple control signal in this case, the parallel connection of several
charging stations can affect communication. A high current due to a voltage harmonic generated
by another converter at a resonance frequency could also damage the EMC filter capacitors at
the input of one EV charger. This kind of effects can be considered when planning large EV
charging hubs.
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Figure 11 — Bloc scheme of the measured EVcharging hub with PV production

Thege reflections motivated the modelling andthe analysis of the situation with pargallel
conhection of several converters with different.types. The frequency-dependent grid impedgnce
(Fd1) was in the frequency range betweent50 Hz and 500 Hz, and was first measured on| the
buspar of the main distribution board of\the installation as well as on individual feederg to
diffgrent consumers, see Figure 12.. The impact of FdGl was considered in both frequency
ranges, below 2,5 kHz and above 2,5KHz. A simplified electrical model of the system could be
cregted based on the measured _FdGI| profiles (see Figure 13). The whole system with
distfibution to the 50 kW and 140 kW fast charging stations, to 22 kW charging stationg for
on-board chargers, and to the PV inverters showed a behaviour of the impedance, which was
almpst independent of the connected loads.
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Figure 12 — Power line impedance magnitude (top) and phase (bottom) measured
at the point of common connecting (PCC) of an EV charger hub with PV productio
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Figure 13 — Resulting simplified model of the charging hub
with distribution lines and feeder

The connected charging stations and photovoltaic system only slightly influence the grid
impedance in the frequency range from 50 Hz to 2 450 Hz. This can be explained by the very
short connection to the local transformer station (about 80 m away), the high-power rating of
the transformer (1 MVA) and its low short-circuit voltage (U, = 4,6 %). The influence of the

transformer on the FdGl is in this case dominant in comparison to the individual consumers.


https://iecnorm.com/api/?name=0b1d2a3ddc876a2e7bebfd655f57f8d0

- 20 - IEC TR 61000-2-15:2023 © IEC 2023

In the lower frequency range (150 Hz to 2 kHz) and in the upper high frequency range (50 kHz
to 150 kHz), the FdGI is mainly shaped by the supply line to the transformer and by the outgoing
feeders to the loads, respectively. In the frequency range from 2 kHz to 50 kHz, resonances
can be recognized (see Figure 14). The series resonance at about 16 kHz is due to the
inductances of the feeders to the connected loads with the EMC filters. The parallel resonance
at about 3,5 kHz is due to the supply line of the transformer station in connection with the same
EMC filter capacitors.

Figure 12 confirms the assumption that the low frequency range is influenced by the short-
circuit power of the transformer, while the high frequency range is influenced by the EMC filters

of WWMMMMMMMM&eM
protections, larger devices such as chargers and PV inverters with large C, and Cy capacitors

are | likely to have even more influence than smaller household appliances (especjally
muliimedia and computers). Small household appliances can affect the impedance with-posgible
resgnance from 150 kHz onward, due to smaller C, and C, capacitors in thejr’/EMC filters.

However, in the case of the connection of hundreds of such devices, the resulting capacitgnce
is considerably larger, thus shifting possible resonances to much lower frequency ranges.

The| larger active loads connected to the busbar (e.g. fast charging stations) are damping| the
parallel resonance in the lower frequency range. The impact of @ super-fast EV chargar is
pregented in Figure 14 as an example:

Z(mag,phase)=f(frequency) of fast DC charger feeder. Office building site
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Figure 14 — Impact of a super-fast EV charger on grid impedance

The analysis of Figure 12 leads to the following conclusion: The current harmonics generated
by an inverter by PWM modulation hardly flow to the transformer when the transformer station
is relatively far away, because the impedance to the transformer station is much higher than
the impedance to other devices connected to the same busbar.
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Even though conducted emissions are very low at that frequency, current distribution between
loads and sources can be predicted and verified at 8,1 kHz, where both the current harmonics
and power line impedance of the individual feeders are measured. At that frequency, small
current emissions can be traced with long-term measurements back to one of the inverters. The
impedance and current running through the feeders are displayed in Table 1. The current drawn
from the PV system at 8,1 kHz runs into the feeder with the lowest impedance. Since the
measurements in the feeders are performed one after the other, the sum of the currents of all
feeders deviates slightly from the total current of the PV system. Figure 14 shows that the
current drawn by the PV inverter mainly flows into the offices and workshops, i.e. where the
impedance is lowest at 8,1 kHz. As described in Clause 4, the phase angle of currents and
impedances can be considered for more accurate analysis.

Table 1 — Relation between measured current
and respective impedance for each feeder

Impedance, 7, Measured currentt
Feeder i i

at 8,1 kHz, in Q at 8,1 kHz in mA
PV-|nstallation (source for the emission) - 29
Fasf EV charger (no charging car) 1,51 5,9
On-poard chargers 2,69 6,8
Feefer from transformer station 1,55 7,1

(estimated-from the model)

Offige and workshop facilities 0,41 28

In cponclusion, a simplified circuit model of the installations, including the transformer, lines BMC
filters and power converters can be obtained“on the basis of FdAGlI measurements. Compputer
simulations in the frequency domain analysis can help predict resonances and excespgive
currient flowing from one converter to thé-other as described in 4.1.1. A standardized indicqtion
of converter input capacitance and switching frequency can make a preliminary assessment
abolt compatibility between a new(converter and an existing grid section.

4.3 | Impact of power electronic household equipment on the impedance
characteristics in residential networks

The|input impedance-of'power electronic (PE) equipment often has capacitive characterigtics
[5],[[7]. Large amounts of such equipment (i.e. in households or office buildings) |can
congequently inttoduce a significant capacitance into the public low voltage networks, which
can|form a resonance with the inductances of the lines and the supply transformer. To study
this|impact,(different combinations of typical household devices, which are further referred to
as [oad.-scenarios, have been defined. For each load scenario, the input impedgnce
chafacteristic up to 2 kHz has been measured using the method described in [6], [8] Based on
the measured impedances, a suitable equivalent (impedance) circuit model is introduced,Tand
its parameters are identified based on a vector-fitting approach. The equivalent models for the
load scenarios are finally integrated into a residential LV network simulation model and different
evolution stages of PE penetration, namely past, present, and future have been simulated [5],
[6].
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The device topologies in the load scenarios vary according to the evolution stages as shown in
Table 2. Lighting loads (D3 to D5) have been transformed from incandescent lamps in the past
to CFLs (compact florescent lamps) and LEDs (light-emitting diodes) at present, and exclusively
LEDs in the future. A similar transition can be considered for refrigerators and vacuum cleaners,
which have evolved from simple capacitive-start induction-run motor devices to devices with PE
front-ends including active power factor correction (aPFC) over the last few decades. The three
distinct evolution stages are considered to elucidate the increased proliferation and
replacement of several passive loads by PE-based loads for most common household devices
as per [9] In the “past”, the share of passive loads was higher, and the only PE-based loads
were computers (PCs) and televisions (TVs). The PE-based devices in all load scenarios can
be categorized into non-power factor corrected (nPFC), passive-power factor corrected (pPFC),
and|active-power factor corrected (aPFC) circuit topologies.

Table 2 — Devices and topologies used in the different evolution stages

Dejice (D) Device name Past (A) Present (B) Future (C)
1 Refrigerator Passive Passive/aPFC aPFC
2 Router N/A nPFC nPFC
3 Incandescent lamps Passive N/A N/A
4 CFL N/A nPFE N/A
5 LED N/A nPEFC/aPFC nPFC/aPFC
6 PC n-pfc pPFC/aPFC aPFC
7 Laptop N/A nPFC nPFC
8 Hotplate/ Water Passive Passive Passive

cooker

9 Induction stove N/A aPFC aPFC
10 TV nPFC nPFC/aPFC aPFC
11 Hair dryer Passive Passive Passive
12 Vacuum cleaner Passive Passive/nPFC nPFC

The| methodology proposed in([9] is used to identify the set of devices connected at a gfven
timg instance of the day. In(this study, three different time instances in a day depending on| the
power demand at the fundamental frequency are considered, namely peak demand (eveninhg),
avefage demand (morning and afternoon) and low demand (after midnight). In combination ith
the three different evaolution stages past (A), present (B) and future (C), this results in a total of
ning load scenariosAlA, IB, IC, IIA, ...), as shown in Table 3 for which the individual sets of
devices are given. In all the device sets, passive devices, which transition into PE-bgsed
dev|ces, are-equi-proportionately replaced across various evolution stages.

Trble 3 - Load scenarios depending on the evolution stages and loading conditions

Set of devices

Evolution stage (k)

| (low demand)

Il (average demand)

1l (peak demand)

Past (A)

Da1*Das

Da1*Das *Dpg

Da1* DaztDagtDag

Present (B)

Dg4*Dgy*Dgs*Dgs

Dg4*Dgy*Dpy*Dgs*Dpg

Dg4*Dpy*DpytDpstDpgtD+Dpgg

Future (C)

Deq#Dgy+Des

Dc1+Dco*DestDeg

Dc1+Dco*DestDegtDeg

The measured frequency-dependent input impedance of each load scenario has been fitted into
an RL||RLC equivalent circuit. Table 4 provides the equivalent parameters for all nine-load
scenarios.
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Table 4 — Equivalent R;4L,||R;,L,C, parameter values

- 23—

Scenario # RL1- LI RL2 L2 C2
Q) (mH) (Q) (mH) (uF)

IA 340 0 0 0 0

IB 400 0 30 0 4,5

IC 230 0 40 0 3,1

1A 30 0 28 1 7,5

1B 100 0 20 0 7,5

Inc 50 0 15 0,6 15
A 28 0 28 0 10
B 36 8,83 9,5 6,33 12,3
lnc 50 0 14 0 12

The| equivalent load models and the corresponding parameters derived are implemented i an
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Figure 15 — Impedance characteristics of an~urban LV network,

Thel intensity of the resonances is characterized by the magnitude ratio (kp px) between|the

network harmonic impedance and the extrapolated\impedance based on the value at|the
fundamental frequency. Table 5 shows the resonance frequency and the magnitude of the fjatio
(kapk ) for the nine scenarios.

Table 5 — Ratio between network harmonic impedance
and extrapolated impedance for various cases

Sce;ario £ ka Dk Sce:ario f ka pk Sce;ario f kh pk
(Hz) (Hz) (Hz)
IA N/A N/A A N/A N/A A N/A N
IB 608 1547 1B 412 1,27 B N/A N/A
IC 656 13 lc 251 1,15 lnc 284 1115

In case oflew power demand (device set 1), in the future, this can lead to higher resongnce
frequency;and lower value of kp p, due to lower capacitive and higher resistive characteristics

of the’customer-side impedance compared to the “present” (see Figure 15 (d)). It can be seen
fronTTabte-5fortowtoaddemamd<(scenarios th)yandaverage toaddemand(scemarios H#);that
the resonance frequency and the ratio kp p decrease in the “future” compared to the “present”

due to higher capacitive and higher resistive characteristics of the customer-side impedance.

For the peak load demand (scenarios lllk), the urban network does not possess any resonance
characteristics for the “present” and only a less pronounced resonance in the “future”. Based
on the results, it can be inferred that despite higher equivalent capacitance for individual
customer the value of kj py . does not necessarily increase, but the resonance frequency tends
to be reduced.
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It can be further concluded that the PE-based devices increase the probability of harmonic
resonance in the “present” and “future” with varied intensity levels depending on the evolution
stages and load demand. The amplification level and the resonance frequency of resonances
in the future are expected to be lower compared to the present situation. Further details on this
study can be found in [10].

4.4 Harmonic resonance in an urban, residential low voltage grid

The LV network considered in this case study is located in a major city in Germany and its
layout is presented in Figure 16. It supplies about 240 domestic customers in single-family
houses and apartment houses as well as 85 streetlights. No shunt capacitor banks are
conpected to the network.

Each streetlight contains a grid-side shunt capacitance for power factor correction/at pgwer
frequency and behaves as strongly capacitive at frequencies higher than 100 Hz."Dhe network
is operated as a meshed grid and has a high short circuit power (about 3 MVA"at the three
jundtion boxes).

The| network has been built about 10 years ago on “greenfield”. Usually.in such strong, ngwly
builf networks, no power quality problems are expected. This suggests that most of the domagstic
cusfomers have a dominating share of modern energy-efficient power electronics, which glso
intrgduces a significant amount of shunt capacitance.

school HU - housing units
SL - street lights
11 HU m -closed
0O -open
10 HU
62 SL
5.=630 kVA
= L
g% © =
A
54 HU D 35HU

IEC
Figure 16 — Schema of the network

Routine measurements by the distribution system operator (DSO) indicated the existence jof a
resgnance argund 500 Hz. In particular, a strong amplification of mains signaling voltage by a
factpr of 2,6 )and sudden, significant changes in harmonic levels in case of switching|the
streptlights~have been observed.

Thelnetwork harmonic impnr’lnnr\n has been measured-at the Ji||nr~1-inn boxes (R, C,—-and in

Figure 16) and the LV busbar (A in Figure 16). Figure 17 presents an example of magnitude
and phase angle of the network harmonic impedance L1-N measured at a time instant during
the day, when the streetlights are switched off.
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Figure 17 — Network harmonic impedance measured at different locations (L1-N)

Loop impedances L2-N and L3-N are similar, and no significantwariations have been obsefved
at different times of the day. At all locations A to D, a proneunced parallel resonance ardund
500|Hz is observed. As the frequency used for mains signaling is, with 482 Hz, very closg to
the [resonance frequency, it is confirmed that the @aforementioned amplification of mains
signaling levels in this network is caused by the resonance. As streetlights are switched off
during the day and line capacitances in LV networkst\are too small to cause resonances at Juch
low |[frequencies, the only reason for the resonance can be the distributed capacitance of| the
domestic customers.

To ptudy the reasons for the resonante, a detailed simulation of the network has been
developed. At first, the network harmani¢ impedance at the locations A to D has been simulated
usinlg default elements, which means z-equivalence for lines, series R-L equivalence for M\{/LV
transformers and parallel R-L . equivalence for the domestic customers. The results without
streptlights are presented in Figure 18 and do not show any resonance. This confirms that|line
capfcitances cannot be the reason for the measured resonance.

0,6
0.5}
+~ 04 F
203
=z :
00,2 B
—C
0,1 D
O A L A 1 A
0 200 400 600 800 1000

fin Hz —
IEC

Figure 18 — Simulated network harmonic impedance at different
locations (L1-N) using default element representations

In a second step, a suitable equivalent circuit has been developed and parameterized for the
domestic customers to match the measured impedances as closely as possible (see Figure 19).
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C=5yF; Rre=0,5Q;
L=95mH; R, = 130 Q

Figure 19 — Equivalent impedance model of a domestic customer

results are presented in Figure 20. They show a good match with the measurements (d

ots)

for fhe three junction boxes, while at the LV busbar the simulation is slightly too’ low. It cap be
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Figure 20 — Measured and:simulated network harmonic impedance at different
locations (L1-N) using the developed customer impedance model

streetlights have only a-minor impact on the resonance. If they are switched on during
t, the resonance shifts to slightly lower frequencies, because slightly more capacitang
nected to the grid.

case studys'shows that modern power electronic converters can cause signifi
nances af.low harmonics in residential LV networks. Besides amplification of harm
hges and-currents, this can also lead to harmonic instabilities together with for example

d that the model is a specific harmonic load model providing satisfying results at
frequencies around the first resonance but is not suitable for simulations-at)power frequen

Y.

rters or converters for battery storage. As these capacitances are distributed in the netw

dety
res

ning as in the case of dedicated capacitor banks is not an option. In the case w

IEC 61000-2-2 [64]), the most promising option is an impedance shaping by active filters. The
presented study has clearly shown that harmonic resonances in LV networks cannot be
neglected anymore. DSOs may consider including such issues already in the process of network
planning. Further, resonances can also be considered when calculating harmonic emission

limit

Furt

s for customer installations.

her details on the presented study can be found in [5].
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4.5 Harmonic distortion and impedance characteristics in an islanded microgrid

The frequency-dependent grid impedance (FdGI) forms the link between voltage and current
distortion and is one of the key parameters for managing electromagnetic compatibility (EMC).
In 100 % power electronic—based networks, the FdGI is expected to be considerably different
compared to “traditional” interconnected grids, which might have a considerable impact on
future EMC coordination strategies, especially the definition of emission limits.

In order to study the impact of the supply grid configuration on the FdGI as well as voltage and
current harmonics, the laboratory setup presented in Figure 21 is used.

R —_—_—————————

0

0
: ! Battery charger| I PV Inverter + PV Panel: :l ] ] .
- I e ¢  Grid Simulator
' : N\ | :u: '
' — ) ]
[ = =1 | 8 0
0 I L ] '
o | I :. Refefence
L I " impedance ¢
;| | ISM " :
' | - 9 l
(] | | l: |CM 1
ececcieicieccccdecccccacaccacacadtocakebfecccnaad

A2 @ Current
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Voltage
I_ =l=—4+—-—=]-- I measurement
|
|
: I
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| Household loads :
Lo s e IEC

Blue|box: islanded mode; red box: interconnected mode.

Figure 21 — Schematic representation of system under test

Thelsystemean-operate-inthe-isian hed-boxand-intereconneetedode
(ICM; red dashed box). In ISM, the mblnatlon of a battery-fed voltage-controlled
converter and a PV inverter, which synchronizes to it and operates in current-controlled mode.
In ICM, the source comprises a grid simulator and a reference impedance as defined in
IEC 61000-4-7:2002/AMD1:2008, [65] Annex B. Various types of loads as summarized in

Table 6 are connected.

i th
LY
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Table 6 — Load scenarios

Scenario Load type Total power demand
Load 1 (L1) Non-power factor corrected (nPFC) 715 VA
Load 3 (L3) Active power factor corrected (aPFC) 390 VA
Load 4 (L4) Passive 4 000 VA
Mixload (M) nPFC+aPFC+passive 4 600 VA

The
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imp
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each of the scenarios, measurements of the FAdGI (see Figure 22) as~well as voltage
ent harmonics in the frequency range up to 2 kHz have been carried.out at the busbar|A1.
network impedance in Figure 22 (e) and (f) is determined as(a ‘parallel circuit of|the
ream and downstream impedance at busbar A1. The upstream’impedance corresponds to

[oads are classiiled as non-power 1acior correcied (NPFC), active power 1acior corregted
-C), and passive. The nPFC loads (L1) are composed of a variety of lamps suchcas
LED. The aPFC loads (L3) are composed of a laptop charger and several PC loads. Pasgive
s (L4) are water cookers and incandescent lamps. The mixload scenario (M}).is“obtajned
combination of a variety of the above-mentioned loads.
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Grid-side and upstream impedance (a), (b); load-side and downstream impedance (c), (d); and network and total
impedance (e), (f).

Figure 22 — Impedance characteristics (magnitude and phase angle)

The grid-side impedances as shown in Figure 22 (a) and (b) are far lower in magnitude for ICM
compared to ISM. Both are virtually independent of the load scenario. The magnitude of short-
circuit impedance for ISM is about 5,8 times higher than in ICM. In ISM, the grid comprises a
strong resonance at around 350 Hz (7th harmonic) where the impedance is about 33 times
higher than in ICM.
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The origin of the resonance can be attributed to the grid-side filter circuits and closed-loop
controllers in the respective sources (battery and PV) and the interaction between them. The
phase angle characteristics in ICM remain resistive-inductive in the considered frequency range,
while they get highly capacitive in ISM beyond the resonance frequency. Figure 22 (c) and (d)
shows the load-side impedance characteristics. All presented scenarios exhibit capacitive
behaviour in large ranges, which is caused by the character of the power electronic devices. As
expected, the operation mode of the grid has no significant impact on their behaviour.

Figure 22 (e) and (f) presents the network impedance characteristics of ICM and ISM. While in
ICM for scenario L3, due to the rather high load-side impedance, the network impedance is
virtyally like the grid-side impedance, for scenarios | 1 and Ml a visible influence at frequencies
abole 250 Hz can be observed. In case of ISM, although the resonance frequency remains
unaffected, the resonance magnitude is reduced for the three load scenarios with the-smallest
reduction for scenario L3. The phase characteristics are comparable between the grid-side [and
network impedances for all load scenario and both operating modes. As, for grid-side
impedances, the magnitude of the network impedance is far higher for ISM compared to IJM.

Figure 23 presents the voltage harmonic levels for both operation modes~})ICM, the harmpnic
voltages are almost independent of the load scenario and are determined by the backgrgund
distprtion that has been set in the grid simulator in order to represent a voltage distoition
typigally found in residential LV networks. In ISM, the background voltage without any load
conpected is much lower compared to ICM, but the load scenarios ‘have a considerable impact
on the voltage harmonic levels. A favorable cancellation exists between the different devicgs in
scenario MI, which in turn results in the lowest harmonic voltage levels.
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Figure 23 — Voltage harmonic levels in ICM (a) and ISM (b)

The| experimental results prove that due to the higher network impedance in ISM the volfage
harmonics-«are significantly amplified compared to ICM. The impact of background voltagje is
higher in case of ICM. It can be concluded that the generation of voltage distortion by|the
respective distorting loads is qualitatively different between ICM and ISM. Moreover, in |[SM
pronotnced resonances will he expected in the FAdGIl. These results confirm that the harmonic
characteristic in 100 % power electronic—based grids, particularly the smaller ones, differs
considerably from the present conditions in interconnected networks. This may be considered
in future EMC standardization. Further details and measurement results can be found in [6]
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5 Impact of modern power electronics on the propagation and amplification of
voltage distortion

5.1 Harmonic propagation in a residential LV network
511 General

In the following, the case is illustrated of a residential area where significant voltage amplitude
variations of the 15t harmonic were registered. The issue was due to the operation of large
heat pumps connected to the grid.

Furtlhermore, the voltage level at each grid point is not only influenced by the operation.of Juch
invgrters, but higher harmonic voltage amplitudes can be expected, caused by the sum of all
loads in the grid [27]

Figure 24 represents the single line diagram of a residential area hosting a building complex
where the heat is generated by two heat pumps: a large one powered by a-150 kW inverterjand
a small heat pump driven by a 35 kW inverter. The grid is analyzed (in-the PowerFactpry?
software [28], see below:

['ransformer station _
House 2 -?- <+ -?- Cabinet 2
) ] 2% .
House 1 < _?. . = e Line 160 m
5x i s C -
o . —3—:+—3~B Line 300 m ofe Cabinet 1
Heat pumps <3 -+- <Rch-?- B e < &
PQ measurement OFdGI measurement

IEC
Figure 24 — Simplified line diagram of the grid with marked measuring points

5.1.2 Measurements

In tfvo measurement campaigns, 6 grid nodes were monitored with 15 PQ measuring devjces
(PQBox 100/150/200, a<eberle). Additionally, the FdGI was measured and analyzed. [The
transformer stations, houise 1 and house 2, belong to the building complex where the heat
pumps are installed.\The remote cabinets 1 and 2 are connected to the transformer station by
long cables of 300'm and 160 m. In the standard situation, there was no active fllter
(conrespondingfte.the node RLC in Figure 24) installed.

To measure.PQ parameters, voltage sensors were connected to the three phases L1 to L3, to
neufral N _and to protective earth PE (see Figure 25), corresponding to measurement category
CAT N/ The terminals of voltage probes connected to the feeders are equipped with fuses. [The
current sensing was performed by ROgowsKI coIlls or current clamps. The neutral conductor
current was measured. Measurement data were saved as RMS values in 1 min intervals with
Class A devices in accordance with IEC 61000-4-30 [66] to achieve sufficient accuracy.

2 PowerFactory is the trade name of a product supplied by DIGSILENT GmbH. This information is given for the
convenience of users of this document and does not constitute an endorsement by IEC of the product named.
Equivalent products may be used if they can be shown to lead to the same results.
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Figure 25 — Connection of a PQ measuring device

Three main operating states of the heat pumps were analyzed: operation of the large heat pump,
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ration of the small heat pump, and off state of both heat pumps. The simulfaneous opera
bth heat pumps never occurs. The heating power of both heat pumps,depends on the out
perature and it is limited by their maximum power rating of 150 kW¢and 35 kW, respectiy
operation of the heat pumps results in a higher 15t harmonig-current amplitude, w
ences the voltage drop for the 15t voltage harmonic across the grid impedance.

surements at the connection point of the heat pumps revealed that the large heat pump
hger influence on the voltage level, particularly when/operating at maximum pg
ure 26). In contrast, the small heat pump led to voltage variation not proportional to
hge changes induced by the larger heat pump. Thé variation of the current amplitude
affecting the voltage magnitude in both cases, bt rather the variation of current angle
FAGl.
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Figure 26 — Measured 15th current and voltage harmonic on phase L1 during operation

of the heat pumps at the heat pumps’ point of connection without active filter

A similar behaviour as at the connection point of the heat pumps also occurred for all phases
at the other measuring points of the building complex (transformer station, house 1 and house
2). The lowest amplitudes were measured at the transformer station.
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In contrast to the results in the building complex, a different behaviour of the three phase
voltages was registered at the distribution cabinet 1 and cabinet 2, which are connected with
the transformer station by long cables. The 15th voltage harmonic level at both remote cabinets
was higher at L2 and L3 when only the small or no heat pump was in operation. For each
measuring point, the voltage levels of the three phases are plotted in Figure 27 for a specific
moment during one of the following three operating states:

e power peak of the large heat pump;
e power peak of the small heat pump;
e each heat pumps OFF.

The|sum of all other loads in the grid led to an elevated voltage level at cabinet 1 and met

2. Furthermore, the current angles were changing for different operating @ and

congequently the angles of the voltage drop across the long lines, which can Ie different

phenhomena on the three phases. q/
U4

B (@) power peak of the large heat pump = @ power peak of the small heat pump@ heat pumps OFF
Q
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Figure 27 — Measured voltage am ®des of the 15" harmonic for each phase
L1 to L3 during three dlffer&nt operating states without active filter

¥
QO

The| investigated grid was m@klled and simulated using the software PowerFactory. [The
megsured harmonic current @mplitudes and angles were set at the modelled loads. At|the
transformer station, a voltage source with the measured voltage was modelled. A compar{son
of the simulated and&@shred amplitudes is given in Figure 28.

518 Modelling issues

m JLarge heat pump & eas.) ®Large heat pump ON (simul.) = Heat pumps OFF (meas.) ®Heat pumps OFF (simull)

Voltage in %
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._.
jas
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w
@
(38}
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2

Heat pumps Transformer station ~ House

-
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Two operating states are shown: on-state and off-state of the large heat pump. The small heat pump is always in the
off state.

Figure 28 — Comparison of measured and simulated voltage levels
(15th harmonic voltage) at each measuring point
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The model allowed to investigate why the voltage levels of the 15t harmonic behave differently
on the three phases at the remote cabinet 1 and cabinet 2. Figure 29 shows for phase L3 that
the voltage angle at the transformer station is changing about 180° when the large heat pump
is turned on (black phasors) or off (grey phasors), caused by the changed current flow through
the transformer. The voltage at the transformer station and the voltage drops across the lines
to cabinet 1 and cabinet 2 were smaller when the large heat pump was not operating. However,
the voltages at the cabinet 1 and cabinet 2 are higher during the large heat pump’s off state
mode, because they are dependent on the angles of the line currents. In off state mode, the
voltages and voltage drops add almost arithmetically, which leads to higher voltages at the

remote points.

'..,()236 Heat pumps 0,1
AUieerin028  OFF

== = Cabinet 1
«++ 9 Cabinet 2
=== Transformer station
= < Cabinet |
«+++ 9 Cabinet 2

b
T 0,16
Re [%] AU, L o !‘______,’_19—-7).
~
-0,4 -0,3 -0,2 -0.1 0,09 )\ 02
Voltage at: \0,18 Axd
= Transformer station \ )

Rarge heat
pump ON

IEC

Figure 29 — Modelled voltage vectors of-the 15th harmonic at on- and off-state
of the large heat pump without active filtering

Power converters can influence harmonic voltage levels significantly on all points ¢f a

distfibution grid. Critical harmonic amplitudes are caused not only by power converters wi

th a

high-power rating, but also by the:sum of many different non-ideal loads which are supglied

ovef long lines, as the measurements at remote points have been illustrated in agreement

with

the |simulations of the grid model. To draw precise predictions and conclusions, current
amplitudes and angles need-to be measured accurately.

5.2| Supraharmonic amplification in a residential LV network with a fast charging

station

5.2
a) Currents.and voltages

Measurement procedures

Cufrently no mandatory standard exists for the measurement of supraharmonic voltdges

C, which references also to

presented in

521 are all

IEC 61000-4-7:2002/AMD1:2008 [65],

based on the method

and currents Proposals for such methods can be found in IFC 61000-4-30:2015 [66] Adnex

Annex B. The

supraharmonic compatibility levels provided in IEC 61000-2-2 [64] are defined in reference
to CISPR 16-1-1 [67]. However, this measurement procedure has been developed for
laboratory use in combination with a line impedance stabilization network (LISN) as
described in CISPR 16-1-2 [68]. In [13] it is found that the method described in
IEC 61000-4-7:2002/AMD1:2008, [65] Annex B provides results comparable to those
obtained with the CISPR 16-1-1 and CISPR 16-1-2 method. The measurement results

described

in

IEC 61000-4-7:2002/AMD1:2008 [65], Annex B, but partly with a grouping band other than

the default one of 200 Hz. In case a modified grouping band is used, this is indicated.
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b)

c)

For|the synchronization of multiple measurement devices at different locations either accu
timg synehronization (wireless or wired) or the additional injection of a pilot (trigger) signal
frequency with low damping and low background noise can be used as. In [17], a 7 kHz injeg

Impedances

The impedance measurements shown in item b) are taken by injecting sinusoidal currents
at different frequencies and calculating the impedance using a discrete Fourier transform
(DFT). The current is injected for 10 power cycles at interharmonics frequencies at multiples
of 1/10th of the network frequency. The injected current and the voltage at each respective
frequency are measured before (pre) and during injection (post) and the impedance is

calculated as

_ onst (f)_l_]pre (f)
z(/)= Loostf)=Lore (£)

—PoStTv 7/ —pPre—X

Curther details about the method can be found in [18].
Propagation

bt one point of the network and the response at another point in the. hetwork is obser
Vith such propagation measurement, the upstream and downstream,transfer characteris
can also be obtained. For the studies in item c), single-frequent sinusoidal excitat

sources of supraharmonic emission within the same frequency range are operated in
same grid.

AN T L 1 000
o 300 4
: 1 100 =
3 Ch@ 30 =2
6 [Ny 10 =
ad ‘_l—.i
,..Mi.z‘?“\.ﬁ~ i i i 3 ]
0 10 20 30 40 1

tin s
IEC

Figure’30 — Spectrogram of the voltage at the point of injection
of'supraharmonic currents in a residential low voltage network

frequency sweep) are used, as they are most accurate and as\Jess invasive as possible.

(1)

-or the propagation measurements, either nonintentional or intentional-emission is inje¢ted

ed.
tics
ons

n case existing nonintentional sources of supraharmonic&mission, such as battery ele¢tric
ehicle chargers or photovoltaic inverters are used, it .neéds to be ensured that no other

the

rate
at a

tion

is used for this purpose. The voltage spectrogram during a measurement in a residential low
voltage network with several photovoltaic inverters is shown in Figure 30. The supraharmonic
emission from photovoltaic inverters at 16 kHz, 18 kHz and 20 kHz as well as the swept injection
signal can be observed.
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023

For the assessment of supraharmonic amplifications, the frequency-dependent ratio of the
voltage at any point in the grid Ui pnt (/) and the voltage at the point of injection Up inj(/f)

in the same phase x and at the same frequency (transfer ratio) is used:

For

_ Uwpnt (f)

(/)= ULwing (/)

()

the assessment of supraharmonic coupling between phases, the ratio of the voltage

diffgrent conductors (crosstalk ratio) is used:

It is
the
esti

5.2.

Ut (f)

clf)= Ui pnt (f)

defined as the ratio of the voltage at any point in the grid_ U pnt(f) and the voltag

same point Uy pnt(f) at the same frequency but in a different phase (Lx and Ly ). A
mate, in cases with connected neutral conductor and symmetrical impedances, the cross

ratig is 7¢ :%. In cases without neutral conductor, the'crosstalk ratio is 7 :%.

v Measurement results

In g public low voltage network in a smalibtown in Germany the network operator noticg

sup
cha

raharmonic voltage amplification along a short cable feeding a junction box with a
rger (fast charger) and two standard AC chargers connected [17]. The layout is prese

in Fligure 31. The cable between _the transformer busbar BB and the junction box JB is 6

lond

elegtric vehicle using its three{phase AC onboard charger. An amplification of the voltage

fact

br of up to 4 at 10 kHz is. measured along the cable (voltage at junction box JB 2,3 V, volt

at tnansformer busbar BB'0,6 V).

BB t

a)

TS BB JB

IEC

b an
talk

da
DC
nted
2 m

. A supraharmonic voltage-at 10 kHz is injected at the transformer busbar BB by a baftery

by a
age

ransformer busbar, JB junction box, TS transformer station.
Figure 31 — Single-line diagram of relevant parts of the low voltage network

Single-phase injection
For the measurement of the propagation of supraharmonics in the low voltage netwo

rk a

sinusoidal current is fed into one phase at the transformer busbar BB and the respective
voltages at transformer busbar BB (U y i, in Formula (2)) and junction box JB (U y ppt in

Formula (2)) in the same phase are measured. Based on the voltages the transfer ratio (see
Figure 32) between the transformer busbar (BB) and junction box (JB) is assessed to
determine at which frequencies amplification or damping of supraharmonic voltages occur.
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The results show a significant resonance amplification of up to 2,3 at 10 kHz and 20 kHz,
but only in case the DC charger is operated in idle mode. When the DC charger is
disconnected, as expected, the voltage at the end of the cable is identical to the voltage at
the beginning rT(f)=1. When the DC charger is charging, the resonance is damped and

shifted to lower frequencies. The resonance amplifications at 10 kHz and 20 kHz are
consequently not caused by the cable itself, but by the interaction of the capacitive filter
impedance of the DC charger (see Figure 34) and the inductive line impedance of the cable.

Figure 33 shows the crosstalk ratio between phase L2 and L1 (injection phase) at the
junction box JB. When the DC charger is disconnected, the crosstalk ratio is below 1/2,
which is an expected value. When the DC charger is operated in idle mode, strong crosstalk

hearly identical and twice the voltage injected in phase L1 at the transformer busbays.” When
he DC charger is charging, the frequency range with increased crosstalk widens’to 5 [kHz
o 35 kHz, while the maximum magnitude of the crosstalk ratio is lower (r; = ,6) compared

o idle mode (r¢ = 2,4).

N
W

----X----‘charge
e idle )(

N
X

transfer ratio r
o e

10 20 30 50 100
¥ in kHz

—_—
(\9}
W
W

IEC

Figure 32 — Transfer ratio of supraharmonic voltage along the low voltage cable
for phase L1 in case of single-phase injection at the transformer busbar BB

he following conditions-apply:

b charge:

— DC chargerin charging mode

— (otherJoads disconnected)

pidle:

— _BCcharger in idle mode

—~_J (other loads disconnected)

[a¥=Yald
PoTs

— DC charger and all other loads
— disconnected
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Figure 33 — Crosstalk ratio of supraharmonic voltage between phase’ L1
(phase of injection) and phase L2 at the junction box JB

pidentical operating states as in Figure 33

Z(f) in

f in kHz

IEC

Figure 34 — Measured impedance (magnitude and phase)
of-the DC charger in idle mode

[hree-phase injection

n a second experiment, the battery electric vehicle (switching frequency of 10 kHz)
which the resonance was firstly observed is used as a three-phase supraharmonic injeg
source at the transformer busbar BB. Figure 35 presents the results at 10 kHz for the hig
ndividual spectral component (5 Hz resolution) and a group band of 2 kHz around
switching {frequency. The three-phase injection results in transfer ratios twice as

compared/with the single-phase injection. The deviation between phases results from
bsymmetrical impedance conditions at the junction box JB. This means that a single-ph

with
tion
hest
the
high
the
ase
h a

njéction might not be representative for the case of a three-phase injection, for whig

*ignifir\anfly highnr nmplifir‘nfinn mighf be observed



https://iecnorm.com/api/?name=0b1d2a3ddc876a2e7bebfd655f57f8d0

IEC TR 61000-2-15:2023 © IEC 2023 -39 -

= 4 I
- [ 5
=

< 2

‘g 1

5 0 \ 3

= phase x

IEC

Blue: Highest individual spectral component (no grouping)

Red:|Aggregation into 2 kHz bands

Figure 35 — Transfer ratio along the cable for all three phases
in case of three-phase injection at the transformer busbar BB

5.2.3 Simulation results

In 5.2.3, the measured supraharmonic amplification presented inp5.2 is verified uging
simulations [17]. The fully coupled three-phase model used for these(simulations is showpn in
Figure 36.The supraharmonic source is assumed as a single-phase,-constant voltage Uy. [The
grid| of the remaining phases is modelled as network loop impedances. The charger is also
modelled as loop impedances, while ground potential and coUpling with ground are neglected.
The|impedance of the DC charger is determined by measuring its three phase-to-neutral input
impgedances (phase L1-N is shown as an example in Figuté '34).

L b
| B Ly L
/\/ |
C C Z(Jit(
Liny Lo =LT ‘L R I» @”12 /le[l; —L 712J= load |11
L o o = f— p
R.\IS LNZ} 7 T = R; _[/; aﬂfzg l jl-[l\ T % —_— Lload L2
Ly =3 o St % -,
\ 7 Ry Ix @TI[ 3N lﬂ VAN N % = Lload L3
N 2 T T DT 2T
brid cable charger

%

R

Figure 36 — Fully coupled three-phase simulation model

IEC

The line parameters of the cable are calculated using the finite element method (FEM)
simulating the cable geometry. Due to the very short length of the cable (62 m), all capacitances
can be neglected. The resistance of the cable increases with the frequency due to the skin
effect. However, the increase is less than proportional, so that the cable impedance becomes
nearly purely inductive above 5 kHz and the resistance can be neglected. The grid impedance
in the phases L2 and L3 are determined by respective impedance measurements.

The simplified model is shown in Figure 37. The measured and simulated transfer ratio is shown
in Figure 38. The results show a very good match between simulations and measurements up

to the first resonance at 10 kHz.
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In Figure 39 the transfer ratio is shown for simulations with varying cable length. For a higher
resolution in the frequency, the measured input impedance of the DC charger is linearly
interpolated. The amplification around 20 kHz is increasingly damped with increasing cable
length and the amplification disappears for cable lengths larger than 150 m. The amplification
at 10 kHz exists already for very short cable lengths. With increasing cable length, it shifts to
lower frequencies (7 kHz at 300 m) while increasing in amplification. The low magnitude and
highly capacitive input impedance of the charger results in pronounced resonances with highly

amplified supraharmonic voltages across a wide range of frequencies and cable lengths.

The results confirm that especially in the downstream direction the input impedance of a device
can have a significant impact on the supraharmonic voltage distortion. This in turn means that

a certain control of the input impedance can efficiently avoid such unwanted supraharm

resgnance amplifications.

transfer ratio r¢

Unrs I | U
LI | =
Ll v l v \ :
' |
RNZ LNZ | L'Z QMQ /XM?’ ] LD"|_| éoad Ia
Lo 1 L~ | |
' |
RN Ins : I3 i]%ggl Mix :L:F Liond 1.2
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: LN QMN l%N : LD éoad L3
N__ —nm |
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Figure 37 — Simplified simulation model for supraharmonic
transmission along'a‘low voltage cable
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Figure 38 — Comparison of measured and simulated transfer
ratios along a low voltage cable
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5.3

The

voltages in a radial public low voltage network with residential customers (single-family hod

with
is i

tranjsfer ratio according to Formula (2) is calculated.

The

enaple suitable access for measurements. Figure 40 presents the relevant part of the nety
single-line diagram. In two feeders the propagation of supraharmonic voltages is measdred

as 4
in th
JB2
JB1

approximately 200 m_long with about 10 houses supplied along each route. About one-ha
the houses is equipped with a photovoltaic rooftop system.

0 1 1 I 1 | 1>h0

0 50 100 150 200 250 300
linm

IEC

ed areas indicate amplification, the green areas indicate damping, the vertical line marks the original leng

Figure 39 — Transfer ratio of supraharmonic, voltages
along a low voltage cable of varying_ length

Supraharmonic amplification in a residential low.voltage network with PV
converters

same procedure as used in 5.2.1 is also used to-measure the propagation of supraharm

high penetration of rooftop PV installations))’A sinusoidal current with variable frequg
jected into the grid, the resulting voltages at different locations are measured and

grid consists of several feeders with several junction boxes distributed along them, w

e upstream direction (injection at open end JB3 and JB5, measurement at junction bg
JB1 (route 1) and JB4/JB1 (route Il)) and downstream direction (injection at junction
measurement at junction boxes JB2/JB3 (route I) and JB4/JB5 (route 1l)). Each rout

JB1 IB2 JB3l

th of

bnic
ses
ncy
the

hich
vork

xes
box
e is
If of

— o —
TS BE: $J route I E

route [

.'\1
JB1 JB4 JB5
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Figure 40 — Single-line diagram of the analysed low voltage network, two routes,
and measurement locations on each route in red, green and blue

Figure 41 shows the measured transfer ratios along the two routes. In the upstream direction,
a significant damping is observed at all frequencies and in all sections of both routes. In the
downstream direction, however, significant amplification of supraharmonic voltages by a factor
of 1,8 (route 1) and 1,6 (route Il) is observed. These resonances are located at relatively low

freq

uencies between 4 kHz and 6 kHz.
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Simil

characteristic of the equipment connected in the single-family-houses. In particular, mod
power electronics based on self-commutating topologies (e/g-PV converter, electric veh
charger) require grid-side filter circuits introducing (distributed) capacitance to the netw
whi¢h compose resonances in the supraharmonic rangé€) Consequently, the introductio
reqyirements for the input impedance characterisfic of electronic equipment might

consg

supfaharmonic resonances is significant. As stronger supraharmonic emission sources

central charging infrastructures) are more likely:toybe connected close to the transformer bu
BB,|this phenomenon can be considered in defining emission limits, in order to fairly share
risk|of too high disturbance levels betweencnetwork operators and manufacturers.

5.4

a) PBingle-phase power converters

~ ],SA. <% down JB1—JB2 ~ ],SA. <% down JB1—JB4
1,6+t X x---- down JB1—JB3 =16+ -x---- down JB1—JB5
; 1,4 f % up JB3—JB2 ; 1,4t M up JB5—JB4
=2 1,2t O up JB3—JB1 = 1,2+ X XX - 0O-+  upJB5—JIBI
L 08 B 08¢

2] Z

= I

£ B

1 2 3 5 10 20 30 50 100 1 2 3 5 10 20 30 50 1()()
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IEC
route | route Il

Figure 41 — Transfer ratios along two routes in a low voltage network'with residential

customers, upstream direction as circles, downstream direction as crosses

ar to the case explained in 5.2, the amplification is mainly caused by the capacitive in

IEC

put
ern
icle

ork,
h of

be

idered in the future. As shown in this case./study, the probability of downstrgam

Generic supraharmonic emission models for PWM based converters

pbower converters can be modelled using Thévenin equivalent circuits. This is shown for

wo-level converter.and the filter network are simplified to a Thévenin equivalent ci
consisting of af voltage source and a complex impedance. Black-box models
barameterized based on measurements and do not require information about internal ci
ayout and.eentrol algorithms, which is usually not disclosed by the manufacturers.
same approach using a voltage source and impedance is used for qualitative analys
12] and-for quantitative analysis in [14],[15]. The Thévenin equivalent circuit of a sin
bhase,voltage-source power converter connected to a low-voltage network is show
-igure 42. The validation measurements in [14], [15] and [16] show typical errors of s

rrarc Ao $ r\vr\nnﬁl 4.4!'

e.g.
sbar

the

Supraharmonic emission of single-phase, hard-switching, self-commutated, voltage-solirce

the

jesign process of the AC side filter network of voltage source power converters in [11]. [The

cuit
are
cuit
The
s in
gle-
n in
uch

hiarl havy omadAAle ~AFfF Ince th o J.‘:O/ \Waith hich nfidanen tha ~ r no
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This black-box model approach is based on representing the energy around integer
multiples of the PWM carrier frequency into individual emission bands within a narrow
frequency range represented by a single source. The grouping is performed by the root sum

square, which corresponds to an energy equivalence and is used

in

IEC 61000-4-7:2002/AMD1:2008 [65], Annex B. A group band of B = 800 Hz is considered

as an optimal size for pulse-width modulated power converters with a static ca
frequency. The approach will likely work on any group band size, for example of 200 H

rrier
z as

used as default band in IEC 61000-4-7:2002/AMD1:2008 [65], Annex B. However, wider

group sizes make measurements more robust against leakage and frequency shifts
reduce the overall complexity of the resulting models.

and
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Bm source impedance
Z3
Bm Bm Bm
—ZS i» ZN ZBm network loop impedance
N
Bm emission band source voltage
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Bm emission band voltage at POC
YPOC
IEC
Bm emission band current at POC
Ipoc

Figure 42 — Equivalent circuit (model) for the supraharmonic emission of
single-phase voltage-source power converters for the mth emission band

he source voltage depends on the AC voltage, DC voltage, active powén output and| AC
listortion, as shown as an example in Figure 43.
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. is the carrier frequency, m is the order of the emission band.

Figure 43 — RMS voltage spectrum Ug at the output terminals of
a single-phase power converter H-bridge using unipolar PWM

b) Three-phase power converters
A\s of now, no black*hox models for the supraharmonic emission of true three-phase pdqwer
converter topologies have been published.

5.5 Assessmeént of optimal impedance angles for power electronic devices to
minimize'risk of amplification

Basged on<the equivalent circuit presented in Figure 42, a resonating behaviour can alsg be
caused by the interaction of the source impedance of an emitting device (power converter) ifself

and|thegrid. The supraharmonic voltage, in an emission band at the POC of a single deyice,
can be calculated as:
Bm
Z
Updc =US" gt —g (4)

8"+ "

When the device is connected to the network, two cases can be distinguished:

. This is considered

1) The voltage at the POC ‘QE(’)"C‘ is smaller than the source voItage‘l_]SB’”

a damped or non-resonating case. The minimum voltage at the POC is obtained, if the two
impedances have the same phase angles.
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2) The voltage at the POC ‘Qggc‘is greater than the source voltage‘l_]gm‘. This is considered

an amplified or resonating case. The maximum voltage at the POC is obtained, if the two

mpedances have opposite phase angles.

Case 1 can be considered as a rather “grid-friendly behaviour”, while case 2 represents a rather
“grid-unfriendly” behaviour. However, the magnitude of the POC voltage depends also
significantly on the magnitude of the source voltage and the magnitude ratio of the impedances,
so that the final impact on the grid has to be assessed by considering both the source voltage

and

the impedance configuration.

The

imp

Cur

R

with

border case between damping and amplification is located on a line in the com

bdance plane, where the real part of the ratio of the two impedances Zﬁm and ZSB'" is -

Bm
Upoc
ug"

Bm
=1 > Re Vi -
") 2

yes of constant voltage at the POC l_prgc =const. exist in-the complex impedance plan

. These locus curves for (_/Eg’c = const. are circles.

ZNBszw-ej“’ 0<gp<2m

Dlex
/2.

()

le of

(6)

7)

(8)

The described characteristics of the ratio between ‘QE&‘ and ‘(_]Em‘ and its dependency on the

impedances are illustrated in Figure 44.
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> 2

Figure 44 — Amplification and damping of supraharmonic emission at the POC relatiy

Usir

at the POC can be directly obtained for a particular configuration of the source voltage,
soufce impedance and the network impedance at thé€)considered emission band. §

non
abo
con

Sou

16

ut the inverters, including the parameters (source’voltage and source impedance for
sidered emission band), can be found in [14],[26]. For both plots the maximum poss
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to the source voltage depending on the network to source impedance

g Formula (7) and Formula (8), plots (nomograms) can be‘ereated from which the volfage

ograms are illustrated as examples for two photoyoltaic inverters in Figure 45. More de

ce voltage ‘L_fE’"‘ is assumed, which is the required practice in accordance with the CI$PR

eries. Regarding the network impedance; a total of 187 measured network loop impedar

ces

from [19] are used to get an idea about.the range of voltage magnitudes to be expected under

diffd

The
is a
pos

pha
loof

For
volt
fact
inve
volt

chieved, if the angle of the-source impedance of the device is located in the centre of

rent realistic grid impedance conditions (red dots in Figure 45).

best overall behaviour of a.device with respect to the variation in the network impedar

sible network loop impedance angles. This can be estimated calculating the preva

ces
the

ling

e angle of all network loop impedances LZZE”’ (angle of the sum of all measured netWork

impedances) which is indicated in Figure 45 as blue dotted line.

inverter A/(see Figure 45) the maximum POC voltage reaches 2,24 V at a maximum so
hge of 6,5)V. This represents a generally good damping of the source voltage by abo
br of_8;-which is caused by the good matching impedance angles. On the other hand
rter\B (see Figure 45) the maximum expected POC voltage reaches 1,94V at a so

irce
ut a

for
irce

hge-of 1,93 V. This represents no damping and virtually no amplification of the solirce

voltage. Nevertheless, the expected POC voltage for inverter A is higher than for inverter B due
to the higher source voltage of inverter A. This confirms that the final level of “grid-friendliness”
of a device depends on the magnitude of the source voltage, the ratio of impedance magnitudes

and

the difference in impedance angles.
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The frequency-dependency of the prevailing phase angle of the network loop impedance is
shown in Figure 46. It is approximately 45° inductive at 10 kHz and 60°inductive at 20 kHz and
above. This behaviour suggests that the impedance of a power converter at the centre
frequency of its dominant emission band would rather be resistive-inductive to minimize its
contribution to the supraharmonic voltage distortion in the grid. However, the number of
analyzed measurements is limited. Further, all measurements are taken at LV transformer
busbars (1/3 of the measurements) and junction boxes with different distance to the transformer
busbar (2/3 of the measurements), but not directly at household terminals. Therefore, the
conclusions above are more representative of larger converters. For converters usually applied
in households, further studies on the network impedance characteristics are required for reliable
suggestions on a preferred range for the source impedance angle.

D2 4 6

)8 10 12 14 16 18 é
N2 :

= /Ovb

a) inverter A, 1° emission band at 16 kHz b) inverter B, 2"9 emission band at 36 kHz

Figure 45 — Circles of constant POC voltage in the dominant
emission band of two photovoltaic inverters [29]

(8] 20 40 60 &0 LOO 120 L4140
[ in kH=z

IEC

Figure 46 — Prevailing phase angle of 187 measured network loop
impedances [34]between 2 kHz and 150 kHz, phase angle of the
line impedance stabilization network from CISPR 16-1-2
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6 Cases of a large amount of converters

6.1 General

The expansion of renewables and smart grids leads to a growing number of power electronics
conversion stages in the distribution grid. Due to their electronic design, power supplies,
batteries, heat pumps and solar inverters as well as frequency inverters inject in the grid a non-
sinusoidal current and influence the frequency-dependent grid impedance (FdGl).

Consequently, non-intentional emissions and resonance effects can occur in the frequency
banuvv;dth bUtVVUUII 2 II\HL tU 150 II\HL (OUU F;BUIU 47, F;BUIU 48 GII\'.I’l F;HUIU 49), vvh;vh h; hly
affect the power quality by distorting the voltage and by even leading to instabilities [12];[[20],
[21]|and [22]. Furthermore, the lifetime of the components affected by such disturbancés |can

be gignificantly reduced. This case is described in [20].
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Figure 47 — Cumulative-distribution function (CDF) of non-intentional
emissions due to distributed energy sources at two different frequencies
(45,7 kHz and 118,4-kHz) and noise present in the electrical grid (122,9 kHz)
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Figure 48 — Identification of the frequencies in the frequency response
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Furfhermore, power electronics converters connected to the grid areytypically equipped wit

LCL

app
reqy

peaks in the frequency ranges 2 kHz to 9 kHz and 9 kHz te 150 kHz due to the interaction
parallel-connected filters stages.
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Figure 49 - Identification of the frequencies in the spectrogram
of the measurements (see case study [23])

filter to provide sufficient harmonic attenuation and with an EMI filter, according to
ication requirements. Installations featuring several converters connected in parallel
iring static reactive compensation by capacitor banks typically show additional resong

nan

the
and
nce
s of

In gddition, especially with large installations, they{might be built over a long period of time,

whi¢ch means that there can well be grid-connected converters equipped with different type
filters and different ratings in parallel. This lgads to different grid filter parameters, henc

diffd

6.2

The
on &
in a
com
due

installations with multiple converters need to be considered as well as installations u

mul

The
Med
infly

rences in the resonance frequencies ofthe system over the time [27].

Large PV installations

conventional discussion aboutthe resonance problem caused by LCL filters is mainly b3
single converter system. In-the practical application, due to the distributed character
renewable energy system, multiple converters would be considered. The converters
monly connected in parallel to meet the increased power-rating requirement. It is noted

iple micro-inverters in parallel.

nwhileyeonsidering local reactive power compensation, the resonance frequency is fur|
enced by the capacitor connected to the common bus.

s of
e to

sed
stic
are
that

to cost issues, many.small inverters may be used instead of a single larger one. Therefpre,

5ing

refore, the{analysis of the resonance problem can be expanded to parallel LCL filfers.

ther

Ins

olar Tarms, multiple converters are connected In parallel. Figure oU represents the cas

a large PV farm [26].

e of
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Figure 50 — Parallel-connect configuration in large photovoltaic (PV) farm

re 51 [26],[27]. The Bode plots of the resulting sy§tems resonances are shown in Figure

pcitor for reactive compensation. In the upper frequency range, two resonance pe

the sake of convenience, a parallel system with two converters in parallel with a capacitor
reactor compensation Cq and closed on a commen ‘grid impedance Ly is consideref in

52.
the
aks
hes

bad of one are due to the two LCL filters in parallel. By adding to the circuit other brang
brallel, the number of poles of the system’s-transfer function will increase, hence the number
of resonances.
Converter#1 L _“» L> L,
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onv t:J er ~F \}»Y_\ —>v,_v_\:.\ |
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on common bus for reactive compensation in the grid (see Table 7)

Figure 51 — Simplified parallel of two converters featuring LCL filter and capacitor

Table 7 — Values of the system parameters [23]

Inv-side Filter Reactive power Passive damping 0
1.8 ; 4.7 comp. cap. C, (UF) 20 ;
Inductance L, (mH) Capacitor C; (uF) Q Resistance R, Q) | ~0,6
Grid-side Grid Passive damping 0
1,8 2
Inductance L, (mH) Inductance Ly (mH) Resistance R, (Q) | ~0,6
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Figure 52 — Frequency domain results of parallel LCL filter system with reactive
power compensation capacitor represented in two frequency ranges
The| blue lines in Figure 52 are the phase curves at the asymptote. The values of magnifude
and|phase are neither mentioned in Figure 52 nor in the referénce.

In the lower frequency range, the resonance and antisresonance are due to the effect of|

cap
are

The
imp
dec
this

For
a c(
see
N ig
equ
Figy
to th
LC-
con
indd
is |4

hcitor for reactive compensation; in the upper €requency range, the two resonance pe
due to the two LCL filters in parallel [23].

value of the resonance frequency is dependent on the grid impedance. Changing the
bdance leads therefore to drift the resonance frequencies in the system. On one side

can lead to unexpected consequences in terms of decreased power quality.

a system of ~ parallel connécted inverters equipped with LCL filter interfaces connecte

the
aks

grid
this

eases the performance of the control and the efficiency of the system; on the other side,

d to

mmon grid impedance~(see the equivalent circuit in Figure 53), each individual inve
5 an equivalent grid impedance, proportional to the grid inductance multiplied by N, w

pped with LCL filters is more sensitive to variations in grid impedance, as illustrate

mon grid-side inductor seen from each individual inverter is equal to the original grid

rger than the grid inductance [23].

rter
ere

the number of parallel inverters [24]. This means that a system of N parallel invernters

in

re 54. In ordef to test the position of the resonant peak, a disturbance term can be added
e current centrol loop to give an excitation of different frequencies, as in Figure 55. For an
ilter topology instead, for N parallel inverters, as in the case of LCL-filter interface,|the

ide

ctorymultiplied by N. This decreases the sensitivity to grid variations, if the grid-side indulctor



https://iecnorm.com/api/?name=0b1d2a3ddc876a2e7bebfd655f57f8d0

IEC TR 61000-2-15:2023 © IEC 2023

S AN
u Tt Y

- 51—

/"

IEC

Ths|= 4l

2s ¥ (2441l Z5 4); L1 inverter side inductor; C filter capacitor, L2 grid side inductor [24].

Figure 53 — V parallel connected equivalent inverter models equipped
with LCL filter interfaces connected to common grid impedance Zg asiparallel

connection of Thévenin’s equivalent voltage sources and equivalent impedances
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respectively) or LCL-=filter topology when the number of parallel connected
inverters_n increases from 2 to 8 with increments of 2
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Figure 55 — Time domain simulations of parallel LCL system without
reactive power compensation capacitor dependent on (in dependency of) a small
sinusoidal disturbance term added in the control loop — Duty cycle

The plots show how a slow change of the disturbance term leads to the excitation of different
frequencies, which is used to identify the position of the resonant peak [24].
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A frequency dependent grid impedance measured at a 2,1 MW PV plant with 59 inverters shared
on two roofs [29] can be considered as an illustration of this. FAGI measurements in the lower
frequency range with different inverter configurations are represented in Figure 56. The dashed
curves have been measured at the MV/LV transformer station (TS) and solid curves at the point
of common connection of the inverters. It can be noted that the magnitude of the impedance is
increasing at the frequency of the main parallel resonance at about 2 kHz, when adding working
inverters to the system. The power line impedance measured between 1 kHz and 200 kHz is
presented in Figure 57. The magnitude of the impedance is decreasing at the frequency of the
main series resonance and a shift of the resonance frequencies towards lower frequencies at

- 52—

the point of connection is observed, when the number of working inverters increases.
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Figure 56 —‘Rower line impedance in lower frequency range measured
with 0 to 59 inverters activated in a 2,1 MW PV plant
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Figure 57 — Power line impedance measured with 0 to 59
inverters activated in a 2,4 MW PV plant

bquency below 1,5 kHz is commonly observed in most of the measured LV grid situati
e case of parallel connection of a large number of inverters, the value of the impedanc
nance is doubled and the resonance frequency is moving toward the frequency below 2
is case, the chances for the following'phenomena to occur are increasing:

oss of stability of converters_controller due to the increase of line impedance at cri
requency for the converter.controller, as described in Clause 7;

n Clause 4.

sidering the high/frequency range, a non-predictable and time-variating reduction of the
bdance can result-in:

pttenuatiomof power line communication signals used by smart meters in the CENELE
band;

ncrease of supraharmonics current exchanges between converters and EMC filters
jescribed in Clause 5.

sidering the low frequency range, a parallel resonance with a small impedance increase at

DNS.
e at
kHz.

ical

ncrease of the parallel resonance and resulting boost of voltage oscillations as described

line

C A

as

6.3

Industrial grids

A three-phase industrial grid is typically constituted by several active loads represented by
variable speed drives. Due to the heterogeneous nature of such installations, power inverters
of different ratings and manufacturers are interfaced to the feeder through passive or active
rectifier systems equipped with L, LC, LCL filters, with EMI filters according to the application
requirements and cables of different length, shielded or unshielded, as depicted in Figure 58
[25]. This scenario leads to several types of interactions between power electronics systems
within the industrial grid (see Figure 59) and to the generation of non-intentional emissions in
the frequency range of 2 kHz to 150 kHz [54].
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Fi 59 — Interaction between two converters, which can lead to resonances
aégenerate non-intentional emissions in the 2 kHz to 150 kHz frequency range

Wr1=Wsw2

The simplest configuration of interaction is made up of a noise source and noise sink (see
Figure 60), constituted by two different converters, where the EMI filter of the sink converter
can be, for instance, of the 2nd, 3rd or 4th order [25].
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Figure 60 — Modeling of a simple configuration of noise source;and noise sink,
where the EMI filter of the sink converter can be of 2nd, 3rd-or 4th order [25]
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Figure 61 — Impedance into the noise sink converter Z;,, with different EMI
filter types with simple choke interface only and different EMI filter configurations
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Figure 61 and Figure 62 represent the impedance into the noise sink converter Zg;,, with

different EMI filter types with simple choke interface and with LCL filter, respectively, and
highlight the number and types of resulting resonances, which can lead to the generation of
disturbances [25].
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Figure'62 — Impedance into the noise sink converter Z;,, with different
EMI filter types with LCL interface and different EMI filter configurations

Furihérmore, the length and type of cables, shielded or unshielded, has also a crucial influgnce
on tL&gemaﬂeﬁ—eFdﬁe&wbaﬁeee—ﬂﬁhe—#eﬁfeney—ﬁaﬁgeeH—kH%te%—kHi—' i } -

As cables introduce asymmetry, the voltages and currents at the PCC will contain common
mode and differential mode signals although the excitation at the noise source converter is
purely common mode or differential mode, as depicted in Figure 63:
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Figure 63 — Ratio of voltage and current in phase 1 with a third-order EMI
filter and different cables with: a) DM excitation and b) CM excitation

6.4 Multiple EV chargers in a central charging infrastructure
6.4.1 General

This example case discusses the emission and interaction of multiple onboard chargers of
battery electric vehicles (BEVs) of the same type regarding the supraharmonic voltage and
current distortion. In general, the behaviour is representative for any other type of power
converter based on self-commutating topology. Each device acts both as a source and a sink
for supraharmonic emission.
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6.4.2 Measurements

Measurements were taken in a central BEV fleet charging installation consisting of four charging
stations (CSs) with two AC charging points (CPs) each. They are connected to a junction box,
which is supplied from the LV busbar of the MV/LV supply transformer by a dedicated cable.
The voltages and currents were measured at the four charging stations and the LV busbar (total
current of the cable supplying the charging stations). In the experiment six BEVs of the same
make have been connected step by step in the following sequence: BEV1 to CS1/CP1, BEV2
to CS2/CP1, BEV3 to CS3/CP1, BEV4 to CS4/CP1, BEV5 to CS1/CP2, and BEV 6 to CS2/CP2.
Figure 64 shows the voltage around the dominant emission frequency of 10 kHz of these BEVs
as emission bands (group band size B = 800 Hz) using 20 ms measurement windows along with

the pverage RMS value (dotted line).
A
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Higure 64 ~\Voltage at 10 kHz of one to four BEVs charging at a common POC, time
varying values as solid line (20 ms measurement windows), overall RMS as dotted line
With a’single emission source, the distortion at 10 kHz is constant. With more than one solirce
significant beating of the supraharmonic voltage magnitude is observed, which results from the

slightly different switching frequencies of the BEVs. With two sources, a clear periodicity of
approximately 1,6 s exists, which indicates a difference in switching frequency between the two
BEVs of 625 mHz. This is usually caused by manufacturing tolerances. With three sources,
periods of 1,6 s and 0,1 s are visible. With four or more emission sources, the variation of
voltage in the emission band becomes pseudo-random. The maximum of the magnitude based
on 20 ms significantly deviates from the long-term RMS (e.g. 10 min value) in all cases except
with a single source. Such higher supraharmonic voltages over short periods might cause
malfunctions, which would not be indicated by the overall RMS value at all. Frequently, a
chirping noise is reported in the presence of beating effects.
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The magnitude of voltages and currents for up to six BEVs is shown in Figure 65. In Figure 65
a), the RMS voltage decreases monotonously with an increasing number of vehicles. For two
and three BEVs, the maximum voltage due to the beating (see Figure 65) is approximately vN
times larger than the average RMS voltage, as also predicted in [26]. The minimum drops to
very low values, but not the expected value of zero for two or more BEVs. Two aspects mainly
cause the deviation from theoretical expectations. For higher numbers N, the frequency of
occurrence of the overall maximum and overall minimum reduces significantly and is most likely
not captured due to the limited charging time of the BEVs. Further, the emission magnitudes of
the BEVs slightly deviate from each other.

stegwise connection of four BEVs. The RMS current in the cable is directly proportionalto| the
RM$ voltage and decreases monotonously. The current injected by the first BEV, 'more than
douples when the second BEV is connected and the current flowing between the,BEVs is much
higher compared to the total current of the charging infrastructure flowing to/the transformer.
Thig results from the input impedance of the BEVs at 10 kHz, which is much”lower than|the
network impedance at this frequency. For more than one BEV, the current’injected by dach
soufce remains relatively constant with each additional source (plotted lines show average RMS
current).
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Figure 65 — Supraharmonic voltages and currents at the POC of multiple
AC.charging points, first emission band (800 Hz) centred around 10 kHz

6.4.3.1 General

Figure 66 shows the single-line diagram for an arbitrary number N of similar converters (same
make and model assumed). Since all converters have their own carrier signal generator, all
supraharmonic emissions are asynchronous and each emission can be treated individually. The
corresponding supraharmonic emission model based on a Thévenin equivalent is shown in
Figure 67.
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In general, an increasing number of power converters connected to a single POC will change
the resulting supraharmonic voltages. Each additional power converter will contribute to the
voltage distortion, but also act as a sink for the contributions of neighbouring power converters
at the same time. Consequently, it depends on the ratio of the additional damping and
contribution of an additional power converter, whether the total supraharmonic voltage at the
POC decreases or increases.

6.4.
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Figure 66 — Single-line diagram of an arbitrary number N-of’power
converters operating in parallel on a single network'phase
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Figure 67 — Supraharmohic emission model for an arbitrary
number N of powér converters operating in parallel

Modelling of beating

brding to [28] the supraharmonic voltage in an emission band m at the H-bridge of a sin
e self-commutated power converter can be expressed by an amplitude-modulated
soidal voltage, which.can be represented by an amplitude-modulated rotating RMS volt

URS (1) = @R (1) URE -expjoRBe + o5

gle-

age

©)

Supraharmonic beating occurs, if the emission of multiple converters falls into the same
emission band (frequency range). In this case, the asynchronous superposition of the emissions
of the different converters will be considered. For simplification, the amplitude modulation of
the voltage can be neglected here. Thus, each source n with emission in emission band m is
characterized by an individual rotating RMS phasor:

B B B B
Us' (1) =Us™ 'eXP(JAws'Zf + 408"2)

(10)
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where Ug",: is the RMS source voltage, Aa)g'f, is the difference between the emission

frequency and the centre frequency of the emission band and (pg",z is an arbitrary phase angle

at t =0. This source voltage is damped by the AC side filter of the converter to its contribution
to the voltage at the POC in the considered emission band m.

Upbc u ()= 07" U5 (1)

Her

the

to th
abs

B, Q,?m is the complex damping (and phase shift) factor, (_JSB’Z (t) is the rotating phasq

source voltage and Qggcn

e emission band voltage at the POC. The resulting (beating) voltage at timesinstant ¢ ig
plute value of the sum of the rotating phasors of all contributing sourcesat-this time insf

(t) is the rotating phasor of the contribution of the @ 'convg

N
EZQEgCI1U) nN eN

n=1

UpBc (1) =

(11)

r of

rter

the
ant:

(12)

Forlone up to three contributing sources with slightly different emission frequencies falling in
the same emission band this is shown in Figure 68. The‘resulting shapes of the supraharmpnic
beating are qualitatively similar to the measured voltages in Figure 64.
=>A =K > A
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Figure 68 — Simulation of supraharmonic beating using summation
of rotating phasors, for one up to three sources with different frequencies
and magnitudes of contribution, first emission band
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6.4.3.3 Modelling of summation

e General formula for N sources

. . . B B
All sources are assumed to have identical source impedances Zg, =Zs" and source

voltages Ugﬁ = E’". Using this assumption, the magnitude of the supraharmonic voltage at
the POC of a single source » in an emission band can be simplified to

1
1T v 1

Bm = 4&un=2 B B
yBm . _yBm| " T"UZs™ | Us” (13)
POC n S 5 1 B .
Zs" + 4 N1 =54 N
- v Bm
Zﬁm + zn:Z ng ZN

A\s expected, the contribution of a single source n to the supraharmonic voltage at the ROC
Hepends on the total number of sources N. The (overall) RMS value of the superposition of

IV sources calculates as
N B
BT (NY= [SuBn. 2 _ VN Ug"
poc (V) =,/ 2.UrGe =T Bhn (14)
n=1 ZL+N

A\s explained in 6.4.3.1 and 6.4.3.2, the operation of multiple supraharmonic sourcefs in
parallel causes a beating of the voltage with magnitudes deviating considerably from|the
bverall RMS value (see Figure 64).<FThe maximum of the beating occurs when all indivigual
sources are in phase.

-B Y, B B I~ .7/B N-Ug"
m m m m
UPOC(N)zz‘%UPOCn:N'UPOCn: N-Upoc =15~ (15)
n= £8
=N
Bm
N

[his means that the maximum of the beating supraharmonic voltage can reach VN tipmes

he size of the average RMS voltage in an emission band. It is noted that the calculation of
hésaverage RMS voltage based on measurements will include at least one full cycle off the

[N FHEWVE-- ¥ Pl — ad b th AL e
voatirty pdadticlinT  LauotUu Uy Uit IV SUUTLTO.

e Maximum supraharmonic voltage
Formula (14) has a single maximum for

zBm

£s (16)
ZNBm

Nmax -

contributing sources. At this number of sources N = N, the overall RMS voltage in an
emission band equals
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B
ZSm _Ugm
Bm
gBn . _ VI _ 1 1 e (17)
POC max ZBm ZBm ) Bm Bm 1 B S
Zs” | |4Zs explj| £4Zs" - ZZN" ||+ Zs
ZNBm Zﬁm Zﬁm

Applying the condition (16) to (15), the maximum voltage caused by the beating is calculated
DY

B z8"| & 1 B

m = m m

UpoC max = || _gm| UPOC max = 5 5 "Us (18)
ZN exp(j[4gsm —~ AZN”’])H

According to Formula (17) the resulting overall RMS voltage atthe’POC depends on three
Criteria:

1) the magnitude of the source voltage UE’" :

P) the ratio of the magnitudes of the impedances

‘ Zﬁm

) the phase angle difference between the impedances Z&" and Z5" .
f representative value ranges are available for the magnitude and phase angle of|the
network loop impedance z\ (), these criteria allow manufacturers of power converters to

Hesign their devices so that the™POC voltage does not exceed a given limit. Due to|the
Hegrees of freedom (source voltage and source impedance), a large variety of combinat|ons
bxists, which would fulfill sueh a condition. A possible conservative approach is:

a) The magnitude of“the source voltage

does not exceed the given limit. Ug" <Upm (1)
b) The magnitude of the source impedance B B (R0)

is higher-than any known or reasonable ‘Zsm‘ > ‘ZN’"‘

magnitude of the network loop

impedance.

U mpodtmesse within 4202 of any known——120° < (/28" - /z8n) <1200 (1)
or reasonable network loop impedance
(the phase angle of the LISN defined in
IEC 61000-1-2 [69] or the prevailing
phase angle based on comprehensive
measurements might be a reasonable
estimate).

With regard to the maximum voltage due to the beating according to Formula (18) only the
first and the third condition are relevant, which emphasize that during the design of the
device particular care needs to be taken with regard to the phase angle of the source
impedance and the magnitude of the source voltage.
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The application of the phase angle criterion is shown as an example in Figure 69 for two
photovoltaic inverters studied in [29]. Considering all measured network loop impedances
from [19], [34], inverter A meets the criterion for all impedances, while inverter B does not
for a majority of the measurements. In case the two other criteria would meet only the worst-

case border conditions (UE’" = U“Br'glit and ‘ng‘ = ‘Zﬁm‘ ), the POC voltage would exceed the
limit at certain locations.

B30Fn 30 &
e Sl R
U 20 1§ & ST 20 RE wE g
qul)31+ Bl -.‘:"- .-‘A: 10 p Bé‘: .
." 120c s Re (Z\] ) m Q Z ZSE —120° ﬁ‘ . - ‘Re (ZN ) inl
| | ,‘ o 1 | » I o e | b | | )
40 20 10 f 10 20 30 -30 -20 -10 5770 *20 0 30
§ AN f
" -107 \@‘: A0 |
20t '.,EOO B 90t \
:::'. T B : ZB2
|- 2] mep R 30t -
1 IEC \ IEC
a) Inverter A, 15t emission band at 16 kHz b) Inverter B, 2"d emission band at 36 kHz

Red dots mark 187 measured network loop impedances from [41]; network loop impedances in the white area meet
the griterion.

Figure 69 — Exemplary assessment of the supraharmonic emission of two photovolthic
inverters using the criteria in Formula (19) to Formula (21),
and photovoltaic inverters from [15]

It cqan be desirable totestimate whether an increasing number of sources results always |in a
morjotonous reduction/of the supraharmonic voltage at the POC. As Formula (14) has only a
sindle maximum,it\is sufficient to show that the voltage with two sources is less than or equal
to the voltage with'a single source in order to achieve this behaviour.

UBBe (N =1)> Updc (N =2) (22)

V1-U8"  2-ug”

2 ]| .
B +1 B +2
ZN ZN
This inequation is fulfilled if
‘ng < ﬁ‘ZNBm (24)
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For all network loop impedances Zﬁm which fulfill Formula (24), the supraharmonic voltage in

an emission band will decrease with each additional (identical) source. However, minimizing
the non-intentional supraharmonic voltages by lowering the source impedance might also have
an adverse effect on intentional emission, such as unwanted high damping of mains
communication system (MCS/PLC) signals. On the other hand, Formula (17) shows that the
maximum overall RMS voltage at POC at N =N, decreases with increasing source
impedance (criterion 2), assuming the other two criteria remain unchanged. This dependency
is illustrated as an example for different impedance magnitude ratios (equal impedance phase
angles) in Figure 70.

o 20 /213
o2 2=
_____ v 257 ) ZBn—3
0 28 220

=
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Figure 70 — Dependency of the POC voltage on the number of sources N
fqr different magnitude ratios of source impedance to network impedance assuming
phase angles of source impedance and network impedance are equal

Concluding the results of the aboyvé)considerations,

— @ source impedance magnitude higher than the network impedance at low source volfage
magnitude, and

— a low phase angletdifference between the source impedance and the network (lpop)
{mpedance

proyide the mast\“grid-friendly” supraharmonic source behaviour. The results can serve as
guidance to¢manufacturers, installation planners and network operators to manage
supfaharmghic'disturbance levels in LV networks efficiently and to share the risks and costs for
enspring-EMC fairly between the stakeholders.

All descriptions and derivations apply primarily to Qingln-phnen power converters connecteld to
the same phase. In three-phase systems, it is likely that multiple similar converters are
distributed to the three phases. In this case, the converter in one phase will contribute to some
extent to the supraharmonic voltages at the POC in another phase. The coupling between the
phases depends on several factors but is usually low. Therefore, the results are also a valid
estimate for single-phase converters connected to different phases in three-phase networks, as
long as each phase is considered individually.



https://iecnorm.com/api/?name=0b1d2a3ddc876a2e7bebfd655f57f8d0

7

7.1

— 66 —

Impact of grid conditions on the operation of converters

Analysis of a single-phase inverter model with an LCL filter using the Nyquist

criterion
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Clause 7 presents an application example of the Nyquist stability criterion for the assessment
of the stability of a current controller in accordance with [30], [36]. The analysis of a simple
active infeed converter demonstrates the impact of the grid line impedance on the stability of
the converter controller. Figure 71 shows an inverter connected to the AC grid trough an
LCL-filter. The system can be split into three parts from left to right: the grid with its impedance,

the

LCL filter, and a full-bridge inverter with its DC bus. State variables for the LCI filter

alsag

The

The
the

represented in Figure 71:

E

Li

I
L

form of a block scheme on Figure 72:

e P

IEC

Figure 71 — Single phase inverter with an LCL filter
and corresponding.state variables

state variables of the system are described as follows:

formulae in (25) and corresponding impedances in the Laplace domain are represente

are

25)

d in
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The|impedances are described as follows:

IEG,

Figure 72 — Block scheme equivalent to the formula system of Figure 71

ZLi :Li )
Z; =L,-s
g 8 26)
1
ZLi =
Cf .S
The|following relations can be establisiiéd on the basis of Figure 71 and Figure 72:
Zc
' 1
L) = ir(s) - (s) 27)
g i pc
Zcf +ZLg Zcf +ZLg
Ze, Z; +Zc Z; +Z; Z; Zc
Ui(s = S g ~ :_Zl g i 'ii(s)—i_ﬁ'upc(s) 28)
Cr Lg Cr Lg
The :;IICGI;LGd UUIItIU: :UU}J fUI thc |||qutcd \JUIICIIt ;0 OhUVVII ;II F;ybuc 73. Thc UUIICIIt UUIItIO”er

is represented by Gg(s). The block F;,oq corresponds to the feed-forward of the point of
connection voltage. The function F_,, corresponds to a filter for the injected current
measurement. The corresponding transfer functions for blocks Fy..q and F ., are represented

in Figure 73. The non-linear PWM modulator has been replaced by a transfer function with a
constant gain Uy.. This linearization makes the model valid only at frequencies much lower than

the switching frequency of the converter.
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Figure 73 - Linearized control loop for the in-feed converter and transfer
functions for feed forward and current measurement-\filter

The|transfer blocks are expressed as follows:

K
Freed = ——feed 29)
+1
2nfey
K,
Fourr & —r— 30)
+1
2nf,;

Fromn the perspective of the controller, the voltage generated by the inverter U, can be described
by Formula (31), where I, is'the current reference, Gg; the current regulator and Up is| the
bus|voltage.

i(5) = [(Iref (s)_li(s)'Fcurr(s))'GCi (5)+ upe () Freed (S)]UDC 31)

Forllnula (31) equalized with Formula (28) results in Formula (32):

Zc,2y +20,2,+2, 7 7.
[(Iref<5)_li(s)'Fcurr(S))'Gcl- (s)"'”pc(s)'Ffeed(s)]UDC: ! gZ iZ : (s 7 +jZ '”pc(s) (32)
Cf Lg Cf Lg
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The inverter current /; is described in Formula (33) as a function of Up, and I

Udc '(GCiIref +F;‘eedUpc)(ZCf +ZLg)_UchCf

I. =
ZepZr, ¥ Zc, 2y + 2 2+ Foun G Uge- (Zcf +Z )

1

(33)

Formula (34) is obtained by replacing /; in Formula (27) with I, out of Formula (33). The Norton

equjvalent circuit for the whole converter and its controller obtained from Formula (34

represented in Figure 74.

GeUacZc,

e = et
&g ZCfZLg +ZCfZLl +ZLgZLl + CUI’I’GC UdCZCf + F GC UdCZL

Curr

Z. +Z +F GUdC-FfeedUch

curr

U
ZZ+ZZ+ZZ+FGUZ+FGUZ be

curr curr

where:
GCi UchCf 5 GNorton

ZCf ZLg + ZCf ZL,- + ZLg ZL,- * FcurrGCl- UchCf + currGC UchL

ref = Iconv
Gc,UacZc,

S
ZepZrRec, 2y + 2, 2y + Faun G UacZe, + FounGcUacZt,

ZC +ZLg+ currGC Udc F;‘eedUchCf

YCOI"IV

| point of
Connection
Zgrid i g conv
[ 1 ; I <

.||_|11=+

I
|
|
i 1
I
ugrid |
| conv
I
|
| e T

Figure 74 — Norton equivalent circuit of the single-phase inverter

) is

34)

Formula (34) can be represented in a simplified manner by Formula (35) and Formula (36)

respectively:
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1
o Y, Ugrid
lg =leonv - o 1~ 1 (35)
Zgrid +Y7 Zgrid T
conv conv
. . 1
g = (’conv — Ugrid 'Yconv)-# 36)
T Zgrid*conv
As ¢xplained in 7.1 a current-source system is stable if:
1) the current source itself is stable when unloaded, i.e., when the load is.@‘short-circuit;
2) the load is stable when supplied by an ideal current source;
3) the ratio of the source output admittance to the load input admitiance satisfies the Nyduist
Criterion.
By pssuming that i;,,, and the product ugq - Yoo, in Formula”(36) are stable, the stability
analysis focuses on the ratio:
1"‘Zgrid 'Yconv )
The| Nyquist plot in Figure 75 shows that a control loop with a unity open loop and a feedhack
gairf of Zgiq-Yeony a@s represented. in Formula (36) will not satisfy to the Nyquist stability
critgrion when the line inductance becomes equal to or larger than 2 mH. For this example|the
system components and parameéter values are listed in Table 8.
—Lzu-soa o b | s I3 om
bo|TLed=lmH "/ 2 ——Lgid= 1.5mH | i
Lzid = 2mH Laid= 2mH | ! |
i -2 B
5 E 5 4dB N 4B |
E § é‘ odB 65|dB
e
R . Real Axis . Vleealeisrl
IEC

Figure 75 — Nyquist stability analysis of the control loop
with parameters listed in Table 8
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Table 8 — Example of system parameters and components
for the Nyquist stability analysis

System parameter Symbol Value Units Component Symbol | Value | Units
Grid voltage Ugrig 230 Vrms Inductance inverter side L, 2,2 mH
Grid frequency Fori 50 Hz Inductance grid side Ly 300 uH
Switching frequency Fow 20 kHz LCL filter capacitance C; 5 uF
DC bus voltage Uge 450 \Y Current measure gain Keurr 1
CoffitrolTer prop. coetr. K, 0,03 Current meas. bandwiath | Fo - TO0 44
Contr. integral coeff K, 500 Voltage feedforward gain | K 4 1/450

Voltage Feedf. badwidth | Fy 4 1 kHEg

For|verification purposes, the same inverter and controller topologies Wwere implementef in
PLBCS software as represented in Figure 76 and Figure 77, respectively:

T

(4]
]

Figure 77 — PLECS model of the single-phase inverter controller
with Feedforward of the connecting point voltage

Lgrid
Yy
+ ;
D C bus Ugrid 5rid
=
52|>>—| K—ES s3 >>—| le}
H
Upc Ugrid
Ui
IEC
Figure 76 — PLECS model of the single-phase inverter with LCL filter
Ugrid
T w H O In P out—p{ P oG e ﬁ’
Product i e Upc
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The simulation results with a current reference step from 0 A to 10 A applied to the converter
with the components and values listed in Table 8 are presented in Figure 78. The results show
that the system becomes instable for a grid impedance L4 larger than a value located between

1,5 mH and 2 mH.

Other controller parameters or topologies would maintain the stability of the system with even
larger values of grid impedance. The feed forward plays a negative role in the converter stability
in this particular case. But the example demonstrates both the effectiveness of the Nyquist
criterion method and the impact of grid impedance on converter controller stability.
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Figure 78 — Simulation result of-alcurrent reference
step of 0 A to 10 A forthe converter
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(PE
the

ewable energy generators are typically connected to the power grid via power electrpnic
devices, specifically inverters (DC-AC.power conversion). A current that is injected |into
power grid by these inverters causes aniinteraction at the point of connection (PoC), which

lead
bec
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whi
in Ig
the

s to a voltage drop over a networkiimpedance Zg. As a result, the voltage at the
bmes distorted and will in its turn.affect the control of the inverter and the injected curr

modelling and analysis purposes, the small signal characteristic of the linearized invg
aviour at a frequency f-can be represented in terms of an admittance Y|,, and a cur

[Ce.

elling and simulation as described above require detailed knowledge about the dey
th is not always-available, especially in case of commercial mass-market devices for

w voltage networks. Alternatively, black-box identification methods can be used to ide
hdmittance.characteristic of the device by performing specific measurements at the AC-

terminals©f'the device. At first a reference voltage Upcyet (fU) , for example a sinusoidal volf

at f

indamental frequency (50 Hz or 60 Hz) is applied, which results in a current respg
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Incref (f7) - Next a single-frequent voltage distortion component Upc; (/i) I1s swept over the

considered frequency range, which results in respective current responses lACi(fl) [55]. This

way, for a particular operating point of the device, i.e. a particular power level of a single-phase
inverter, the admittance characteristic of a device for each measuring point i, which represents

the dependency between voltage and current at a particular frequency (fU = fi) , is obtained in
terms of

)- Inci (f1) = Lacref (/7)

Y nv(f I
e v Unci (fu)=Uacrer (J1)

(38)
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With this method, so-called frequency coupling components (dependencies between voltage
and current at different frequencies), which result from the time periodic characteristic of the
device compared to the time invariant characteristic, can also be identified. In case only the
admittance characteristic is of interest, a fast approach has been developed recently [56].
Based on the measured admittance characteristic, the harmonic stability of a device can now
be assessed without knowing the internal parameters.

To illustrate the example of a measurement-based stability assessment, the admittance
characteristic obtained for a commercially available single-phase inverter is depicted as an
example in Figure 79.

50 ¢ 100
40
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Ly T
Pi’: o 0 [
=20 k=
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50
10t
0 -10Q § , , ‘ |
0 500 1000 1500 2000 0 500 1000 1500 2000
finHz — finHz —
IEC IEC

(a) (b)

Figure 79 — Impedance magnitude (a) and phase angle characteristic
(b) of commercially availabJe single-phase inverter (black), network
impedance with inductance of 2,3 mH (blue) and 3,2 mH (red)

By applying the Nyquist stability~criterion as described above, the phase margin criterion [and
the lamplitude criterion cansbge*applied in order to determine possible grid impedances, which
can| result in an instable “behaviour. For the studied inverter this is predicted for |any
R-Ltequivalent as a network impedance with an inductance value of 3,2 mH. For a smaller
indyctance value, for example 2,3 mH, the formal analysis predicts a stable operation of| the
invgrter. Figure 80'depicts the results, which confirms the prediction. While the inverter behgves
stahly at 2,3 mH,.ittrips after a few cycles while using 3,2 mH as grid inductance. Further defails
on the study.¢an be found in [57].
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Figure 80 — Grid-side current measurements for LR-equivalent network
impedance with inductance values of 2,3 mH (a) and 3,2 mH (b)

It can be noted that frequency-coupling components can also impact the device stability, which
would be in particular considered for networks, where dominant frequency coupling compongnts
are lexpected.

7.2| Probabilistic stability analysis for commercial low'power inverters based on
measured grid impedances

Thig representation is typically used for grid-following inverters, as usually found in low pdwer
applications in low voltage (LV) networks (see Figure 81):

Inverter |I LV network
L&) I'POC Z:)

I
I
I
!
E L) I@ |:‘I:|YIDV(/) M Urc(h C)ll—]g(f)
I
I
I

Figure 81— Small signal model of an inverter and the low voltage network

The|grid impedance and the device impedance that includes the linearized control and switching
behpviour as well as further device components, for example the grid-side filter circuit, ddfine
the |interaction of the inverter with the power grid and can be used to analyze the invérter
stabilify. An Instable operation of the nverier that IS caused by the Inieraciion between the
control and the network impedance is often called a harmonic instability. The inverter can be
studied with regard to harmonic instabilities in terms of the impedance-based stability criterion
[30]. The system is considered stable, if the system provides a positive phase margin for the
phase angle of the network impedance Dy and the phase angle of the inverter impedance ®,,

in terms of

180 —®y + Dy, >0 (39)
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at the intersection of the magnitudes of the frequency dependent grid impedance (FdGI) and
the inverter impedance. The challenge for the stability analysis is the large diversity of inverters
with individual, impedance characteristics usually not disclosed by manufacturers, but also the
significantly varying and often unknown LV grid impedance characteristics. The inverter
impedance characteristic can be measured in the laboratory, for example by applying the
method described in [31]. It can be noted that for one individual inverter the input impedance
characteristics can also change with the operating point, for example DC power level. The
impedance characteristics of LV networks can also be measured. The measurement campaign
performed in central Europe, i.e. Germany, Switzerland, Austria and the Czech Republic [31]
shows that the impedance characteristics of LV networks exhibit variations in the range of 2
decades and contain more or less pronounced resonances spread over a large frequency range.
Du€d to the large variations both for the inverter-side impedance characteristics and the, grid-

sidg impedance characteristics, a probabilistic approach seems suitable for harmonic stahility
assessment.

The| probabilistic approach is illustrated using network impedances measured.at 120 different
sitep (see Figure 82) [32]. Furthermore, the input impedance characteristics of,six commercjally
avallable inverters are measured in the laboratory (see Figure 83).
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Figure 82 — Magnitude (a) and phase angle of low voltage
network impedance measurements at 120 measurement sites
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Figure 83 — Magnitude (a) and phase angle of the impedance
of six commercially available inverters

Next, the impedance-based stability criterion is applied to all combinations of inverter

impedances and grid impedances in order to detect those measurement sites that are expected
to be critical for a stable inverter operation.
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In order to include a certain stability margin, the minimum required phase margin is defined as
30°. To quantify the performance of a specific inverter regarding its probability to become
instable, a grid-compatibility index gci is introduced that relates for an individual inverter the
number of critical measurement sites n to the entire set of measurement sites n,;:

gci=1-"c_ (40)

Mot

TabJe 9 presents the grid-compatibility index for all six evaluated inverters. In accordance)ith
other studies, Inverter 1 is the most reliable.

Table 9 — Grid-compatibility index of commercially available single-phase.inverterpg

N° of inverters 1 2 3 4 5 6

Grid-compatibility

. . 1 0,966 9 0,958 7 0,966 9 0,925 6 0,983
index gci

With regard to the critical measurement sites, the frequency regions that indicate an instable
invgrter operation can be plotted with regard to the cinverters and with regard to |the
megsurement sites (see Figure 84). As an example, the (critical frequency regions have been
plotted up to 10 kHz, while for the gci, frequencies up40{39 kHz have been analyzed. Typically,
not the entire frequency range is problematic, but onjy-specific frequency regions challenge the
stahyle inverter operation. Manufacturers can use this information to adapt their inverter des|gns
to improve the device stability, for example by wusing the gci as an optimization criterion.

Furfher details on this study can be found in'[33], [50].
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Figure 84 — Critical frequency regions of commercially available
inverters (a) and measurement sites in LV networks (b)
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7.3 Description of electric vehicles connected to a weak network

7.3.1 General
e General

The continuity of operation of charging stations, located within industrial or commercial
sites, but also used on domestic installations, sometimes connected directly to public
distribution grids, is an important matter in terms of quality and image of e-mobility services
offered. The aim is to carry out the charging service without interruption of the charging
process, or damage of the charging installation equipment that could be caused by possible
instability phenomena appearing during the routine operation of the LV installation at the
charging site.

A\t the AC input of an EV charging station connected to an installation, and in relevant c3ses
o the LV public distribution grid, the voltage wave can exhibit some distortion, especially if
he impedance seen from the upstream supplying network has a high value{The volfage
bppearing can be much higher than the nominal voltage, up to twice this yvalue, with an
mportant distortion of the rated power sine waveform. This is reported.ini{33], and more
ecently in [39], where a strange behaviour is reported.

[he case where several electric vehicles are connected is genérally more severe| as
jescribed also in [34] and [39].

e Types of network

Fhe general case involving electric vehicles is described in‘Figure 85:

o

IEC

Figure 85~ Electrical network including the network and four electrical
vehicles connected (described in the EMTP program)

n [33], the{case of a weak network is described with a 3 kW electric vehicle connected to
{t. Instabilities were encountered, with the charging operating correctly, suddenly stopging,
hen(restarting again. This pattern has been observed as repeating several times.

\‘\feedback from Norway, owner of one of the largest fleet of electric vehicles in Europg, is
described in [39],[40] with different entities concerned, with mention that a strange
behaviour could appear in some cases.

7.3.2 Modeling of the equipment involved

As the interactions between the electrical network and the equipment are at stake ([32] to [34]),
considering the non-linear behaviour involved, a proper equilibrium on the modeling aspects
has to be found between the upstream network on one side and the charger on the other side
with its filter and other components (see Figure 86):
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Figure 86 — Description of the different elements considered

Not all the components need to be modeled in detail, only the main ones, enabling a proper
rept i i i 5 ; i ents
have been represented, that is, the upstream network, the low-pass filter, the boost including
its Inductance, the power electronics and its capacitance, and the 3 kW battery, (from|the
information derived from the network characteristics and also provided by the manufacturer on
the charger itself.

The| EMI (electromagnetic interference) filter prior to the boost is built to_prevent the main
harmonics generated by the power electronics as well as high frequéncy surges, such as
swifching or lightning surges, which can enter into the charger. It s 'made of two cellg as
described by Figure 87:

g S R S

IEC
Figure 87 — Description of the filter connecting the boost to the electrical network

Figure 88 describes the modeling of the’low frequency filter:

IEC
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converter:
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Figure 89 — Description of the converter of the boost PFC

In that case, the PFC (power factor corrector) boost converter has been\represented with its

diodes and IGBTs (insulated-gate bipolar transistors), including (the PWM (pulse W
modulation) and the regulation. The electronic elementary components have been modeled

theifr iy (V4) saturation curve as described in Figure 90.
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7.3.8 Determination of the voltage at the entrance of the charger, for different

impedance values of the upstream network

Simulations have been performed with the EMTP-RV program, considering only one cha
conpectied to the distribution network under steady state conditions. In the case of Figure 91

IEC

Figure 90 = Current i4 flowing in the electronic components
(diodes, IGBTs) versus positive values of the applied voltage V4

idth
with

rger
a),

the Impedance oOr the upstreaim network nas a Iow Vvalue cofresponding to strong netw

rks,

typically for inductances having values ranging between 100 yH to 300 pH, which means

short-circuit powers ranging between 30 kVA and a few hundred kVA.

There is a transition for a value of 475 pyH in this case, as shown in Figure 91 b), where a
change in the solution appears; the voltage at the entrance of the charger is no longer sinusoidal.
This corresponds to a bifurcation [8],[33] from a sinusoidal solution to a less stable one, as

shown in Figure 91.

Figure 91 gives the voltage V' at the entrance of the charger, the inductive part of the upstream
network being respectively 200 yH in a), 450 yH in b) and 750 pyH in c) (wave shape and zoom

onitin d)):
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Figure 91 — Voltage V, at the entrance of the charger, obtained
by simulations, for different values of the upstream network

The| case in Figure 91 a) corresponds to a strong upstream network, with a low value of
upsfiream impedance, while the cases b) and c) correspond to weaker ones. Simulations h
been performed, Figure 91 giving the phase-to-ground voltage V', at the entrance of the char

withl a zoom in Figure 91 d). There is a very goodumatch between the simulations and the t
performed, see 7.3.4.

In addition to time domain simulations,“phase-space diagrams can give also additi
infofmation, which is useful when non-linear aspects are raised. The phase space diagram
desgribes the state variables of the system in 3D, as illustrated in Figure 92; it is constitute
circles in the case of regular sinuspeidal variables.
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Figure 92 — Description of the phase-space diagram corresponding
to the main state-variables of the system

In fact, those phenomena can appear when the upstream network is very weak, or when

the

equivalent (R, L, and C) upstream network forces the converter to operate in its non-linear

region, as specified in [43] to [48].
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Figure 93 also gives the current crossing an IGBT of the power electronics:

.
|

! : .
o%o1s  o0,0925 00835 0,0945 0,0955 0,0865 0,097 5
Time (s) &

Figure 93 — Current crossing an IGBT obtained by simulations,
with an inductance value of 600 puH for the upstream network

While the current remains regular in normal steady-state operations_conditions, which is

the

components, despite a more regular voltage, as described in, Figure 91 d), at the termina

the

of the current also has an impact on the PWM.

7.3
On

.4 Measurements performed at the manufacturer’s laboratory

Site tests have been performed by the manufacturer in a laboratory in [33], under the s

operating conditions, for example with the same upstream network impedance. Figure 94 g

the

voltage 7 at the entrance of the chargeriinder the steady state conditions:

500

2500 .
0,1 0,12

0,14 0,16 0,18 0,2
Time (s)

IEC

hlso

case of the PWM signal, it shows in Figure 93 a highly chaotic behaviour in the electrpnic

s of

charger. In fact, as this current is a parameter for the PWW¥V-block, a more erratic behavjiour

ame
ves

Figure 94 — Voltage V.55 at the entrance of the charger,

measured at the manufacturer’s laboratory, for a value of 750 pH
for the inductance of the upstream network

There is a very good match between the simulations described in Figure 91 and the tests
performed at the manufacturer’s laboratory.
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It can be noted that the modeling in this case is rather different from the one described in
Clause 4 and Clause 5, as it is more focused on the behaviour between the equipment and the
grid, with stronger interactions caused by the non-linearity present in the system. The question
is less the modeling of the upstream network, the determination of the poles of the upstream
impedance Z and the levels of harmonics generated by the power electronics and injected in
the grid, than the stability of the whole system constituted by a linear part and a nonlinear one,
having a strong influence and operated in its highly nonlinear region, that can lead, in extreme
cases, to chaotic phenomena.

7.4
7.4.

Thr
we

a)

Impact on the equipment

The fact that very high m/pr\/nlfquc canoccuratthe interface hetween the AC/DC canve

rter

bnd the grid, will also lead to the fact that the protection against high overvoltagés

Jamaged, due to excessive currents flowing in them.
Conditions of appearance of these phenomena

n fact, in addition to that, the question raised, which is a quite difficult one,!is the “entr
bf the system, which means that the system receives a small amount{of“energy, as in
case presented here and dissipates a small amount too through the losses generated in
Circuit. As soon as an oscillatory circuit exists, under certain conditions, a trigger can

o oscillations, with almost no damping, due to the low level of the-losses. In fact, a sud
bmplitude change of the steady state voltage, as an example, ‘ean trigger it. This aspe

bspects can be raised due to the magnetic saturation of the/iron core of the transformer
o [37].

Discussion with CIGRE WGs

Discussions have taken place with the convenor of the CIGRE WG C4.49 [35] [38] na
Multi-frequency stability of converter-based tmodern power systems” in order to adopt
much as possible, the same vocabulary for the same phenomena, which can be
encountered in HV or EHV systems, despite the fact that the areas considered are differ
Dn the HV or EHV networks, it can cancern the connection of large offshore windfarm
he terrestrial grid through an HVDC>substation and submarine DC cables, as soon as th
windfarms are distant from the shore, thus limiting the losses which could be rather
with an AC connection to the gfid.

Other interactions between the grid and power converters
1 PV connected,to.a weak network

e cases are considered, which correspond to cases when the solar farms are connecte
k networks or lightly loaded PV farms. The following cases are described:

h PVV—miere turbine grid interface connected to a rural grid [40];

h PV_sotar farm and the chaotic behaviour of its DC/DC converters [43].

Solar farms associated with a micro-turbine connected to the LV grid

will

bperate. However, in some cases, as mentioned by manufacturers, the regulations can be

bpy”
the
the
ead
den
Ct is

blso found in electrotechnics in the case of transformerps®_énergization, where nonlinear

[35]

med

hlso
ent.
s to
ese
nigh

d to

he first case below describes a solar farm in combination with a micro-turbine, the electrical

circuit being given by Figure 95 [37] [40].

In this case, the solar PV arrays and the micro-turbine are connected to a rural grid, which

is a rather weak network. In fact, the solar PV—micro turbine hybrid system can be use
complement the existing grid supply to improve the service and provide power when the
is not present. The loads can be agricultural loads, lighting, fans, etc.

dto
grid
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Figure 95 — Description of the circuit including a solarrPV-micro turbine
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in the absence of any VSI (voltage source inverter)

IEC

he PV arrays are connected to the DC bus which is further connected to the inverter. [The
butput of the PV arrays is assumed to be interfaced {o the DC bus, through a suitable DC

DC

When the grid feeds the loads, the PCC (pointiof'’common coupling) can be highly distorted,
s described in Figure 96, because of the<interactions between the loads and this weak

Figure 97 shows the case in the presence of a VSI, when the VSl is switched on after 0,5 s:
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Figure 97 — Grid working and VS| switched on atr=0,5s

[his configuration (mode 1) describes the operation mode when the gfid is available
here is enough solar irradiation too during the daytime. In that case), the sliding m

harmonics.

n fact, in that case, as the VSI does the work of converting the RV, battery and micro tur
power to AC, it appears that the PCC at the low side is higher) leading to the re-stabilizg
Df the system or its capability to operate back in the linear region, leading to the sinusg
Ehape of the voltage.

Stability of solar farms associated with a micro-turbihe connected to a rural grid

n that case [41], the switching power converters/that form the integral solar PV system
but to be the prime source of non-linearity, with-non-linear components such as diodes
GBTs. The current voltage (I-V) properties*of PV arrays exhibit a non-linear character

ariety of different behaviours can be derived in non-linear systems, such as sub-harmor
juasi-periodic oscillation, intermittenecy, and also random motion.

Reference [41] presents the stability issues of photovoltaic and wind turbine grid-conne
nverters for a large set of gridkimpedance values. They are shown in Figure 98:

and
ode

control of the VSI ensures that the PCC voltage remains sipusoidal, and free from

Dine
tion
idal

turn
and
stic

hat can create phenomena that can lead\t@ chaos in a few and extreme cases. A very large

ics,

cted
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Figure 98 — Grid working and VS| switched on atr=0,5s

5rid impedance values can be wide ranging, as‘distributed generation is suited for remote
breas with radial distribution plants, but they.challenge the stability and the effectivenegs of
he LCL filter-based current controlled system.

Depending on the grid configuration, *a~large set of grid impedances can challenge|the
control of both the PV-inverter and WT+inverter and the LCL filter design in term of stab|lity.
n fact, the effect of an inductive grid reactance (long cable and low power transformers$) is
he decrease of the resonantfrequency, as shown in Figure 99, while the effect of a
capacitive reactance leads to the creation of other resonant peaks.

Magnitude [dB]

Frequency [Hz]

IEC

Figure 99 — Frequency characteristic of the 3 kW PV system with L-C-L filter in the
following grid conditions: A) 0,1 mH, B) 3 mH, C) 0,1 mH, 100 pyF and D) 3 mH, 100 pF
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Two sets of parameters have been chosen, found for a 500 kW WT plant and a 3 kW pl

023

ant,

respectively. Figure 100 describes the resonant frequency variation in per cent of the rated

resonance frequency as function of grid impedance in per cent:
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Figure 100 — Resonance frequency variation in_per cent of the rated
resonance frequency as a function of gridcdinductance in per cent

n fact, the resonant controllers have an influénce mainly only on the frequency
compensate and very little on the dynamics and stability. The use of active damping
nelp the stabilization of the system [41].

n the case of weak networks, the system(¢an become unstable [43]. If the controller of

connected to a weak system, the resonant controllers can trip the overcurrent protect
n that case, active damping can he“more suitable to stabilize the system considered.

Bifurcations and chaos in conyépter interfaces in solar PV systems

ANC/DC and DC/DC converters can generate harmonics, supra-harmonics which
consequently injected dnxthe nearby grid [51], and under extreme conditions chg
bhenomena as well, dueto the nonlinear components such as diodes, IGBTs and feedk
controls [42], [43], {44], [48], [49].

[he current-voltage (/-V) properties of PV arrays exhibit a non-linear characteristic
aries under environmental conditions and can create a phenomenon called chaos [43
hat context,~a large variety of strange behaviours are also mentioned in [39]. The m|
raditional'approaches to model the switching DC-DC converters rely on small sig
bnalysissbased on linearization and state space averaging using PWM switch model,
might Jnot be adapted in a context of significant and large perturbations. Mode
echniques for nonlinear analysis are reported in [43].

hey
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PV system has been designed to work.in strong grid conditions, and if the PV system is
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The bifurcation diagram constitutes a power tool to investigate the nonlinear phenomena,
the system being initially represented by its equations (ODEs (ordinary differential
equations)), when investigating the evolution of its state variables versus time. These

variables can then by plotted in 2D or 3D, constituting a space diagram, as shown als
Figure 92.

oin

Investigations have revealed the quasi-periodic route to chaos in boost, buck-boost and load
resonant converters under various operating conditions [43]. When varying the input voltage
as a bifurcation parameter, the system describes the numerical and experimental results of

the period doubling route that is illustrated in time in Figure 101:
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